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ABSTRACT

We demonstrate that it is possible to ob-
serve single fluorescent molecules using a
standard fluorescence microscope with
mercury lamp excitation and an inexpensive
cooled charge-coupled device (CCD) cam-
era. With this equipment, we have been able
to observe single molecul es of tetramethyl-
rhodamine, rhodamine 6G, fluorescein iso-
thiocyanate and green fluorescent protein.
Immobilized molecules were observed both
inair and in aqueous solution.

INTRODUCTION

Single-molecule imaging and spec-
troscopy are beginning to make impor-
tant contributions to biology. These
techniques have been used to observe
the stepping of motor molecules, such
as kinesin (20) and myosin (9) at the
single molecule level, and also to make
measurements correlating ATP hydroly-
sis and myosin force generation (8).
Single-molecule experiments with the
enzyme cholesterol oxidase have shown
static and dynamic disorder in the
turnover rates that are masked in bulk
studies (10). Similarly, single-molecule
fluorescence resonance energy transfer
experiments have revealed complex cat-
alytic dynamics of Staphylococcal nu-
clease (19) and co-localization of multi-
pleligands on asingle receptor (15).

Green fluorescent protein (GFP) has
proven useful to study static and dy-
namic aspects of proteins within living
cells because the GFP sequence can be
expressed as a fusion with another in-
tact protein, often with few functional
changes (1,18). Single molecules of
GFP have been observed in an agueous
enviroment (3), and the use of GFP-fu-
sions for the study of biomolecule dy-
namicsis promising.

Because of the extremely low light
levels involved, most single-molecule
experiments have used techniques such
as total internal reflection microscopy
(3,4), laser confocal illumination (13)
and laser-induced fluorescent excita-
tion (4,11). The complexity and cost of
these instruments has limited the gener-
al use of single-molecule techniques,

especialy in biology. Here, we show
that single fluorescent molecules can
be observed with an inexpensive
charge-coupled device (CCD) camera,
a commercial epi-fluorescence micro-
scope and a mercury lamp for fluores-
cent excitation. Because many labora-
tories have access to this equipment, we
hope these results encourage more ap-
plications of single-moleculeimaging.

MATERIALSAND METHODS

Coverdips were cleaned by two dif-
ferent methods. For the “Chromerge”
method, coverslips were sonicated in a
surfactant solution (2% Micro-90;
Cole-Parmer, Vernon Hills, IL, USA)
for 20 min, washed for 3 min in a
stream of deionized water, rinsed thor-
oughly with high-purity water, then im-
mersed in aH,SO,/CrO; cleaning solu-
tion (Chromerge; VWR Scientific, West
Chester, PA, USA) for 1 h. For the
“RCA” method, coverdips and dlides
were sonicated in a surfactant solution
(2% Micro-90) for 20 min, washed for
3 min in a stream of deionized water,
rinsed thoroughly with high-purity wa-
ter, then immersed in boiling RCA solu-
tion (6:4:1 high-purity H,O, 30%
NH,OH, 30% H,0,) for 1.5 h. Both
types of coverslips were rinsed and
stored in high-purity water to avoid par-
ticul ate contamination. High-purity wa-
ter was 18.3 MW.cm and 0.2 mm fil-
tered. Coverdlips were blown dry with
filtered nitrogen (MMCFAQ2 filter:
0.01 nm filtered, oil removed to 1 part
per trillion of lineinput; Airmaze, Stow,
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OH, USA) immediately before use.

Single molecules of tetramethylrho-
damine isothiocyanate (TRITC) and
rhodamine 6G (R6G) were imaged in
air on the surface of glass coverdips
cleaned with the Chromerge or the RCA
method. The molecules were deposited
by evaporation of asmall volume of di-
lute solution of dye molecules in
ethanol on a cleaned coverdip (typicaly
5 niL of 10-12 M in spectroscopic grade
ethanol, yielding a coverage of approxi-
mately 1 moleculeper 5° 5 nm ared).

Single molecules of streptavidin-
tetramethylrhodamine conjugate (SA-
TRITC; Pierce Chemical, Rockford,
IL, USA) were imaged in aqueous so-
[ution while nonspecifically adsorbed
to the surface of a Chromerge-cleaned
glass coverdlip. Ten microliters of 10-
11 M SA-TRITC in phosphate-buffered
saline (PBS) buffer (137 mM NaCl, 2.7
mM KCI, 43 mM Na,HPO,7H,0,
1.4 mM KH,PO,, pH 7.2) were placed
between a cleaned glass coverslip and
aglassdlide.

Single molecules of avidin-fluores-
cein isothiocyanate conjugate (A-
FITC; Sigma, St. Louis, MO, USA)
were imaged in agueous solution while
nonspecifically adsorbed to the surface
of a Chromerge-cleaned coverdlip. Ten
microlitersof 10-11 M A-FITC in sodi-
um bicarbonate buffer (0.1 M, pH 8.9)
were placed between a cleaned glass
coverdip and aglassdide.

GFP 37 (5,16), a GFP mutant con-
taining the S65T, V163A, 1167T and
S175G mutations, was studied. The
S65T mutation increases the brightness
and shifts the absorbance peak from 397
to 488 nm; the emission peak (at 509
nm) remains close to that of the wild-
type (504 nm). The additional three mu-
tations alow for more efficient GFP ex-
pression at 37°C.

A histidine-tagged GFP, Hisg-GFP
37, was constructed. The pGFP37 vec-
tor (5) used by Grabner et al. was di-
gested with Pstl and Hindlll and was
ligated into pQE32 (Qiagen, Vaencia
CA, USA), which contains the Hisg se-
guence, at corresponding restriction
sites. As a result, 28 N-termina resi-
dues, including Hisg, were added up-
stream of the GFP start codon, and 3 ad-
ditional C-terminal residues were added
downstream of the GFP stop codon.
SG13009 [pREP4] cells (Qiagen) carry-

ing the GFP expression vector were
grown in 25 mL medium (LB broth
containing 100 nmg/mL ampicillin and
25 mg/mL kanamycin) in a 37°C shaker
overnight. Of this culture, 10 mL were
then inoculated into 500 mL medium
and grown at 37°C until it reached 0.6
OD (600 nm), then placed in isopropyl-
b-D-thiogalactoside (IPTG) (1 mM) for
4 h. The cells were harvested by cen-
trifugation, stored at -20°C, lysed (50
mM sodium phosphate, pH 8.0, 300
mM NaCl, 10 mM imidazole, 4 mL/qg)
and digested with lysozyme (1 mg/mL )
for 30 min onice. RNase A (10 mg/mL)
and DNase | (5 mg/mL) were then
added, followed by incubation on ice
for 15 min and centrifugation (10000
g for 30 min). The supernatant was
mixed with 50% Ni-NTA agarose slurry
(4 mL of sample per 1 mL of agarose
durry) at 4°C for 1 h and then was
loaded into a column. The mixture was
washed (50 mM sodium phosphate, pH
8.0, 300 mM NaCl, 20 mM imidazole,
10 mL per 1 mL agarose slurry) and
eluted with 2 mL of 50 mM sodium
phosphate, pH 8.0, 300 mM NaCl, 250
mM imidazole. The concentration of
eluted GFP was determined by bicin-
choninic acid reagents (Pierce Chemi-
cal), and the GFP was mixed with an
equal volume of glycerol and stored at -
20°C. The resulting solution was dilut-
ed to 108 M with TE buffer (10 mM
TrisHCI, 1 mM EDTA, 10 mM NaCl,
pH 8.0) for imaging.

Single molecules of Hisg-GFP 37
wereimaged in agueous solution on the
surface of an RCA-cleaned glass cover-
dip. Ten microliters of GFP solution
wereincubated on the coverdip for 1 h.
The coverdlip was then washed thor-
oughly with TE buffer and mounted on
acleaned glass dide. Excess buffer vol-
ume between the coverdlip and dlide
was reduced by applying mild pressure
with astream of dry nitrogen.

The microscope is a Model 1X50
(Olympus America, Melville, NY,
USA) with a 100 W mercury lamp and
a standard TRITC filter set (D540/25,
565 DCL P, D605/55; Chroma Technol -
ogy, Brattleboro, VT, USA). For imag-
ing SA-FITC and GFP molecules, a
custom filter set designed for use with
the nucleic acid stain YOY O was used
(D470/40, 500DCLP, D535/50; Chro-
ma Technology). Two oil-immersion

objectives were used in the course of
this work: a UplanApo 100X 1.35 NA
and a PlanApo 60X 1.4 NA (both from
Olympus America). A low-fluores-
cenceimmersion oil was used (Cargille
Laboratories, Cedar Grove, NJ, USA).
Withthe 60" objective, illuminationin-
tensity at the sample was approximate-
ly 4.8° 105 W/m2 with the TRITC fil-
ter set and approximately 1.1 ~ 10°
W/m2 with the YOY O filter set.

Two CCD cameras were tested; the
Model ST-7I (SantaBarbaraInstrument
Group, Santa Barbara, CA, USA) isa
low-cost (ca. $3000), cooled CCD cam-
era, while the Pentamax (Roper Scien-
tific, Trenton, NJ, USA) is a higher-
cost (ca. $30000), image-intensified
camera that was used for time-resolved
images. Both cameras have sufficient
sengitivity to image single fluorophores
of TRITCinO.1s.

Signal-to-noise ratios (S/N) were
computed using two different defini-
tions. The first (following the point
source flux convention in astronomy) is
thetotal signal of afluorophore divided
by the total noisein the same area. The
second definition (peak-pixel S/N) is
the peak per-pixel signal of the fluo-
rophore divided by the root-mean-
square (RMS) variation in background.

To measure the S/N ratio with the
astronomy convention, image process-
ing software was used to determine the
averageintensity (per pixel) of abox of
pixels around fluorescent spots. Aver-
age background (per pixel) and RMS
variation were determined using5” 5
boxes on non-spot areas within the vi-
gnetted area. Usingann” nbox of pix-
els, thetotal signal of the fluorophoreis
n2~ (average — background). The total
noise is added in quadrature and there-
foretotals (n?) © (RMS variance) = n
" RMS variance. The box sizewas5”
5 for the TRITC imagesand 3~ 3 for
the GFP images. All values quoted are
the average of 10 or more boxes.

RESULTS

Figure 1 shows images of TRITC
molecules deposited from ethanol taken
with the ST-71, with an image acquisi-
tion time of 1 second. The number den-
sity of molecules on the surface scales
directly with concentration: Figure lais
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deposited from 10-11 M solution and ex-
hibits approximately 10" as many mol-
ecules as 10-12 M (Figure 1b); the con-
trol (ethanol only) is shown in Figure
1c. Minor variations occur because of
differences in how well the droplet
spreads out over the coverdip before
evaporation; the expected and experi-
mentally observed numbers of mole-
cules generally agree to within a factor
of 2. Molecules are found to exhibit the
expected spectral dependence—for in-
stance, TRITC (bulk: max Ex 547, max
Em 572) fluoresces strongly using a
TRITC filter set (Ex 530-550 and Em
580-630), but exhibits no observable
fluorescencewith aY OY O filter set (Ex
450-490 and Em 510-560).

The molecular fluorescence emis-
sion is quantized—molecules exhibit
rapid photobleaching, rather than a
gradual decrease in fluorescence. Mol-
ecules a so exhibit “blinking” behavior,
as previously observed in single-mole-
cule spectroscopic studies (6,12,21):
before photobleaching, the molecule's
fluorescence flutters on and off. Figure
2 shows examples of this blinking and
bleaching behavior, with a sequence of
cropped images and traces of the inte-
grated spot fluorescence (data acquired
with the Pentamax camera).

Single molecules of R6G in air were
also observed, aswell as FITC-labeled
avidin and TRITC-labeled streptavidin
molecules in aqueous solution. These
fluorophores all have similar properties
[bulk extinction coefficient e ca. 80000
M-1emrl, quantum efficiency (17) f ca
0.9 in ethanal or ca. 0.5 in water]. Im-
agesof TRITC in air gave a S/N of 46
(total fluorophore signal divided by to-
tal noise) and a peak-pixel S/N of 54.
The strength of the signal suggested
that even the less expensive ST-7I
would have the sensitivity to image sin-
gle molecules of the various GFPs
[wild-type (14) GFP e ca. 7000-15 000,
f ca 0.72-0.85; S65T mutant (7) GFP
e=39200, f =0.68].

This hypothesis proved correct; it is
possible to image single molecules of
GFP. Figure 3a shows an image of GFP
nonspecifically adsorbed onto cover-
dlips and observed in aqueous solution
with a YOY O filter set with an image
acquisitiontime of 1 sonthe ST-71. Un-
der similar conditions (2), Hisg-GFP
was not found to form dimers. Aswith

C.

Figure 1. Single-molecule fluor escence. One-second exposures were taken with the ST-71 camera, vi-
gnetted to acirclewith the field iris diaphragm. () TRITC molecules adsorbed on a glass coverdlip from
5L 10-11 M solution in ethanol. (b) TRITC adsorbed from 5 i 10-12 M solution. (c) Control (5 ni
pure ethanol). Field of view is115~ 75 nm; illumination intensity is4.8” 105 W/m?2. Theimages are ac-
quired without binning and are displayed with a grayscale range of O counts (black) to 100 counts
(white). In panel b, the S/N is 46, and the peak-pixel S/N is54. The RMS noiseis 5.9 counts per pixel.



the other fluorophores observed in solu-
tion, the presence of the large number of
Raman scattering water molecules, etc.,
increases the background noise level,
but single molecules are till readily ob-
served with S/N of 9 (peak-pixel S/N of
8). The number of observed molecules
scales appropriately with concentration.
The spectral dependenceisalso correct;
as expected, single molecules of GFP
do not fluoresce with the TRITC filter
set. Successive images taken in the
same spot (Figure 3, a—) demonstrate
that molecules of GFP also exhibit
guantized photobl eaching.

DISCUSSION

Since optical microscopy haslimited
resolution, extremely dilute solutions
are required to visualize single mole-
cules. Allowing a low surface tension
solution to evaporate deposits the mole-
cules on a surface. One microliter of a
106 M solution spread over a 1 cm?
area gives a mean intermolecular sepa-

ration of 12.9 nm on the surface, a
distance far too small to resolve with
optical microscopy. Each factor of 10
dilution increases the average intermol -
ecular separation by afactor of 1012 =
3.16. A 1012 M solution gives amean
intermolecular separation of 12.9 nm,
easily resolved with an optical micro-
scope. Assuming molecules are distrib-
uted randomly across the surface, one
expects a Poisson distribution of inter-
molecular distances; with further dilu-
tion, the chance of molecules overlap-
ping decreases. If molecules are
focused to appear to be 0.5 nmin diam-
eter, and the average intermolecular
separation is 5 nm, the chance of two
molecules overlapping (i.e., center-to-
center distance of 0.5 mm or less) is 1%.

Molecules sufficiently separated by
dilution can be examined with fluores-
cence microscopy. An intense light
source is required to excite the fluo-
rophores (in this case, amercury lamp),
and a reasonably sensitive detector is
required to capture the emitted fluores-
cent photons (a cooled CCD camera).
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Figure 2. Blinking and bleaching of single molecules. Exposures of 0.1 s were taken with the Penta-
max camera, and cropped images are shown in sequence. Below, thetrace of theintegrated spot intensities
are shown vs. time. Top sequence and solid line: irreversible photobleaching. Bottom sequence and dotted
line: blinking behavior. In these images the S/N is 37, and the peak-pixel S/N is 25. The RMS noiseis
11.3 photocounts per pixel, which corresponds to half the size of the dotsindicating the data points.
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The following example (calculated for
rhodamine) illustrates the numbers in-
volved. At an illumination intensity of
4.8" 105 W/m2, the photon flux is 1.3

" 1024 photons/m?2-s. Rhodamine has a
bulk molar absorptivity e= 80000 cmrl
mol-1L, which (including a geometric
factor) converts to a molecular absorp-

Figure 3. Single molecules of GFP and quantized photobleaching. (a) GFP molecules nonspecifical -
ly adsorbed on aglass coverslip from 10 nL. 10-8 M solution in TE buffer, imaged in TE buffer. (b and c)
Same area, after 2 and 4 s additional exposure to excitation light. One-second integrations were taken
with the ST-71 camera. Field of view is30 "~ 20 mm; illumination intensity is approximately 1.1~ 105
W/m2. Theimages were acquired without binning and are displayed with agrayscale range of 50 counts
(black) to 120 counts (white). In panel a, the S/N is9, and the peak-pixel S/N is8. Compared to Figure 1,
S/N islower because the absorption cross-section and quantum efficiency of GFP islower than TRITC;
the background is also higher, since the fluorescence of glassishigher at shorter wavelengths. The RMS

noiseis 6.6 counts per pixel.

tion cross sections,;=4.0 " 1020 m2.
Multiplying the photon flux by the
cross section gives approximately
52000 absorptions per second. With a
quantum efficiency of 0.9, approxi-
mately 46000 photons per second will
be emitted. A 1.4 N.A. objective cap-
tures photons from a half-angle of
67.5°, corresponding to collection of
31% of thetotal photons emitted, so ap-
proximately 14 400 photons per second
should be collected by the objective
and imaged onto the CCD. At this
wavelength, the quantum efficiency of
the CCD is approximately 40%, so ap-
proximately 5800 photo-electrons per
second per fluorophore are produced;
hardware conversion to “counts’ oc-
cursat aratio of 2.3 photoelectrons per
count, so approximately 2500 counts
are expected per second per rhodamine
molecule. The CCD registers approxi-
mately 1750- 2750 counts per second
per rhodamine molecule. At the same
time, background (from light leakage,
background fluorescence and electron-
ic noise) constitutes approximately 28
counts, with a RMS variation of ap-
proximately 5.9 counts.

Reducing the background noise is a
crucial element in the protocol. Ad-
vances in the quality of diglectric filters
over the past few years have alowed the
use of off-the-shelf commercia filter
sets (Chroma Laboratories). In spite of
using a broad-band excitation source,
these filters reduce the leakage of light
so that the background shot noiseiswell
below thesignal level of asinglefluores-
cent molecule. It isasowell known that
glass coverdips contribute to back-
ground fluorescence. While some work-
ers use quartz coverdips, we found that
the intrinsic fluorescence of well-
cleaned glasscoverdipsisreatively low.

Another serious source of noise is
the fluorescence of particul ate contami-
nants. Small particles of dust and mi-
cro-droplets of ail fluoresce brightly at
about the same level as single mole-
cules. This source of noise can be elim-
inated by careful cleaning of the cover-
dipswith detergent and either chromic
acid (Chromerge) or a hydrogen perox-
ide per base bath (RCA solution). Stor-
ing the cleaned coverdlipsin high-puri-
ty filtered water ensures that they
remain clean.

Single fluorophores may be distin-



Research Report

guished from particul ate contamination
by severa distinctive signatures: spectral
dependence, concentration dependence,
guantized emission and blinking. Partic-
ulate contaminants are found to have a
broad-spectrum fluorescence and there-
fore are visible in multiple filter sets.
Single fluorophores are only visible in
the appropriatefilter set. Particul ate con-
taminants generally bleach gradualy
from exposure to exposure; single fluo-
rophores generally bleach in one step.
While both cameras gave smilar
quality pictures, the Pentamax has an
important performance distinction. The
ST-7 can take images with exposure
times as short as 100 milliseconds, but
there is an approximate 15 s delay as
each image is downloaded to the com-
puter. This delay may be reduced to ap-
proximately 2 s by 3 3 binning the
image (at the expense of image resolu-
tion), but in either casethe ST-7 isredlly
useful only for taking “snapshot” images
or for studying dowly varying behavior.
The Pentamax can take approximately
15 images per second continuously and

is thus suitable for studying phenomena
that vary more rapidly in time. This
bandwidth advantage is reflected in the
higher cost of the Pentamax.

We have demonstrated that it is pos-
sible to image single fluorophores with
acommercia fluorescence microscope,
a mercury lamp and an inexpensive
CCD camera. Single molecules of fluo-
rescent dyes, fluorescent conjugates
and GFP have been imaged variously in
air and aqueous solution. Given the
demonstrated power of fluorescent con-
jugates and GFP fusion proteinsto shed
light on the distribution and dynamics
of molecules and biomolecules, we ex-
pect that the ability to perform single-
molecule studies using simple, com-
mercialy available equipment will
prove useful in many laboratories.
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