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1 Introduction

Abstract. Recent advances in detector technology make it possible to
achieve single molecule detection (SMD) in a cell. SMD avoids com-
plications associated with averaging signals from large assemblies and
with diluting and disorganizing proteins. However, it requires that
cells be illuminated with an intense laser beam, which causes pho-
tobleaching and cell damage. To reduce these effects, we study cells
on coverslips coated with silver nanoparticle monolayers (NML).
Muscle is used as an example. Actin is labeled with a low concentra-
tion of fluorescent phalloidin to assure that less than a single molecule
in a sarcomere is fluorescent. On a glass substrate, the fluorescence of
actin decays in a step-wise fashion, establishing a single molecule
detection regime. Single molecules of actin in living muscle are visu-
alized for the first time. NML coating decreases the fluorescence life-
time 17 times and enhances intensity ten times. As a result, fluores-
cence of muscle bleaches four to five times slower than on glass.
Monolayers decrease photobleaching because they shorten the fluo-
rescence lifetime, thus decreasing the time that a fluorophore spends
in the excited state when it is vulnerable to oxygen attack. They de-
crease damage to cells because they enhance the electric field near
the fluorophore, making it possible to illuminate samples with weaker
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coated with nanoparticles known as surface island films
(SIFs).® SIFs are nanoparticles“’10 that can support confined

Recently, it has become possible to study single protein mol-
ecules in a cell."” The advantage of single molecule detection
(SMD) is that it studies behavior of proteins in their native
(crowded) environment, and avoids problems associated with
averaging responses of an assembly of molecules with differ-
ent kinetics. But the single molecule approach is complicated
by photobleaching and cell damage, which arise because a
sample must be illuminated with the intense laser beam to
assure adequate signal-to-noise ratio (SNR).

In earlier work, we were able to decrease photobleaching
and reduce photodamage by making measurements on glass
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charge density oscillations'" called localized surface plasmon
polariton (LSP) modes. Excitation of LSPs causes a strong
enhancement of local electric fields and a substantial decrease
of the fluorescence lifetime caused by the distance-dependent
changes in radiative decay rates.'” Specifically, the intensity
of rhodamine fluorescence increased four to five fold, and its
fluorescence lifetime decreased on average 23 fold. As a con-
sequence, the rate of photobleaching of rhodamine actin in a
myofibril placed on glass coverslips coated with SIF de-
creased approximately seven fold in comparison with pho-
tobleaching of myofibrils placed on uncoated coverslips. Re-
cently, we showed that the enhancement could be even further
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increased when LSPs in nanoparticles were combined with
propagating surface plasmons (PSPs) traveling in coverslips
covered with a continuous film of noble metal. The interaction
of these two kinds of plasmons with fluorophores in muscle
caused more than a 200-fold increase of brightness.I3

The price of the reduction of bleaching and photodamage
was loss of optical resolution and nonuniformity of illumina-
tion, because SIF refracted exciting and fluorescent light.
Moreover, nanoparticles were distributed randomly on the
surface of a coverslip, and therefore reduction of photobleach-
ing and photodamage was nonuniform. This prevented the use
of SIF in single molecule detection, because maximal optical
resolution is important in resolving single molecules. In
studying cells, it is important to observe only a specific area
[region of interest (ROI)], where interaction of interest occurs
(e.g., cell nucleus). In the example used here—skeletal muscle
myofibrils—actin and myosin filaments interact to produce
contractile force in a narrow area known as the overlap zone
(O-band). It spans the distance of 0.7 to 0.3 wm in resting
length myofibrils,'*"* and its length is comparable to the
maximal resolution of optical microscopes. The use of SIF
prevents one from achieving this resolution. In this work, we
show that replacing random, multilayered SIF with nanopar-
ticle monolayers (NMLs) covalently bound to glass does not
affect the optical resolution of a microscope while preserving
field enhancement and lifetime decrease of SIF, thus leading
to reduced photobleaching. This made it possible to observe,
for the first time, single molecules in muscle. Muscle is par-
ticularly difficult to work with in the SMD regime, because
concentration of actin and myosin is in mM range.]()

The SMD of motor protein in vitro was accomplished ear-
lier. Novel methods such as total internal reflection fluores-
cence (TIRF) polarization microscopy17 and defocused
orientation/position imaging = were used to achieve this feat.

Earlier work showed that single molecule motion of smooth

. 23240, . 2526
myosin 6, kinesin,

muscle myosin,'g’20 myosin 5,18’21’22
cytoplasmic dynein,27 RNA polymerase,28 ATP synthase,29
and the flagellar motor® can be measured in viro. The task is
more formidable in vivo, where the concentration of proteins
is greater (1-cm segment of a single muscle fiber may contain
more than 10'3 actin monomers). Recently, orientation of a
single cross-bridge in rigor has been measured in vivo.”!

In this work, we visualized single molecules of actin in
muscle by labeling actin with phalloidin. Labeling actin with
phalloidin offers the essential advantages in that the degree of
labeling can be strictly controlled, and that in skeletal muscle
(in contrast to cardiac muscle), only the ends of thin filaments
are initially labeled.”> This is the region where actin and
cross-bridges interact. Thus our data do not contain informa-
tion contributed by actin in the I-bands or Z-lines, where it
does not interact with cross-bridges. Additional advantages
are that actin labeling does not affect enzymatic properties of
muscle,”’34 that myofibrils are well preserved, because label-
ing does not require harsh conditions such as raising the tem-
perature to label myosin light chains, and that fluorescence
brightness of phalloidin increases on binding to actin,** thus
increasing SNR.

Muscle was illuminated by total internal reflection, and
fluorescence was detected using an electron-multiplying
charge-coupled device (EMCCD). Back-thinned electron-
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multiplying CCD cameras have 60% greater quantum effi-
ciency than instruments based on photomultipliers. Wide-field
TIRF illumination exploits the fact that a camera is a parallel
acquisition device (as opposed to a point-by-point serial scan-
ner), which allows light to be collected over a much longer
integration time at each pixel than is possible with scanning
devices. A new generation of back-thinned EMCCD has im-
proved photosensitivity, and has a wider dynamic range.
These performance characteristics enable imaging at very low
light levels.”® The time course of photobleaching was fol-
lowed with subsecond time resolution. Myofibrils were la-
beled with decreasing ratios of fluorescence: nonfluorescent
phalloidin ranging from 1X 107 to 0.5X 107° to assure that
less than one actin monomer per overlap zone was fluores-
cent. On glass substrate, the fluorescence of the O-bands de-
cayed in a step-wise fashion due to the discrete bleaching of a
fluorophore. On NML coated glass, the fluorescence of a
single actin molecule remained approximately constant over
100 sec. On the average, it decayed four to five times slower
than on glass substrate. NML decreased the average amplitude
weighted fluorescence lifetime 17 times, and enhanced the
fluorescence intensity ten times in comparison with glass.
NML decreased photobleaching because decrease in the life-
time of the fluorophore minimized the probability of oxygen
attack during the time a fluorescent molecule was in the ex-
cited state, and decreased photodamage because field en-
hancement allowed illumination with a weaker laser beam.

2 Materials and Methods
2.1 Chemicals and Solutions

Rhodamine-phalloidin (RP) was from Molecular Probes (Eu-
gene, Oregon). Unlabeled phalloidin (UP) was from Sigma
(Saint Louis, Missouri). All other chemicals, including phos-
phocreatine, creatine kinase, glucose oxidase, catalase, and
ATP, were from Sigma. Ethylene diamine tetraacetic acid
(EDTA)-rigor solution contained 50-mM KCI, 2-mM EDTA,
I-mM DTT, and 10-mM Tris-HCI buffer pH 7.5. Ca-rigor
solution contained 50-mM KCIl, 4-mM MgCl,, 0.1-mM
CaCl,, 1-mM dithiothreitol (DTT), and 10-mM Tris-HCI
buffer pH 7.5. Contracting solution was the same as Ca-rigor,
except that it contained in addition 2-mM ATP.

2.2 Preparation of Myofibrils

Muscle was first washed with cold EDTA-rigor solution for
1/2 h to avoid shortening when transferred from glycerinat-
ing solution to homogenizing solution. It was followed by
extensive wash with Ca-rigor solution. Myofibrils were ho-
mogenized in Ca-rigor as described before.*®

2.3 Labeling and Sample Preparation

Labeling was carried out in solution. Myofibrils (1 mg/mL)
were labeled for 5 min with a mixture containing 0.05 to
100-nM RP containing always 10-uM UP in Ca-rigor solu-
tion. 25 uL of labeled myofibrils were applied to number 1
cover slips (20X 60 mm) (Corning, New York) precleaned
with 90% ethanol. A narrow channel was created by applying
a thin layer of Vaseline along the edges of the cover slip. To
align myofibrils as much as possible, along the long axis of a
cover slip, the sample was applied by streaking the pipette
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along the long axis. The sample was left for 3 min to allow
myofibrils to adhere to glass. The long cover slip was covered
with a small (20X 20-mm) cover slip and washed with at
least 5 vol of Ca-rigor solution by applying the solution to one
end of the channel and absorbing with number 1 filter paper at
the other.

2.4 Preparation of Nanoparticle Monolayers

All necessary glassware was soaked in a base bath overnight
and washed with deionized water. A solution of 18-mg/mL
silver nitrate (200 mL) was heated and stirred in a 250-mL
Erlenmeyer flask at 95°C. 0.5-mL aliquots of 34-mM triso-
dium citrate solution were added drop-wise. The solution was
stirred for 20 min and warmed to 96 to 98°C. Then five
aliquots (0.7 mL each) of 34-mM trisodium citrate were
added drop-wise to the reaction mixture every 15 to 20 min.
Stirring was continued for 25 min until the milky yellow
color remained. Then the mixture was cooled in an ice bath
for 15 min. The colloids were separated by centrifugation at
3500 rpm for 6 min. The residues were collected and dis-
solved in 1-mM trisodium citrate. For covalent attachment of
the nanoparticles to glass cover slips, the cover slips were
washed with Alconox soap and rinsed with distilled water.
The cover slips were soaked for 2 h in 0.1-M NaOH to acti-
vate the surface, rinsed copiously with distilled water, and
soaked overnight at 80 to 90°C in a solution of 5% (v/v)
aminopropyltriethoxysilane buffered with 0.1-M acetic acid
(pH 5.5). The coverslips were rinsed with deionized water, air
dried, and placed into a petri dish for drop coating with the sol
of silver colloids. About 300 uL. of the colloidal silver sol
was drop coated on the desired area of the glass slide/
coverslip. The excess of colloidal silver sol was rinsed with
deionized water after incubation for two hours at room tem-
perature. The glass coverslips with attached silver nanopar-
ticles were air dried and stored in vials.

2.5 Atomic Force Microscope Imaging

Imaging was performed on the AFM Explorer ThermoMicro-
scope (Veeco Instruments, Incorporated, Plainview, New
York) in contact scanning mode with a Non-Conductive Sili-
con Nitride Probe (Veeco Instruments, Incorporated). Images
were acquired at a 2- to 5-um/s scan rate with a resolution of
300 pixels per line. Images were then processed with WSxM
Version 4.0 software for 3-D structure and analyzed with the
Veeco SPMLab Version 6.0.2 software for z, x, and y distance
quantification.

2.6 Measuring Fluorescence Lifetimes

Fluorescence lifetimes were measured by time-domain tech-
nique using a FluoTime 200 fluorometer (PicoQuant, Incorpo-
rated, Berlin, Germany). The sample was positioned in front-
face configuration inside the fluorometer chamber. Excitation
was by a 475-nm laser pulsed diode, and the observation was
through a monochromator at 575 nm with a supporting
550-nm-long wave pass filter. Full width at half maximum
(FWHM) of pulse response function was 68 ps (measured by
PicoQuant, Incorporated). Time resolution was better than
10 ps. Less than 0.5% background was detected from the
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NML slide. The intensity decays were analyzed in terms of a
multiexponential model using FluoFit verd software (Pico-
Quant, Incorporated).

2.7 Optical Imaging

The instrument was described before,”’38 except that an

Olympus IX71 (Olympus, Melville, New York) was used. A
Hamamatsu ImagEM CCD camera (Hamamatsu, Bridgewa-
ter, New Jersey) was mounted in the right exit port (model
IX2 RSPC-2) of the microscope. The left exit port contained a
confocal a%)erture and the avalanche photodiode, as previously
described.”® It was used for statistical analysis of the reduction
of photobleaching. Excitation light from an expanded diode
pumped solid state (DPSS) laser beam (Compass 215M,
Coherent, Santa Clara, California) was coupled by the
polarization-preserving-fiber to a commercial TIRF attach-
ment (Olympus), which was mounted on the back port of the
microscope. The attachment expanded the laser beam, focused
it at the back focal plane of the objective, and directed it by
the movable optical fiber adapter to the periphery of the ob-
jective (Olympus Apo 100X, 1.65 NA, or PlanApo 60X,
1.45 NA). Excitation light totally internally reflected at the
interface and produced an evanescent wave on the aqueous
side of the interface.” Exciting light was s-polarized (perpen-
dicular to the incidence plane), giving an evanescent field
similarly linearly polarized.40 Fluorescence was excited with
linearly polarized light parallel or perpendicular to the myo-
fibrillar axis. The sample rested on a moveable piezo stage
(Nano-H100, Mad City Labs, Madison, Wisconsin) controlled
by a nano-drive. The fluorescent light was collected through
the same objective, projected onto a tube lens and to a calcite
prism (Melles Griot, Carlsbad, California), which split the
fluorescent light into two orthogonally polarized components.
The light was focused on the photosensitive area of the cam-
era. The insertion of the calcite prism did alter by a few mil-
limeters the position of the conjugate image plane, but in
practice it made a negligible difference to the focus because
the high magnification objective (with long back focal dis-
tance) was used.

The coupling of the DPSS laser to the TIRF module was
done through polarization preserving single mode optical fi-
bers. Those fibers have small diameters (~3 um) and are
notoriously difficult to couple efficiently with the laser beam.
We used a commercial fiber (kineFlex, PointSource, England)
mounted into a kinematic adapter (Model KC1, Thor, New-
ton, New Jersey) to assure high coupling efficiency (~50%),
ie., ~25 mW of 532-nm light was launched into a TIRF
module.

2.8 Spatial Sampling

The pixel size of the camera is 16X 16 wm. For the
60X NA 1.45 objective with 532-nm illumination, the Ray-
leigh resolution limit is ~200 nm. According to the Nyquist
sampling theorem, the ideal spatial sampling rate should have
been 200/2.3~90 nm. However, in our experiments the im-
age was undersampled. The back-projected size of the pixel of
the camera is 16 um/60=267 nm. Therefore, the images are
undersampled by a factor of 267/90=3. For the
100X NA 1.65 objective, the back-projected size of the pixel
of the camera is 160 nm, and the images are undersampled by
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factor of ~1.8. Undersampling allows the light to be concen-
trated on fewer pixels. Under the present low-light conditions,
this creates a signal that has greater amplitude relative to the
background noise, and therefore boosts SNR.

2.9 Choice of Sampling Time

The whole field (512X 512 pixels) is collected at time inter-
vals 7. The choice of 7 is crucial in SMD. Decreasing 7 in-
creases time resolution but decreases the number of fluores-
cent photons detected from each half-sarcomere. Increasing 7
improves SNR but decreases time resolution. We took 7
=100 to 400 ms as a reasonable compromise, because the
characteristic time for ATP hydrolysis by glycerinated skeletal
myofibrils is ~0.5 sec.*' The time resolution can be increased
by increasing camera gain at the expense of image quality.

2.10 Image Analysis

HClImage software (Hamamatsu) was used. Rectangular ROI
was created corresponding to each O-band in a 512X 512
image. The intensity measurement tool was used to measure
the mean gray value of all the defined ROIs in all 500 images.
ROI was 4 X 4 pixels (slightly smaller than a half-sarcomere).
These data were saved as tabbed text files. The ASCII file was
plotted in SigmaPlot (Systat, San Jose, California). The de-
convolution of point spread function (PSF) was done to see if
weak uniform fluorescence of unstained myofibrils was due to
the spread of fluorescence. The analysis showed that it was
not. The MATLAB function deconvblind (MathWorks Incor-
porated, Natick, Massachusetts) was used. It uses a maximum
likelihood algorithm to iteratively optimize the PSF when de-
convolving the image. The algorithm maximizes the likeli-
hood that the resulting image, when convolved with the re-
sulting PSF, is an instance of the blurred image, assuming
Poisson noise statistics. Deconvolution made images less
blurred, but the basic observation, that unstained myofibrils
were fluorecsent, was unchanged.

3 Results
3.1 Number of Observed Molecules

We first measured the volume of muscle sarcomere to esti-
mate the number of observed actin molecules. Figure 1 shows
AFM images of unlabeled (top) and labeled (bottom) myo-
fibril. The AFM image reports on the resistance to stress en-
countered by the atomic probe. The images look different, but
it is important to emphasize that the difference in AFM image
does not suggest that phalloidin induces changes in the sar-
comere structure. Because phalloidin binding makes the ends
of thin filaments stiffer, this region of a sarcomere is more
difficult for an atomic probe to deform. It is known that the
pattern of phalloidin labeling changes with time. Initially only
the ends of thin filaments are labeled.*® Redistribution of phal-
loidin to the I-band takes several hours.** Myofibrils used here
were observed 5 to 15 min after labeling, so only the ends of
thin filaments were labeled.

The average height of 12 phalloidin-labeled myofibrils was
97 =4 nm (mean+SEM). The typical width and length of a
sarcomere are 0.8 and 2.5 um, respectively, so the typical
volume of a half-sarcomere is ~0.1 um3=0.1X 10" L.
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Unlabeled

Phalloidin Labeled

Fig. 1 AFM image of a native myofibril on glass coverslip and of a
myofibril labeled with 0.1-uM RP+9.9-uM UP. The color scale bar
indicates distance from coverslip in nanometers.

Since the concentration of actin in muscle is 0.6 mM,16 this
volume contains on average 0.4 X 10° actin monomers.

For “heavily” labeled muscle (see Fig. 2), where 1 in 10?
molecules are labeled, we have ~400 labeled actin molecules
per half-sarcomere. For “lightly” labeled muscle (see Fig. 3),
where 1 in 10* molecules are labeled, we have on average ~4
labeled actin molecules per half-sarcomere. For “extremely
lightly” labeled muscle (see Fig. 6) where 1 in 10° molecules
are labeled, we have on average ~0.4 labeled actin molecules
per half-sarcomere.

3.2 Photobleaching of Heavily Labeled Myofibrils on
Glass

If the concentration of the label is high, many actins carry the
fluorophores. For heavily labeled myofibrils, we used 100 nM
RP (+9.9 uM nonfluorescent label), i.e., 1 in 100 actin mono-
mers carry fluorescent phalloidin. The number of observed
actin molecules is ~400 per half-sarcomere. The top panel of
Fig. 2 shows the time course of photobleaching of the myo-
fibrils labeled with 100 nM RP+9.9 uM UP. 500 images
were captured every 200 ms; but only frames 1, 50, 100, 200,
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Fig. 2 The time course of photobleaching of heavily labeled rigor
myofibril. Top panel: myofibril at times indicated below each frame.
Exciting light polarized vertically, emitted light polarized horizontally.
The bar is 5 um. Sarcomere length=2.6 um. Bottom panel: the time
course of photobleaching of the O-band pointed to by the arrow in
the top panel (black). The least-square three-parameter exponential fit
(yellow) is y=2469+15291 exp(=6.9 X 1072 1). The inset is the differ-
ence between the signal and the exponential function showing that
the exponential is a good fit to the data. Red is the best linear fit to
residuals, and green is 95% confidence limit. Myofibril is labeled with
0.1-uM RP+9.9-uM UP. Myofibrils are on sapphire, viewed by 100
X NA=1.65 objective. (Color online only.)

and 300 are shown. The time course of photobleaching of the
O-band pointed to by the arrow in the top panel is plotted in
the bottom panel of Fig. 2. The three-parameter exponential
(yellow) fits the data closely. The half-time is ~20 sec.

It is important to point out that we measure polarized in-
tensity of fluorescence. The sample was always illuminated
with light polarized vertically relative to the laboratory frame
of reference. The microscope field of view is split into two
orthogonally polarized parts by the calcite prism inserted be-
fore the camera (see Sec. 2). This causes the camera to see
two images simultaneously, obtained with the analyzer ori-
ented horizontally and vertically. The myofibril shown in Fig.
2 was viewed with the analyzer oriented horizontally.

3.3 Photobleaching of Lightly Labeled Myofibrils on
Glass

In contrast to smooth photobleaching of the heavily labeled
O-bands, sarcomeres of lightly labeled myofibrils bleached in
step-wise fashion. The example is shown in Fig. 3. For myo-
fibrils labeled with 1-nM RP+ 10-uM UP and using the value
of 0.4 X 10° actin monomers per half-sarcomere, we estimate
that it contains ~4 molecules of phalloidin. Figure 3 shows
images that were captured every 400 ms. The time course of
photobleaching of the O-band pointed to by the arrow in the
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Fig. 3 The time course of photobleaching. Top panel: the whole field.
Myofibril enclosed in the box was analyzed. The arrow points to the
background ROI. Bottom: intensity of fluorescence of the sarcomere,
pointed to by an arrow, was measured every 400 ms. The times at
which images were taken after opening the shutter are shown at the
bottom left. The bar is 10 um. Sarcomere length=2.1 um. Myofibrils
are labeled with 1 nM RP+10-uM UP.

bottom panel of Fig. 3 after subtracting the background is
plotted in Fig. 4. It suggests the presence of two discrete
steps. Most of the O-bands in the top panel of Fig. 3 also
bleached in step-wise fashion. However, not all of the steps
were as clearly defined. We estimate that only ~50% of 480
spots analyzed in 12 separate experiments in which sarco-
meres were not uniformly labeled bleached in a clearly de-
fined step-wise fashion. The pattern of photobleaching varied
from O-band to O-band. Even the O-bands immediately ad-
joining each other gave different patterns. For example, the
O-band immediately to the right of the one pointed to by an
arrow in Fig. 3 suggested that bleaching occurred in four
steps. The fact that not all sarcomeres bleached in a step-wise
fashion is perhaps due to the fact that some sarcomeres we
selected for analysis were not containing fluorophores at all,
but were fluorescent due to waveguide effect.

The time course of the bleaching of the background from
the same sized ROI used to collect data from the O-band
(pointed to by an arrowhead in the top panel of Fig. 3) is
plotted as an inset to Fig. 4. It displays fluorescence equal to
~60% of the signal (recall that the signal is plotted after
subtracting the background). However, the inset shows that
the bleaching occurs smoothly. The residuals of the least-
squares fit to the three-parameter exponential decay function
(data not shown) suggested that the exponential is a good fit
to the data. This bleaching is most likely due to residual fluo-
rophores remaining stuck to the glass after washing. The rest
of the background (~6000 units) is due to the autofluores-
cence of glass. It does not photobleach at all.

3.4 Photobleaching of Extremely Lightly Labeled
Myofibrils on Glass

To image a half-sarcomere containing on average less than
one fluorescent actin per half-sarcomere, we used 0.1-nM
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Fig. 4 (a) The time course of photobleaching of the O-band pointed
to by the arrow in the bottom panel of Fig. 3, suggesting the presence
of discrete steps. Other O-bands in this frame also bleached in a
step-wise fashion. Signal change suggests two steps. Note that the
vertical scale is the intensity after subtracting background. The inset
shows the time course of photobleaching of an O-band labeled with
10-nM RP. (b) shows the time course of photobleaching of the back-
ground pointed to by the arrow in the top panel of Fig. 3. The least
square three-parameter exponential fit (yellow) is y=6447
+3356 exp(=6.90x 1073 1). (Color online only.)

RP+10-uM UP. For an estimated number of actin molecules
in a half-sarcomere of 0.4 X 10°, this gives ~0.4 molecules of
phalloidin actin in a ROIL Figure 5 shows the time course of
photobleaching of the myofibrils irrigated with 0.1-nM RP
+10-uM UP. The time course of photobleaching of the
O-band pointed to by the arrow in Fig. 5 is plotted in Fig. 6.
It suggests the presence of a single discrete step.

3.5 Photobleaching of Heavily and Lightly Labeled
Myofibrils on the Nanoparticle Monolayer

Figure 7 (top panel) shows the representative examples of
images of myofibrils on glass. The images are of good quality,
as evidenced by the fact that the Z-bands (pointed to by the
arrowheads) and the H-zones (pointed to by the arrows) are
well resolved. The bottom panel of Fig. 7 shows representa-
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Fig. 5 The time course of photobleaching of myofibrils labeled with
0.1-nM RP+10-uM UP. Intensity of fluorescence of the sarcomere
pointed to by an arrow was measured every 100 ms. The times at
which images were taken after opening the shutter are shown below
each frame. Sarcomere length=2.0 um.

tive examples of myofibrils on the NML. The comparison
with images on glass shows that image quality remains
equally good, as evidenced by the resolution of the Z-bands
(arrowheads) and the H-zones (arrows). The intensity is larger
in the bottom panels than in the top because colloids increase
brightness an average of ten times. This is not reflected in
brightness of images because camera gain was adjusted auto-
matically. We did not observe any photobleaching within
100 sec. The same was true for lightly labeled myofibrils
(1-nM RP+10-uM UP).

3.6 Photobleaching of Extremely Lightly Labeled
Myofibrils on the Nanoparticle Monolayers

Nanoparticle monolayers reduced photobleaching principally
through the reduction of fluorescent lifetime (see Discussion
Sec. 4). The top panel of Fig. 8 shows the image of a myo-

75000

0.1 nMRP + 10 uM UP
70000

65000 -

60000 -

polarized intensity

55000 -

50000 -

cxd8 spot4
45000 T T T
0 10 20 30 40

time (sec)

Fig. 6 The time course of photobleaching of an O-band pointed to by
an arrow in Fig. 5. Signal change (black) suggests a single step. The
least square three-parameter exponential fit (yellow) is y=35061
+33277 exp(=4.42 X107 ). Myofibrils were labeled with 0.1-nM
RP+10-uM UP. The background has been subtracted.
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glass

Fig. 7 Representative images of myofibrils on glass (top panels) and
on NML (bottom panels). Arrowheads point to the Z-lines and arrows
point to the H-zones. Myofibrils are labeled with 0.1-uM rhodamine
phalloidin +9.9-uM unlabeled phalloidin. Bar is 10 um. TIRF excita-
tion. The fact that myofibrils are on average 10 times brighter on NML
than on glass is not well illustrated in this figure, because the gain of
the camera adjusted itself automatically.

fibril labeled with 0.1-nM RP+10-uM UP on NML. It is
important to point out that NML signal from myofibril was
enhanced approximately ten times in comparison with signal
on glass (see next). The increase of brightness reduced pho-
todamage because it allowed illumination with a weaker laser
light. The bottom panel compares signal from a sarcomere
containing ~1 fluorophore (red) with a signal from the back-
ground (black). The transient is caused by “blinking” of silver
particles on glass. Metallic silver nanoparticles display curi-
ous “blinking,” even in the absence of the ﬂuorophores.“‘44
Fortunately, blinking is rare. In one half-sarcomere, we have
detected on average only three to four events during 100 sec.

50000

blink ——= —— spot7
40000 4 — bck (spot 20)

30000 o

int (a.u.)

20000

10000 - ]

cxd137 NML on glass

0 T T T T T T
0 20 40 60 80 100 120

time (sec)

Fig. 8 The time course of photobleaching of myofibrils labeled with
0.1-nM RP+10-uM UP. The intensity of fluorescence of the sarco-
mere pointed to by an arrow in the top panel was measured every
100 ms. The horizontal scale is the times at which images were taken
after opening the shutter. Note that NML increased the brightness ten
fold. The data were taken through 1 OD filter. (Color online only.)
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3.7 Rate of Photobleaching

To obtain an average reduction of photobleaching, we mea-
sured signal by avalanche photodiode. We used NA=1.45,
60X objective and 8-um confocal aperture. This makes the
depth of the detection volume (equal to the depth of the eva-
nescent wave) ~100 nm. The x-y dimension of the detection
volume is equal to the diameter of the confocal aperture di-
vided by the magnification of the objective. With an 8-um
aperture and 60X objective, it is smaller than the diffraction
limit of the objective i.e., the diameter of the volume is
0.25 um,* giving the detection volume of 18 X 10718 L. Ac-
tin concentration in muscle (0.6 mM) implies that there are
~6800 actin protomers in this volume. The ratio of fluores-
cent phalloidin to nonfluorescent phalloidin was fixed at
1:1000, suggesting that the signal was contributed by approxi-
mately seven to eight actin molecules. Figure 9(a) shows that
the NML enhanced intensity of fluorescence ten fold in com-
parison with glass. Figure 9(b) compares the rate of pho-
tobleaching of the myofibrillar overlap zone on glass (green)
and NML (red). NML signal from myofibril was enhanced ten
times in comparison with signal on glass, so signal on NML
was divided by this factor to make intensities at time O the
same. The half-time of decay on glass and on large colloids
was increased approximately four times, but in 12 experi-
ments this time increased on average froml4*4 to
69 £ 25 sec (approximately four to five times).

3.8 Decrease of Fluorescent Lifetime

Figure 10 shows that the enhancement of intensity and de-
crease of photobleaching is indeed due to decrease of lifetime.
NML augmented the fast decay of fluorescein-labeled myo-
fibrils (arrow). The fluorescence decay (black) after a laser
flash (gray) is best fitted (black) by the two exponentials with
lifetimes 77=0.92 and 7,=4.02 ns, with the relative contribu-
tions to the total amplitude of 48.5 and 51.5%, respectively.
The average amplitude weighted lifetime was 2.52 ns. The
arrows point to the fast decay of fluorescence. NML signifi-
cantly decreased the lifetime signal. It is now best fitted
(white) by three exponentials with lifetimes 7,=1.181, 7,
=3.421, and 73=0.066 ns with the relative contributions to
the total amplitude of 2.0, 1.8, and 96.2%, respectively. The
average amplitude weighted lifetime was 0.150 ns. The ar-
rows point to the fast decay of fluorescence. The average de-
crease of lifetime was 17 times, but it is worth pointing out
that, whereas there was no ultrafast component of decay of
myofibrils on glass, such a component constituted 96% of a
signal on NML.

4 Discussion

By observing muscle on glass with sensitive EMCCD, it was
possible, for the first time, to visualize single actin molecules
in muscle. Discrete photobleaching observed on glass is a
useful indicator of a single molecule regime, but it is an ob-
stacle when making kinetic measurements, because pho-
tobleaching steps obscure intensity fluctuations due to mo-
lecular motions. For example, in muscle, intensity fluctuates
because of rotations of myosin molecules. Changes of inten-
sity due to photobleaching are superimposed on rotational sig-
nals, making rotations impossible to detect. By observing
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Fig. 9 (a) Comparison of spectra of myofibrils (1 mg/mL) labeled
with 0.1-uM fluorescein-phalloidin on a glass coverslip coated with
monolayers containing colloids (circles). The spectra were measured
at a 45 deg angle in a Varian Eclipse spectrofluorometer. Excitation
wavelength was 475 nm. The spectrum of glass alone is shown as
triangles. The spectrum of a colloid monolayer in the absence of
muscle was comparable to glass alone. (b) Comparison of the rate of
photobleaching of the myofibrillar overlap zone on glass and NML.
The overlap zone of a myofibril was viewed through a 133-nm back-
projected confocal aperture. Gray—myofibrils on glass. Decay of
fluorescence is best fitted by three-parameter exponential fit y=284.5
+369 exp(=3.8X 1073 1) (black curve). Black—myofibrils on NML.
Decay of fluorescence is best fitted by three-parameter exponential fit
y=255+221exp(-9.9X 107* ) (black curve). Intensity is measured in
counts-per-100 ms bin. Colloid enhanced the signal ~10 times, so the
signal on MNL was divided by this factor to make intensities at time 0
the same. Myofibrils (1 mg/mL) were labeled with 0.01-uM
rhodamine-phalloidin +9.99-uM unlabeled phalloidin. TIRF illumina-
tion, sarcomere viewed through an 8-um aperture. NA=1.45
objective.

muscle on nanoparticle monolayers, it was possible to image
single molecules for at least 100 sec without photobleaching
them.

Observing single molecules in muscle is particularly im-
portant, because the molecules that are responsible for con-
traction, myosin cross-bridges, act asynchronously. Probing
single molecules avoids the averaging inherent in studying
large assemblies of molecules. Further, observing single mol-
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Fig. 10 Decrease of fluorescent lifetime by NML. (a) Lifetime signal
from myofibrils on glass (black). The signal is best fitted (white line)
by the two exponentials with lifetimes 7,=0.92 and 7,=4.02 ns, with
the relative contributions to the total amplitude of 48.5 and 51.5%.
The average amplitude weighted lifetime was 2.52 ns. The arrow
points to the fast decay of fluorescence. The gray signal is the exciting
pulse from the diode laser. The bottom inset is the residual fit to all
9567 data points. (b) Lifetime signal from myofibrils on glass coated
with a SIF monolayer (black) is best fitted (white line) by three expo-
nentials with lifetimes 7,=1.181, 7,=3.421, and 73=0.066 ns, with
the relative contributions to the total amplitude of 2.0, 1.8, and
96.2%, respectively. The average amplitude weighted lifetime was
0.150 ns. The arrow points to the fast decay of fluorescence. The gray
signal is the exciting pulse. The bottom inset is the residual fit to all
5308 data points. 1-mg/mL myofibrils were labeled with 0.1-uM
rhodamine-phalloidin.

ecules in situ avoids possible alteration of cross-bridge kinet-
ics by the regular arrangement of actin and myosin in arrays
of filaments, by molecular crowding and the dependence of
kinetic rates on position within a sarcomere. Even though it is
possible to avoid asynchrony by applying transients in length
or ATP concentration and thus forcing thousands of cross-
bridges to act as one,46’47 there are differences between iso-
metric and transient experiments. In the isometric case, cross-
bridges act against steady maximum force, whereas during
transients they act initially, acting against no load.

The presence of nanoparticles has three effects. 1. In a
close proximity, below ~20 A, there is a strong quenching of
fluorescence. The excitation energy is being damped to the
metal in a nonradiative way. This does not affect fluorescence
from myofibrils, because they rise at least 150 nm above the
surface of the nanoparticles.3 2. An electric field of excitation

May/June 2008 < Vol. 13(3)



Borejdo et al.: Reduction of photobleaching and photodamage...

light is significantly altered near nanoparticles. Locally, this
field can be very strong. The fluorophores in this region are
exposed to a strong excitation, which results in an increased
brightness. The enhanced local field is responsible also for
surface-enhanced Raman scattering (SERS). 3. The interac-
tion of excited molecules with metallic nanoparticles results
in a rapid emission of a photon to the far field. This effect
(known also as a radiative decay engineering) increases a ra-
diative rate (I') of fluorophore deactivation.*® In this case, the
quantum efficiency increases, and the lifetime decreases. De-
crease of lifetime is sufficient proof that the radiative rate is
increased. Indeed, in conventional fluorescence, the changes
in quantum efficiency (Q) always occur by modulation of the
nonradiative rate constant (k,), be it by solvent relaxation,
nonradiative decay, quenching by the solvent, or transfer of
the energy to an acceptor. The radiative rate constant I" re-
mains constant. Thus a decrease in k,, always causes an in-
crease of fluorescence lifetime, 7=1/(I"+k,,). In contrast, the
proximity of fluorophores to metallic particles provides an
opportunity to modify radiative rate I'. For example, suppose
the metallic particles result in a y-fold increase in the radia-
tive decay rate to I'y,.,q=I". The lifetime 7=1/(yI"+k,,) be-
comes shorter. Our experiments confirmed that lifetime in-
deed decreased (Fig. 10). Increase in I' causes fluorescence to
become brighter, because quantum yield now becomes Q
=4I/ (yI'+k,,), i.e., it becomes closer to the maximum value
of 1. (In our case, Q is near 1 anyway (because we are using
rhodamine); this increase is not very significant.) However,
the main beneficial effect is a decrease of lifetime. This causes
significant decrease of bleaching, because the fluorophore
spends less time in the excited state, and leads to a more
effective excitation rate, because fluorophores are more often
excited.

To strengthen the conclusion that the step-wise decrease in
signal results from photobleaching of a single molecule of
phalloidin, we need to estimate the number of fluorescent
photons given off by one rhodamine molecule before bleach-
ing. To do so, we need to convert the gray values of EMCCD
to the number of photons. We took advantage of our ability to
direct the signal either to the EMCCD camera or to the ava-
lanche photodiode (see Materials and Methods in Sec. 2). For
the data shown as inset in Fig. 4, we determined that the
number of photons corresponding to the signal at time 0 was
~4000. The corresponding gray level of the camera was
~20,000. From the figure, we estimate that the change of
gray level associated with one step is 2000, i.e., we get ~400
photons/step. A step lasted ~40 sec, i.e., we observed
~16,000 photons from a fluorophore before it photobleached.
(The duration of the first step is underestimated, because it
takes a few seconds to focus the image. During this time,
photobleaching is already in progress.) The geometrical col-
lection efficiency of the instrument is ~2 % ,38 thus a fluoro-
phore emitted a total of 0.8 X 10° photons before irreversible
bleaching. This is consistent with the known photostability of
rhodamine.*

5 Conclusions

On a glass substrate, molecules photobleach rapidly. If many
molecules are observed, photobleaching is smooth (Fig. 2). If
a few molecules (Fig. 4) or one molecule (Fig. 6) is observed,
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photobleaching is step-wise, reflecting individual bleaching
events. Nanoparticle monolayers, in contrast to multilayers,
do not decrease the quality of images of myofibrils (Fig. 7).
Monolayers increase the brightness [Fig. 9(a)], thus reducing
photodamage because it allows illumination with weaker laser
light. The significant decrease of photobleaching [Figs. 8 and
9(b)] is caused by a reduction of fluorescent lifetime (Fig. 10).
Reduction of photobleaching and photodamage makes single
molecule detection in tissue less problematic than detection
on glass.
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