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Abstract: Vesicles prepared by DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) and SOPC (1-stearoyl-
2-oleoyl-sn-glycero-3-phosphocholine) lipid molecules having sizes smaller than the diffraction-limited
focused laser beam have been used to confine single molecules in the laser focus. The confinement of
single molecules in a volume smaller than the focused laser beam leads to a Gaussian distribution of
single molecule fluorescence intensity. The interactions of single Nile Red molecules with DMPC and SOPC
lipid bilayers were studied by single molecule fluorescence confocal microscopy. Nile Red molecules were
observed to associate with and dissociate from individual DMPC and SOPC vesicles adsorbed on a glass
surface, generating on-and-off fluctuations in a fluorescence signal representing a very low noise two-
state trajectory. Off-time statistics were used to investigate the mean radius of the vesicles and the size
distribution functions. The means of the on-time distributions of Nile Red in DMPC and SOPC vesicles
were significantly different. The association and dissociation reactions of single Nile Red molecules with a
vesicle have been studied. Features of the bimolecular interaction between the probe Nile Red and the
vesicle were evaluated from the uncorrelated mean on-time and vesicle radius distributions, and the linear
Nile Red concentration dependence of the mean off-time. Nile Red is shown to be a useful probe of the
structural fluctuations and heterogeneity of these membrane structures, and it is a useful model with which
to directly study a diffusion-influenced reversible bimolecular reaction.

Introduction membranes. These LUVs stick to glass surfécas,do live
cells, and at sufficiently low concentrations of vesicles, they
remain spatially separated from one another. This feature
facilitates their examination on a vesicle-by-vesicle Bakis
means of fluorescence techniques.

Single molecule fluorescence correlation spectroscopy (FCS)
as proved to be a very powerful technique, in which individual
molecules are detected when they diffuse through a small probe
volume defined by a focused laser beam and confocal opfics.

In FCS, the residence time for a molecule staying in a fixed
probe volume is determined by the diffusion coefficient of the
molecule in the medium, which is usually less than 1 ms. Some
slow dynamical processes, such as conformational changes of
proteins, escape detection in such a brief sojourn within the
laser field. It is therefore valuable to develop approaches that
confine individual molecules to the probe voluheand
simultaneously provide a well-defined environm@rfor the
target molecules. In the present work we describe a method in
which a particle that is much smaller than the size of the focused
laser beam is used to confine the target molecules to the probe
volume. The confining particle is a vesicle. The fluorescence
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Biological membranes are dynamic, heterogeneous structures
that have many functional units or organelles that are highly
specialized and contain proteins and lipid components that
perform unique roles for that organelle. Membrane components
have roles that range from regulation, binding of signaling h
molecules, protection, recognition, provision of anchoring and
stable sites for binding and catalysis, compartmentalization of
domains, regulation of the fusion of membranes in the cell, and
provision of routes across the membrane to allow directed cell
or organelle motility. These cellular processes are expected to
be strongly coupled to the physical properties of membranes,
including fluidity, microdomain formation, chemical content,
and dynamics. Therefore, fundamental knowledge of membrane
physical processes, heterogeneity (e.g., lipid raftsjtructural
dynamics, and structural variability at a molecular level is
needed to help understand cell physiology. Supported lipid
bilayers created by vesicle fusion have been used to model cell
cell interactions. They have been shown to be useful mimics
for natural biological membranes. Large, unilamellar phospho-
lipid vesicles (LUVs) can also serve as models for biological
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of a Nile Red probe is only detected when it collides with the
vesicle. In the experiments, single Nile Red molecules are
repeatedly detected through observations of their fluorescence
from a confocal region of the microscope, which brackets only
one immobilized vesicle. The fluctuations in the Nile Red
fluorescence relate to the size, heterogeneity, and fluctuations
of vesicles located in the focused laser beam. Since single
molecules are used as probes, the lipid bilayers are not expected
to be perturbed significantly during the measurement, so that
the membrane thermodynamic and kinetic properties, such as
structural fluctuations and phase segregation, would be mini-
mally influenced. Furthermore, the relatively small size of the
Nile Red probe permits the nanometer scale spatial dimension
of the lipid bilayer to be estimated from the statistics of the
collisions.

Nile Red is a sensitive probe for polarity and hydropho-
bicity.11~13 It emits negligible fluorescence in the presence of
bulk water. It has absorption, fluorescence, fluorescence life- The theory of the kinetics of irreversiBfeand reversible
times, and fluorescence quantum yields that depend on thebimolecular reactiorf$-2° has been widely studied. There are
solvent polarity. The spectral sensitivity of Nile red to solvent features that are difficult to confirm in bulk experiments: for
polarity is attributed to a twisted internal charge-transfer (TICT) example, the power law relaxation of the concentrations near
configuration involving motions of the diethylamino grotig: equilibrium. The theory has been tested in bulk experiniénts
Single Nile Red molecules in aqueous solution are not readily where very small changes in the concentration from equilibrium
detectable by fluorescence methods since the fluorescence obn long time scales were examined that are difficult to monitor.
Nile Red is quenched by water. However, it has been shown The types of single molecule experiments described here may
that Nile Red emits significant fluorescence when bound to eventually provide easier access to such subtleties in the kinetics
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Figure 1. Bulk fluorescence spectra of Nile Red bound to DMPC (peak
628 nm) and SOPC (peak 630 nm) lipid bilayers on a glass surface. The
spectra are recorded on a confocal microscope equipped with a monochro-
mator and CCD camera.

hydrophobic materials, such as phospholipid membr&éhasd
fluorescence signals from single Nile Red molecules are
detectable when Nile Red is in the hydrophobic environ-
ment4317 or Nile Red bound to the hydrophobic pocket of a
protein??

of reversible bimolecular reactions.

Materials and Methods

Materials. Nile Red was purchased from Molecular Probes and used
as received. Glass coverslips and cylinders were purchased from Fisher.

The method described here can also be regarded as ani hese were cleaned by sequential sonicatio? M sodium hydroxide

approach with which to study diffusion-influenced reversible
bimolecular reactions. By monitoring the rate of fluorescence
bursts, and the duration of fluorescence signals, the associatio

solution, methanol2 M sodium hydroxide solution, and deionized
water. 1,2-Dimyristoylsn-glycero-3-phosphocholine (DMPC) and
1-stearoyl-2-oleoybn-glycero-3-phosphocholine (SOPC) were pur-

"thased from Avanti Polar Lipids. DMPC and SOPC have the same

and dissociation reaction rates can be measured. This situatioeadgroups. Both Ghydrocarbon chains in DMPC are saturated, but

is analogous to reactions between enzymes and their cofactorgne of the Gs chains in SOPC has a double bond. The phase transition
which have been reported at the single molecule level and showtemperature of DMPC is-24 °C, and that of SOPC is &C. These

on- and off-state trajectorié§;2° and it is also analogous to
studies of “blinking” of nanoparticle®. The theory of the origins
and analysis of single molecule on and off trajectories is well
established?=2> With the knowledge of the concentration of
Nile Red in solution, the equilibrium constant can be calculated.
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lipids carry zero net charge at pH 7.4. The fluorescence spectra of bulk
Nile Red molecules bound to DMPC and SOPC lipid bilayers on a
glass surface are shown in Figure 1a and 1b, respectively.

Vesicle Preparation.To prepare large unilamellar vesicles, we used
the following procedurés! 0.25 mL of 25 mg/mL DMPC or SOPC
lipids was contained in a vial, and a nitrogen flow was used to evaporate
the solvent chloroform, leaving a dry phospholipid film on the internal
surface of the vial. The vial was kept under vacuumZd before the
lipid film was allowed to hydrate in 4 mL of phosphate buffer (20
mM, pH 7.0) with vigorous stirring at 32C for 1.5 h. The resulting
multilamellar vesicles were subjected to five freeze/thaw cycles and
extruded about 20 times through polycarbonate membranes having a
100 nm pore diameter (Avanti Mini-Extruder). Vesicles were used
within 1 or 2 days of preparation. The concentration of the vesicles
used in the single molecule experimenti4 pM to make sure that
individual vesicles adsorbed on the glass surface are well isolated from
one another.
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Figure 3. An expanded view of the fluorescence bursts obtained at very
4 low Nile Red concentration in solution-0.05 nM). The dashed lines show

. . the threshold used to separate background signals from fluorescence bursts.
Figure 2. Four fluorescence images of a glass surface covered byll00 e inget is an expanded view of the first fluorescence burst. A typical
of 40 mM pH 7.0 buffer solution containingl pM DMPC vesicles and diffusion controlled off-time isr1, a typical on-time is», and a typical fast
~0.4 nM Nile Red. The size of each image is 688 x 6.83um. The off-time is indicated byrs.
images were obtained sequentially with 26 s being required for each image.

Microscopy. The scanning confocal microscope, described previ-
ously®? uses a sample-scanning stage (Queensgate) with closed-loog
X-=Y feedback for accurate sample positioning and location of
individual molecules. The stage is controlled by a modified Nanoscope
E controller (Digital Instruments). The sample and stage were mounted
on an inverted, epiilllumination microscope (Nikon, Diaphot 300). The !
514.4 nm line from an Ar ion laser or a 76 MHz mode-locked Nd: 40 A
YAG laser (Coherent Antares) frequency doubled to 532 nm, circularly
polarized, was employed to excite the sample. The excitation power
was maintained between 30 and @8/. A Nikon FLUOR 40x, 1.3
numerical aperture (NA) objective was used to produce a nearly
diffraction limited focus on the sample and to collect the fluorescence.
514-nm notch (Kaiser Optical), D605/55 band-pass, 527DCLP dichroic
filter, and other appropriate filters were used to spectrally isolate the
signals from the excitation laser and background signal. A pinhole with 25100 150 50 1'00 150
the diameter of 150m was also used to suppress the background signal. N N
A single-photon-counting avalanche photodiode was used to detect

single fluorescent photons. The fluorescence spectra were obtained by ’%ﬁ”g; Tyﬂ\tﬁl fgo&escencetinttgnsi{yirr]ne records I(ﬁell\rl]ld h}% cgllectled |
means of a monochromator (Acton Research) equipped with a back- i cierent e Red concentrations showing single Ni'e =ed molecu'es

. L . diffusing onto and dissociating from a DMPC vesicle adsorbed on a glass
illumination liquid nitrogen cooled CCD camera (Princeton Instruments, ¢ rface and the corresponding expanded viewsatal b) of & and h.
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Trenton, NJ). The concentrations used aré.1 nM (a) and~1.5 nM(b), respectively.
The inset in a shows a fluorescence burst of two Nile Red molecules
Results interacting with one vesicle. The dashed horizontal lines iaral b show

o ) the threshold. The labels of 1, 2, and 3 inildicate fluorescence intensity
Individual nonfluorescent DMPC vesicles adsorbed on a glass spikes corresponding to one, two, and three molecules on one vesicle. The

surface were detected by the probe Nile Red, as shown in Figurecorresponding count rate distributiong énd ) are calculated based on
the intensity-time records in aand h. The dashed curves in and b3 are

2. Figure 2 shows four sequential scanning fluorescence image%aussian fits. The means and widths of the Gaussian fits are 57 counts/ms,
of a glass plate covered by 10Q of 40 mM pH 7.0 buffer 11.3 (@) and 57 counts/ms, 11.3 and 110 counts/ms, 1k} i@spectively.
solution containing~1 pM DMPC vesicles and-0.4 nM Nile
Red. The fluort_escence spots n Figure 2 prove to be the resuIts’width of the focused laser beam, 56600 nm, so most of the
of the interactions between Nile Red molecules and DMPC L ! .

. . - . fluorescence spots in Figure 2 appear as if they were single
vesicles immobilized on glass: the spectra of the fluorescent . .

. . . molecules. These single-molecule-like fluorescence spots are
spots are consistent with those of Nile Red molecules boundto "~ " . .
switching on and off but are not photobleaching. By zooming

DMPC vesicles in bulk. The same glass surface in the presence -
. S . . . . into the area where a fluorescence spot is located, a fluorescence
of either a similar Nile Red solution or a DMPC vesicle solution

is found to have no significant fluorescence. Nile Red emits intensity—time record is obtained that is composed of sequential

negligible fluorescence in the buffer solution, so the adsorbed bursts of fluorescence photons separated by relatively longer

. . . dark periods when there is no emission, as shown in Figures 3
vesicles must present an environment that is able to enhance . . . .

. e ) and 4. The widths of the fluorescence bursts in the intersity
the Nile Red emission. As can be seen from Figure 2, the

. N time record clearly correspond to the residence times of single
observed fluorescence spots are not moving significantly on the . - .
. . ; fluorescent Nile Red molecules on the vesicle. The dark periods
length scale of the microscope resolution, which suggests that

. . correspond to the waiting times between successive binding
the vesicles adhere to the surface on time scales much longer . : . .

. . : events during which the Nile Red molecules are in water and
than a scan. The average diameter of the vesicles used in th

. . o %ave undetectable fluorescence. The single-step character of the
experiments is~100 nm, which is much smaller than thes2/ . 9 P .
fluorescence signal for most fluorescence bursts shown in
(32) Bopp, M. A.: Sytnik, A.: Howard, T. D.: Cogdell, R. J.: Hochstrasser, R, [ 19ures 3 and 4asuggests that each burst corresponds to a single
M. Proc. Natl. Acad. Sci. U.S.A.999 96, 11271-11276. Nile Red molecule interacting with the vesicle.
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The intensity-time records in Figures 3 and 4 are analogous T T T T T
to those collected in FCS, where fluorescence bursts are detected 150
as individual single molecules diffuse through the confocal 100
volume defined by a laser beam focused by confocal optics. 50
The distribution of intensities of the individual bursts shown in
Figure 4g clearly indicates the uniqueness of the intensity
time records collected in the present experiments. The count
rate distribution consists mainly of two Gaussian peaks. The
strong peak centered at 2 counts/ms stems from the background 600F T T . T T .
signals, indicating that, during most of the time, no fluorescence i b |
signal was detected. The second peak centereeb@tcounts/ i -
ms arises from the detected fluorescence bursts. In FCS, the 300 .
count rate distribution usually exhibits a super-Poissonian
behavior due to the Poisson characteristics of the background
signals and the laser intensity profile in the confocal voldiite.
The Gaussian distribution of fluorescence signals in the present
experiment strongly 59999“5 _that the detected individual Figure 5. Fluorescence burst width (a) and dark period (b) distributions
molecules are confined in a relatively small volume, where both associated with a single DMPC vesicle on a glass surface. The mean burst
the excitation laser intensity and environment are approximately width and mean dark period for this particular vesicle were determined to
uniform. A typical vesicle is~100 nm in diameter, which is ~ Pe 16 ms and 162 ms, respectively.
much smaller than the diffraction-limited size of the laser beam.

When such a vesicle is located in the middle of the focused e frequency of observed fluorescence bursts in the experi-
laser beam, the light intensity at each point in the vesicle should \,,ent is determined by the concentration of Nile Red in solution,
not vary by more than ca. 6%. The nearly uniform excitation ;¢ jlustrated in Figure 4aand Figure 4 the diffusion
power at the vesicle and a nearly homogeneous environmenteqeficient of Nile Red, and the size of the vesicle (see the
of the bound probes would lead to a Gaussian profile for the iscyssion below). To determine the widths of the fluorescence
count rate distribution, as observed. bursts and associated dark periods in the intensitye records,
Figure 4a shows there are a few (ca. 10 in this Figure) the following data analysis procedure is used. Each intensity
fluorescence bursts with a significantly higher count rate than time record was first filtered by single pass binominal smoothing
the average. Those high intensity fluorescence bursts generally(|gOr Pro, Wavemetrics), and then a threshold was carefully
show a steplike character, as shown in the inset of Figuie 4a gelected to calculate the fluorescence burst widths and the
and their peak intensity is roughly twice the mean value of the lengths of the dark periods, as shown in Figures 3 a4l 4b.
dominant signal. This result suggests that they are generatedrne purst width is the time interval during which the continuous
by two Nile Red molecules interacting with the same vesicle forescence signal is above the threshold. The dark period is
during the same burst period. This idea was confirmed by ihe time interval during which the signal is below threshold.
increasing the concentration of Nile Red in the solutiorrtib As an example, Figure 5 shows the histograms of fluorescence
times to obtain the intensitytime record shown in Figure 4b 1, st widths and dark periods associated with a typical single
The count rate distribution, shown in Figures#now shows DMPC vesicle adsorbed on glass. The mean fluorescence burst
an additional peak centered-al 10 counts/ms, which is about \iqths and mean dark periods associated with each vesicle are
twice the signals observed for one molecule at 57 counts/ms.then used to generate the distribution of mean on-times and
A_t such a high concentration, three molecules having overlap- gigyinytion of mean off-times averaging over many vesicles,
ping bursts have also been ob_ser\{ed, as shown by the very Wealés shown in Figure 6. There was no measurable correlation from
peak around-174 counts/ms in Figure 4bOne such burst is single vesicle experiments either between on-times and the

marked as 3 in Flgurg 4bAt the low .con.centratlons. used in following off-times or between two successive on-times and/or
all subsequent experiments, shown in I_:lg_urg'_m!are Is only off-times. The same result prevailed after averaging over
a very weak P‘?a" nearllo_coun_ts/ms, indicative of the very different vesicles. Accordingly, all the information about the

small probability of observing simultaneous bursts from two kinetic scheme relating the Nile Red and vesicle is contained
molecules under these conditions. The data we present show

that. by confinina the taraet molecules in a volume much small r|n the separate on- and off-time distribution functions, from
at, by co g (ne target molecues in a volume much Smaler i, e intensity-time records could be reconstrucd.he

than the focused laser beam, we can clearly tell how many targeton-time distributions for the individual vesicles were exponential

molecules existin the probe volume from the detected fluores- decays. The total fluorescence burst width histograms, obtained

cence intensity. This result may have appllcat|_on In sorting at by summing the fluorescence burst width histograms from 162
the single molecule level. For example, by using the method :

described here, target molecules labeled with one dye, two dyesSlngle DMPC/SOPC vesicles, also fitted well to a single

. T - . ‘exponential decay, as shown in Figure 7 which clearly dem-
or multiple dyes can be distinguished, and their populations can . . . .
. e : L onstrates that Nile Red resides for longer mean times in DMPC
be determined. Another application might arise if dye-labeled - :
: . than in SOPC. In contrast, the total histograms of the dark
molecules form aggregates, because then the different oligomers riod iated with all the single DMPC and SOPC vesicl
in the solution could be distinguished by the method. periods associate altthe single a esicies

are similar to each other and distinctly not single exponential.

a

|||Hm”mwmmm_ﬂ

20 40 60 80
burst width (ms)

Occurrence

h“—rh'l'f'm-..r” b L .

100 300 500
dark period (ms)

(33) Chen, Y.; Muller, J. D.; So, P. T. C.; Gratton, Biophys. J.1999 77,
553-567.

In Figure 7 the dark period data are fitted to a double exponential
decay having components atl ms and~150 ms.
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of the fluorescence signals. For example the mean off-tigqe,

) 15 ' . is obtained fromzo0= Y TortPort(7orr), WherePor(7) is the off-
;E 10t / ' 1 time probability histogram. A Nile Red molecule must diffuse
'z 5t m\ - from the bulk to the vesicle and make contact with it. The
e 2 intervals between such collisions must be controlled by the
c 60 T e ] inverse of the rate of a diffusion controlled reaction. On collision
2 1 with the vesicle the probe may still be in contact with water
g 40 | and so it may or may not be fluorescent: we refer to this
Z 20 configuration as a contact pair, analogous to experiments on
fluorescence quenching. The probe may then interact with the

10 20 30 40 400 800 1200 vesicle more substantially or even require penetrating into it:

this action certainly gives rise to a Nile Red fluorescence burst.

Fioure 6. Vesicle d d tth d offi for DMPC After a few milliseconds, that particular probe molecule will
gure 6. esiCle depenaence O € mean on- ana ofi-times Tor . . . . .

(a and b) and SOPC (c and d). By fitting to Gaussians, the mean on-time return to being a contact pair and then may either diffuse into

for DMPC vesicles is determined to be 18.3 ms with a standard deviation theé bulk or react again with the vesicle producing another
of 5.8 ms. For SOPC, the mean and standard deviation are 6.4 ms and 1.fluorescence burst: following the release of the probe from the

ms. vesicle there must arise a nonequilibrium distribution of probes
in the solution. Clearly there are at least three time scales

N ' " a ] 08 j ' " b ] involved in the experimental signals: one is dominated by the
\j\t ) time of diffusion of bulk molecules to the vesicle which in the
Fm

Mean on-time (ms) Mean off-time (ms)

o
5]

104 - present experiments is ca. 200 ms, the mean off-time averaged

o
IS

- - over many vesicles; another, ca. 1 ms process is due to a
: e : reversible fluorescence quenching that occurs when the Nile
¢ 108 d 1 Red and vesicle are in close contact; and the third is connected
I iy 1 with the overall lifetime of a fluorescent Nile Redesicle pair,
[ 104 i corresponding to the mean on-time of the fluorescence which
. I — ) is in the range 520 ms. These stages are illustrated in Figure
40 80 400 800 3, which is an expanded scale version of the typical experiments
burst width (ms) dark period (ms) shown in Figure 4. The interva] is clearly a separation between
Figure 7. Probability distributions of the widths of fluorescence bursts bursts and is the time during which bulk diffusion is occurring.
from all the immobilized single DMPC (a) and SOPC (c) vesicles and of The timer; is the effective length of a burst which relates to
the dark periods associated with all the single DMPC (b) and SOPC (d) 6 time that a particular Nile Red molecule remains in close
vesicles. The solid lines in the graphs are single exponential or double . . . .
exponential fits to the data, which involved averaging ov&00 vesicles. contact with the vesicle. At the lowest concentrations used in
the experiments, the intervals between bursts are sufficiently
long that the probability of detecting two overlapping bursts is
For comparison, tetramethylrhodamine (TMR) or rhodamine completely negligible. However, the short component ofztie
6G (Rh6G) molecules were also examined in the presence of yistribution is still significant whenZys= 700 ms. The

~1 pM DMPC vesicles isolated on glass surfaces, and the jntervalsz, correspond to intermittent fluorescence quenching
images were recorded in the same manner as that for the Nilegyring the lifetime of a particular pair which can include the
Red experiments. For both rhodamine probes a spatially prope revisiting the vesicle from the contact pair and perhaps
homogeneous fluorescence background developed as the conghotophysical and/or photochemical processes. Therefore we
centration was increased. This is expected if the dyes are notgypect that the off-time distribution as we have defined it
binding to any region of the surface, lipid or glass, for sufficient gperationally will involve the two time scales andzs. In a

time to be identified as bright single molecule signals. When paticular trajectory there occur some off-times that are long
Nile Red ¢-0.3 nM) was added to this solution, similar bright compared with the mean value. These regimes correspond to
fluorescence spots to those in Figure 2 were recovered, but withyo system approaching complete dissociation of the complex.
reduced signal-to-noise ratio because of the increased back-rhe complete relaxation kinetics of the proposed scheme is
ground generated by existing rhodamine dyes in solution. contained in the autocorrelation function of the trajectories, so
Because TMR and Rh6G have sizes and diffusion coefficients ye have investigated whether these deviations approach zero
that are similar to those of Nile Red, perhaps it is their positive according to a power la#.

charge combined with their greater polarity compared with those Lipid Dependence of On-Time Distributions and Hetero-

of thg hydrophobic Nile Red that diminishes their association geneity. The lipids, DMPC and SOPC have different gel-fluid
with lipids. phase transition temperatures24 °C and 6°C, respectively.
Discussion At the experimental temperature of 2&, SOPC should be
almost entirely in the fluid phase. The phase behavior of
supported DMPC bilayers on Miga3” and on microscope

Probability
o
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o
'S
T

The detailed theory of the results reported here, which will
be the subject of a future publication, requires a full treatment
ofa dllffu.SIOH controlled rea}ct!on |np|ud|ng geminate effects. A (34) Feng, Z. V.. Spurlin, T. A.; Gewirth, A. ABiophys. 2005 88, 2154-
quantitatively based descriptive picture of the processes being ~ 2164. A ‘
measured will be given here. The observables in the experiment(3%) Enders, O.; Ngezahayo, A.. Wiechmann, M.; Leisten, F.; Kolb, H. A.

; RN Biophys. J2004 87, 2522-2531.
are the on- and off-time probability distributiof, and Py (36) Charrier, A.; Thibaudau, Biophys. J.2005 89, 1094-1101.
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coverslipg® has been widely studied by atomic force microscopy
(AFM)34=37 and by fluorescent recovery after photobleaching -
(FRAP)38 Both AFM and FRAP indicated that for supported . -1 8T
DMPC bilayers the gel phase coexists with the fluid phase even 'qu_#'f} Hz
when the temperature is at5 °C above the gel-fluid phase 4 F
transition temperature 0¥24 °C. The published results clearly - , , , .
indicate that DMPC vesicles should adopt a complex multiphase 1 1.5 2 % 101

structure under our experimental conditions.
Our experiments were done in the same manner for both
DMPC and SOPC vesicles, including the experimental setup, Figure 8. Inverse mean off-timeszoi(1%, vs Nile Red concentration for
o . . a typical DMPC vesicle on a glass surface. The straight line is a least-
excitation power, data collection and data analysis, temperature,s, ares fit to a linear relation.
glass coverslips, vesicle preparation, Nile Red concentration,

and so on. However, the measured mean residence time of Nilego the total histograms of the fluorescence bursts shown in
Red in DMPC is about 3 times longer than that in SOPC, as Figure 7a and 7c.The diffusion coefficient of dye-labeled lipid
shown in Figures 6 and 7. As discussed above, &250PC  molecules diffusing on the DMPC monolayer has been measured
is mainly in the liquid crystalline phase and has considerable by several groupg841to be~2 x 108 cm? s~L. If this value is
mobility. In contrast, DMPC lipids are near the phase transition ysed as a lower limit for the lateral diffusion coefficient of Nile
where the ordered gel and disordered liquid crystalline phase Req diffusing in DMPC, the time for a Nile Red molecule to
coexist?* 38 Therefore, the Nile Red residence time in DMPC  averse a 100 nm vesicle is estimated to be less than810
vesicles might be longer than that in SOPC vesicles becauseDuring the residence times of-@8 ms, a Nile Red molecule
the gel phase traps the probe more effectively. This expectationcoyld traverse the 100 nm vesicle at least 20 times on average,
is consistent with the experimental results shown in Figures 6 \yhich should certainly allow it time to probe both phases of
and 7 and with the discussion of equilibrium constants given pMpC during each individual visit. A few vesicles exhibited
later. The on-time distributions in Figure 6a and 6c represent fiyorescence burst width distributions that could not be fitted
the heterogeneity of the mean residence times of Nile Red. py 3 single exponential decay. Two or more well-distinguished
Comparisons of Figure 6a and 6¢ show that the distribution microdomains associated with different phases could be the
widths are very different for the two lipids. It is broader for reason. The time scale of the dynamic exchange between the
DMPC indicating more structural heterogeneity compared with microdomains must be slower than the Nile Red/vesicle
SOPC. The mean of the size distributions for DMPC and SOPC 4gsqciation time, 18 ms for DMPC and 6 ms for SOPC. When
vesicles appear to be similar to each other according to the datgmore fully understood these properties will allow Nile Red to
discussed below (Figure 9), but the variance in size is consider-pe ysed as a probe to study the heterogeneity and structural
ably larger for DMPC. According to Figure 1 there are no fjyctuations of more complex membrane structures, such as
obvious differences in the fluorescence spectra seen in the twopyixed bilayers of various lipids or cell membranes.
lipids. Off-Time Distributions and Vesicle Size Distributions.
Previous work has shown that LUVs flatten considerably upon Figure 7 shows that the dark periods in the intensiigne
adsorption to glass surfacé8 and that they stay on glass as records associated with both DMPC and SOPC vesicles have
intact vesicles, partially broken vesicles, and lipid bilayer disks. two characteristic time scales, one oL ms and another of
Our experiments, based on the detection of the fluorescence of~150 ms, with the latter corresponding closely to the expecta-
single Nile Red molecules bound to the lipid bilayers, cannot tions for the conventional diffusion-controlled collision rate. The
directly establish structure differences among these membranes~1 ms dark period may correspond to a situation where one
because the vesictdNile Red interaction is not yet fully  Nile Red molecule partially dissociates and then revisits the
understood. The results given in Figure 6a and 6¢ need to bevesicle surface, but it could also involve some Nile Red
evaluated in terms of vesicle size and shape, lipid mobility photophysics and/or photochemistry. In separate experiments,
variations, possible heterogeneity caused by vesicle preparationthe ~1 ms component was measured to be independent of Nile
and so on. The observed heterogeneity for both DMPC and Red concentration over the range displayed in Figure 8.
SOPC vesicles is certainly influenced by the glass surface. TheMoreover, when the dark periods exceed 700 ms on average,
DMPC vesicles at 25C being closer to the phase transition which occurs in the most dilute solutions, the 1 ms dark period
are possibly more readily affected by the surface than those ofis still observed. Clearly this transient does not correspond to a
SOPC. bulk diffusion controlled reaction. One hypothesis is that while
It can be expected that the fluorescence burst width distribu- trapped or very close to the vesicle, Nile Red molecules can be
tion from a single vesicle would provide information on the exposed to water intermittently-(L ms time scale) resulting in
inherent microscopic heterogeneity associated with the vesicle.intermittent quenching of the fluorescence.
The majority of the fluorescence burst width distributions ~ The theory of diffusion controlled reactiotidndicates that
associated with immobilized single DMPC or SOPC vesicles, the collision frequency of a particle that is small compared with
as shown in Figure 5a, exhibit a single-exponential decay asa hemispherical object of radilR lying flat on a surface is
given byzr~! = 27RDN, whereD is the patrticle translational

Probe number density (¢m?)

(37) Tokumasu, F.; Jin, A. J.; Feigenson, G. W.; Dvorak, JJAramicroscopy diffusion coefficient in the solution antll is the number of
2003 97, 217-227. ; ;

(38) Jin, A. J.; Edidin, M.; Nossal, R.; Gershfeld, N.Biochemistry1l999 38, partlde number denSIty per émSeveral groups have found
13275-13278.

(39) Schimherr, H.; Johnson, J. M.; Lenz, P.; Frank, C. W.; Boxer, S. G. (40) Forstner, M. B.; Kaes, J.; Martin, Rangmuir2001, 17, 567—570.
Langmuir2004 20, 11600-11606. (41) Ke, P. C.; Naumann, C. A.angmuir2001, 17, 3727-3733.
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(nm) of these two distributions fitted well to a Gaussian. However
Figure 9. Vesicle size parameteR/, distributions as defined in the text the mea_n radius OfVS_O nm is consistent with the VeS|C_|e
calculated from thé,[3* of individual intensity-time records. (a) DMPC,  Preparation procedure in which both DMPC and SOPC vesicles
(b) SOPC. were extruded through polycarbonate membranes having a 100
nm pore diameter. The obtained radius distributions are also in
that the ca. 100 nm vesicles on glass surfaces have shapegood agreement with the AFM experimental results reported
resembling hemispheré%*2The obvious interpretation of the  for similarly prepared vesiclé8:42Some of the factors currently

dark periods between the fluorescence bursts is that theybeyond our control that might affect the accuracy of the radius
represent the intervals between collisions of freely diffusing Nile distributions are the following: the value of for individual

Red molecules with the immobilized vesicles. The mean dark vesicles (see below); small errors in the Nile Red concentration;
period [#.r[Jobtained from the fluorescence intensityme the subjective selection of bright fluorescence spots for the
record on a single vesicle is then expected to be inversely intensity—time records; the sample preparation procedure; and
proportional to the Nile Red concentration in solution, the vesicle the use of several different glass coverslips or several different
size, and the bulk translational diffusion coefficient of Nile Red regions of the same glass coverslip. Nevertheless, because the
in solution. Accordingly, @of(0! = of/tr Where a is the experimental results with3 ~ 1 are consistent with the AFM
probability that a collision will result in a fluorescence burst observations, the expectations from the sample preparation
and g is a shape factor discussed later. A linear relationship method, and the hard sphere collision theory, the results indicate
was found betweefio[(T7* and the concentration of Nile Red, that the subdiffraction limited size parameters of the vesicles
as shown in Figure 8 for one typical vesicle. The linearity can be directly assessed by the method described here.
indicates that the measured valuesiiJ* are proportional Association and Dissociation of Nile Red and LipidsThe

to the sizes of the vesicles. To obtain a vesicle size, it is residence time of a Nile Red probe freely diffusing in the focus
necessary to know the value bfin water where Nile Red does  of 3 |aser beam having a width of 500 nm a#?lis ~250 us 8

not fluoresce significantly. From the value bf= 1.9 x 107 However, the average residence time found for Nile Red on a
cm? 571 in chloroform;” we obtained the value in water by yesicle with a diameter of 100 nm is 18 ms for DMPC and 6

x 10°® c? 5. The off-time measurements on large numbers molecule to traverse a 100 nm vesicle is estimated to be less
of vesicles were then processed for sizes according to thethan 310us. Therefore the Nile Red molecules must be
relationship: R = ofR(nm) = 1.45 x 10'#.«TY/N. For the associated with the lipids in such a way that the observed long

typical vesicle shown in Figure 8 and assumifig= 1, residence time is not mainly determined by this translational
corresponding to a hemisphere (for a flat circular disg, = diffusion process. Furthermore, if Nile Red molecules were
2/m), anda = 1, the value ofRis found to be 81 nm. undergoing two-dimensional lateral diffusion in the lipid bi-

The distribution of the sizeR of individual vesicles is shown  |ayers, the mean on-times would be influenced by the effective
in Figure 9. The actual shapes of the immobilized vesicles on diameters of the vesicléd.However the results in Figure 10a
glass are unknown, and it can be expected that they are notshow that there is no dependence of the mean on-times on the
perfectly symmetric, so that the vesicle radiisas measured R values for either DMPC or SOPC vesicles. The repeated
by our experiments is regarded as a mean size parameter of theissociation and dissociation of single Nile Red molecules with
vesicle. However the difference between a circtfa, hemi- a vesicle at equilibrium is demonstrated by the fluctuating on-
spherical, and even cylindrical objétts small, and hence the  and-off signals in the fluorescence intensitime records, for
corrections to the size parameter from the shape dependencexample, in Figure 4. The fluorescence bursts in the intensity
are also expected to be relatively small within a reasonable rangetime records represent the associated states, and the dark periods
of shapes. The distributions clearly indicate the heterogeneity represent the dissociated states. The experiments suggest that
in the sizes of vesicles adsorbed on glass. From Figure 9a andmembrane dynamical fluctuations have a role in the dissociation
9b, it is clear that for both DMPC and SOPC vesicles®ie  of Nile Red probes from the lipids, because longer residence
distributions are broad and in the range-1M0 nm. Neither times were found for DMPC, which has a gel phase present

that is more viscous than the liquid ph&8e.
Ej%g gﬁgfﬁ"ﬁ’; 'L?ip‘zrrifsg_r;r gggg%‘gggﬂgg_ lfig:alsgfes_e,l%g—n 4 As described above, the binding and dissociation of Nile Red
(44) Chekunaev, N. IChem. Phys2004 300, 253-266. molecules to an immobilized vesicle as described here should
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first be treated as a diffusion-influenced reversible reaction, such

k ks
as vaa: N---V _f N + V. In that case, V could be the

vesicle, and NV is fluorescent Nile Red associated with the
vesicle. The contact or geminate pai-fV is in exchange with

NV and N+ V and it is nonfluorescent: its presence in the
scheme permits the revisiting of N with V to creat NV on short

time scales. Figure 3 shows an expanded view of the bursts in

a very dilute solution whergty[= 700 ms. During a burst the
fluorescence is mainly above threshold and only infrequently

undergoes quenching. If the burst dynamics corresponds mainly

k
to the NVkZi N---V interchanges, the on-time,Ki/ is much

longer than the short off-time componenkzl/but bothk, and

ki are significantly larger than the diffusion controlled rkih!;

in other words, at the low concentrations the mean on-time of
ca. 5-30 ms is much less than the diffusion controlled mean
off-times that were observed and summarized in Figure 6. With
this analysis the slow component is mainly diffusion controlled
association of Nile Red with the vesiclé,) and the [Zon]
represents the mean burst widllk; [ This picture predicts that
the off-time distribution will contain a fast component that

generates off-states only during the bursts corresponding to the

system being in the geminate pair staB(t) is a single
exponential decay with a time constantkafcorresponding to
the fluorescence quenching. Becalgglls independent oR
(Figure 10a), the factor offo,nlZ[1= Kk is expected to be
linearly dependent oR'. Indeed the plot of lod() versus log-
(R) shown in Figure 10b accurately exhibits a slope of unity.
Figure 10b also shows that Nile Red binds to DMPC more
strongly than to SOPC vesicles. The mean valuek/Nffor

the reactions of Nile Red with DMPC and SOPC vesicles, as
defined above, are determined to be 43.0° M~1 and 1.5x

108 M~ These are within a factor of order of the equilibrium
constants.

The long time part of the off-time probability density
distribution dominantly behaves as the half reaction exp[
ki'Nt], where ks' is close to the Smoluchowski diffusion
controlled rate constark, times a factor of order unity. It is
therefore interesting to examine this distribution for values of
the off-time that greatly exceeld.;[] For a reversible bimo-
lecular reaction like the one described here, it is predicted
theoretically®45that the concentrations relax to their equilibrium
values asct™32 where the constant is determined by the
equilibrium constant of the reaction, the diffusion coefficient,
and the equilibrium concentrations. We examined the off-time
distribution calculated from individual single intensitfime
records to discover if they exhibit power law behavior at long
off-time scales whereos > [#o[] Clearly the signal begins to
deviate from exponential at long times, but there is a large noise
contribution at the individual vesicle level. The data in Figure

11 are an average over many trajectories taken from a narrow

distribution of sizes as extracted from Figure 9b and shown in
the inset of Figure 11. The data in Figure 11 show off-times up

to 5 or 6 times the mean value where the probability has dropped

to ca. 0.004. However there is no evidence for power law
behavior in this experiment. It should be noted that for off-
times aroud 1 s the diffusion distance scale being probed,
VDt ~ 10 um, is approaching the sample dimensions and is

certainly much larger than the separation between the vesicles

(45) Gopich, I. V.; Doktorov, A. BJ. Chem. Phys1996 105 2320-2332.
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Figure 11. Sum of the off-time distributions (circles represent 5 ms wide

histogram amplitudes) calculated from 51 individual intensttgne records.

The solid vertical line draws attention to the mean of the off-times. The

dashed curve through the data300 ms) corresponds to a 10 point

smoothed curve (equivalent to 50 ms smoothing). The solid curve through

the data represents a double exponential fit with time constantslahs
and~209 ms. The inset shows the size distribution of those 51 vesicles.

1

on the surface of 2 um (see Figure 2). Effects arising from
the very large scale of the diffusion at large off-times will require
being understood in order to interpret the long time scale shape
of the distribution in Figure 11.

The individual bursts exhibit intermittent fluorescence be-
havior where, during the burst and while a single probe is
interacting with the vesicle, there are sudden drops in fluores-
cence signal followed by recovery. These fluctuations show up
in the off-time distribution analysis as the fast ms component
in Figure 7b and 7d. The blinking behavior is thought to be
from Nile Red molecules in a loosely associated complex with
the lipid vesicle surface. The vesicle structure fluctuations may
then periodically expose the adsorbate to solvent, quenching
its fluorescence while it is still associated with the surface. There
are other common causes of intermittency in single molecule
fluorescence signals: one is the intervention of triplet states,
but the off-times of~1 ms appear to be too long for triplet
lifetimes in solution in the presence of oxyg&t’ another is
rotational motion, which would be expected to be too*&st
cause the observed millisecond drops in fluorescence. The data
reported here do not provide a measuremernt,dhe fraction
of collisions that leads to a measurable fluorescence burst.
However, the self-consistency of the data analysis, including
calculation of the collision frequency and the shapes of the off-
time distributions, suggests thats in the range of unity. Future
experiments will attempt to measueedirectly and to define
more clearly how Nile Red is incorporated into the lipid bilayer.

The normalized time autocorrelation functions of the trajec-
tories (such as those in Figure 3) were biexponential with the
longer time constant being approximately given by the on-time
and the shorter one being the sum of all four rates in the scheme.
This type of biexponential relaxation kinetics is indeed the
expectation for the deviations of any of the concentrations in
the foregoing geminate model from their equilibrium valdies.
The autocorrelation function in Figure 12 was obtained by
averaging autocorrelations of the various trajectories from
vesicles chosen to have very similar sizes. Besides displaying
the biexponential relaxation kinetics, the averaged correlation

(46) Mei, E.; Vinogradov, S.; Hochstrasser, R. M. Am. Chem. So2003
125 13198-13204.

(47) Yip, W.-T.; Hu, D.; Yu, J.; Vanden Bout, D. A.; Barbara, P.J.Phys.

Chem. A1998 102, 7564-7575.

(48) Das, T. K.J. Phys. Chem1996 100, 20143-20147.

(49) Laidler, K. J.Chemical Kinetics2nd ed.; McGraw-Hill: New York, 1965.
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showed that different bilayers, whose lipid molecules have
different mobility, different interaction forces, and different
fluctuation dynamics, are differentiated on the basis of the
exponentially distributed residence times of Nile Red in the
vesicles. Although the average diameter of vesictes00 nm)

is much less than the &/ diameter of the focused laser beam
(500-600 nm), the experiments based on measurements of the
off-time distributions demonstrate that sizes of nanomembrane
structures that are much smaller than the optical diffraction limit
of the confocal microscope can be estimated. The equilibrium
constant of the Nile Reelvesicle reaction have been obtained
Figure 12. Average autocorrelation functio®f of the complete on/off based on the measured association and dissociation rate

trajectory calculated by using the same 51 intensiitjme records as used - . . o,
in Figure 11. The solid curve through the data represents a double CONstants of the reaction. The vesicle and environment sensitive

exponential fit to the data with time constants of 3.3 ms and 9.5 ms. The probe described here is a useful model with which to study
dashed line overlapping with the tail of the data represents the fit using a reyversible diffusion controlled bimolecular reactions.
power law oft=32. The statistical mean of on-times for the 51 trajectories . . . .
is measured to be 5.6 ms, and the off-time probability density distribution The experiments show thf_"‘t N'le_ Red IS a_User| probe Y\"th
is given in Figure 11. which to image hydrophobic regions within a surrounding
aqueous medium, and therefore it has potential in studies of
function appears to deviate from exponential at long times, protein conformational fluctuations. Nile Red is also shown to
exhibiting a region resembling power law behavior. The be a feasible single molecule probe for studying the heterogene-
averaging over many vesicles required for the autocorrelation ity and structural fluctuations of complex membrane structures,
function in Figure 12 is not the ideal approach for this such as mixed bilayers of various lipids, and may be useful for
experiment, and therefore future work will report on both cell membranes. Furthermore, because the vesicles are im-
experiments and theory for trajectories from single vesicles that mobilized on glass, they could prove useful in confining single
are optimized to test the theoretical predictions. membrane proteif%in hydrophobic environments, analogous
to the recent experiments with tethered reverse micélles.
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Conclusions
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