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ABSTRACT: Encapsulation of molecules in phospholipid vesicles provides unique
opportunities to study chemical reactions in small volumes as well as the behavior of
individual proteins, enzymes, and ribozymes in a confined region without requiring a
tether to immobilize the molecule to a surface. These experiments generally depend on
generating a predictable loading of vesicles with small numbers of target molecules and
thus raise a significant measurement challenge, namely, to quantify molecular occu-
pancy of vesicles at the single-molecule level. In this work, we describe an imaging
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experiment to measure the time-dependent fluorescence from individual dye molecules encapsulated in ~130 nm vesicles that are
adhered to a glass surface. For determining a fit of the molecular occupancy data to a Poisson model, it is critical to count empty
vesicles in the population since these dominate the sample when the mean occupancy is small, 4 < ~1. Counting empty vesicles was
accomplished by subsequently labeling all the vesicles with a lipophilic dye and reimaging the sample. By counting both the empty
vesicles and those containing fluors, and quantifying the number of fluors present, we demonstrate a self-consistent Poisson
distribution of molecular occupancy for well-solvated molecules, as well as anomalies due to aggregation of dye, which can arise even
at very low solution concentrations. By observation of many vesicles in parallel in an image, this approach provides quantitative
information about the distribution of molecular occupancy in a population of vesicles.

hospholipid vesicles or liposomes are attracting considerable
Pinterest as models for biological cells,' as biocompatible
vehicles for drug delivery,” > as a means of isolating single
molecules for studies of conformational dynamics,®® as containers
to study the reactivity of encapsulated enzymes™'® or other
chemical reactions in small volumes initiated by vesicle
fusion'""> or membrane phase transitions."® Liposomes have
also been used as sensing structures in chemical amalysis,14 where,
for example, the interior volume encapsulates a dye that can be
released into solution upon analyte binding"> or where analyte
binding leads to a change in fluorescence of an encapsulated
reporter molecule.'® In all of these applications, there is a need
for quantitative information about the population of molecules
that are encapsulated within vesicles. This information is needed
to characterize the loading of drugs or reporter molecules, to
know the concentration of reagents in kinetics studies, or to
control very small encapsulated populations for single-molecule
investigations. Several recent studies have addressed the quanti-
tative analysis of larger po&)ulations of encapsulated molecules
within individual vesicles.'”"® Sun and Chiu'” investigated encap-
sulation efficiency and characterized encapsulation heterogeneity
by optically trapping large (10 um) vesicles prepared in 250 4M
carboxyfluorescein; the vesicles were lysed by a UV-laser pulse,
and the fluorescence from the released dye was measured to
determine the interior dye concentration. More recently, Lohse
et al."® described a fluorescence imaging method for quantifying
millimolar concentrations of dye in vesicles having diameters
ranging from 100 nm to 1 gm.
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Quantitative analysis of very small numbers of molecules in
individual vesicles poses a greater challenge. Encapsulation of
single biomolecules has enabled the study of the single-molecule
dynamics of ribozyme’ and protein® folding and protein—
DNA" interactions. Ensuring that only single molecules are
encapsulated requires control over the size of the vesicles,
concentration of the target analyte and interactions of the analyte
with the phospholipid membrane.”® When the average number
of encapsulated molecules is small, the occupancy of individual
vesicles is expected to follow a Poisson distribution, if the vesicle
volumes are uniform and the encapsulated molecules do not
interact with each other or the vesicle membrane. Control over
the size of the vesicles™ >* is also critical to achieving a
predictable distribution of molecular occupancy.

Several methods have been developed to assess encapsulation
at the limit of a few molecules per vesicle. Vesicles incorporating
biotinylated lipids in their membranes have been attached via a
streptavidin linker to biotinylated lipid bilayers deposited on
glass surfaces; the fluorescence of labeled molecules was imaged,
and discrete photobleaching steps were counted to determine
the vesicle occupancy.”” The sample preparation used in this
method for vesicle immobilization is tedious, unencapsulated
molecules are not detected, and empty vesicles are not counted.
To address some of these limitations, Reiner et al.*® recently
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reported using fluorescence correlation spectroscopy (FCS) to
measure dye encapsulation. They were able to distinguish free-
solution (unencapsulated) dye molecules from those entrapped
in small (<100 nm) vesicles, employing FCS to discriminate
these two populations based on their characteristic diffusion in
solution. From the relative amplitude of these two populations
versus dye concentration, the encapsulation efficiency could be
determined in a nondestructive manner. They utilized a Poisson
occupancy model to reveal the significant influence of the
variation in dye brightness on the autocorrelation analysis*®
which had been neglected in previous FCS studies.”**” In
addition, the size distribution of vesicles was determined by
field-flow fractionation combined with multiple-angle laser light
scattering so that its effect on the reported encapsulation
efficiency could be assessed.”

Immobilized vesicle imaging and FCS are both useful methods
to observe encapsulation near the single-molecule limit. Never-
theless, neither method characterizes the population of empty
vesicles, which can be considerable and even dominant when the
average occupancy is on the order of one molecule or less. In this
work, a simple method of vesicle immobilization on clean glass
surface is combined with imaging by epi-illumination fluores-
cence microscopy to measure the intensity of encapsulated dye
molecules within the vesicles over time. Counting the number of
photobleaching steps for each vesicle in the image over time
allows determination of the occupancy of a large population of
vesicles in parallel. A unique aspect of this work is the goal of
counting empty vesicles in the sample, where a lipid-soluble dye,
Nile red, is added to the solution to label all the vesicles in an
image. The fluorescence of Nile red is sensitive to polarity,
exhibiting a large increase in quantum yield in hydrophobic
environments, with very low emission in aqueous solution.”®*”
Nile red will label both the occupied and unoccupied vesicles so
that the total number of vesicles present in an image can be
counted, providing a complete distribution of molecular occu-
pancy in the vesicle population. The possibility of measuring
the fluorescence intensity of vesicles to quantify the number
of encapsulated fluors was also tested, and problems arising
from aggregation of the dye and its intensity variation were
investigated.

B EXPERIMENTAL SECTION

Reagents and Materials. 1,2-Dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC) and a miniextruder apparatus were acquired
from Avanti Polar Lipids, Inc. (Alabaster, AL). Polycarbonate
membranes for the extruder were purchased from Nucleopore
(Pleasanton, CA). Spectrophotometric-grade dimethylforma-
mide (DMF), methanol, and ethanol were obtained from Fisher
Scientific (Hampton, NH). Chloroform, Na,HPO,-H,O, and
NaOH were from Mallinckrodt (Paris, KY). Dyes were pur-
chased from a variety of sources: laser-grade sulforhodamine B
(SFRB, from Sigma-Aldrich, St. Louis, MO), Cy3 and Cy3B
mono NHS ester (GE Healthcare, Buckinghamshire, U.K.),
Oyster 550 NHS ester (Denovo Biolabels, Miinster, Germany),
and Nile red (Invitrogen Corporation, Carlsbad CA). The buffer
(40 mM phosphate pH 7.4) was prepared from quartz-distilled
water that was filtered using a Barnstead NANOpure I filter
(Boston, MA) to a 18 MQ - cm resistivity. The buffer solution
was filtered with 0.2 um filters from Fisher Scientific (Santa
Clara, CA). Glass coverslips (no. 1,22 x 22 mm®) were acquired
from VWR (West Chester, PA) and cleaned by rinsing in

methanol before being UV—ozone (UVO)-cleaned for 25 min
per side (Jelight Co. model 342).

Sample Preparation. The DPPC lipid film was prepared by
evaporating the chloroform from 200 uL of lipid solution
containing 5 mg/mL DPPC under nitrogen, and then the film
was subjected to vacuum for 2 h. The lipid films were hydrated
initially with 1 mL of buffer containing 0.5—5 uM SFRB. Later,
the vesicle hydration solution was modified (as discussed below)
to comprise 90:10 (vol %) buffer/DMF containing 0.5—5.0 uM
SFRB. The hydrated vesicles were further treated according to
the procedure described by Mayer et al.* in which the dispersion
was repeatedly freeze—thaw treated, prior to extrusion through
two stacked membranes. The hydrated lipid was freeze—thaw
cycled five times between liquid nitrogen and a 64 °C water bath,
10 min for each step. The vesicles were then stored in the water
bath between 1 and S h prior to extrusion through two-stacked
100 nm pore membranes; each sample was imaged before the
next was extruded.

For dynamic light scattering (DLS) experiments, the extruded
vesicle dispersion was diluted 100 4L into 3 mL of buffer. For
fluorescence imaging, the extruded vesicles were diluted 25 #L to
S mL of buffer. To obtain low vesicle densities on the surface, the
extruded vesicle solution was further diluted, adding 50 #L of the
vesicle solution to 2 mL of buffer in the imaging well (a glass
cylinder epoxy-adhered to the glass coverslide). It has been
shown® that vesicles having gel-phase phosphatidylcholine
membranes adhere to clean glass without rupture or fusion, a
characteristic exploited here to observe the same population of
immobilized vesicles in parallel over time. To remove free dye
from the overlaying solution, 2 mL of buffer was exchanged in the
well cell a minimum of five times, resulting in a concentration of
free SFRB of ~20 pM. The vesicles adsorbed to the glass surface
were imaged with continuous illumination using the epi-illumi-
nation microscope described below. After the SFRB had photo-
bleached, Nile red in phosphate buffer was pipetted into the well
cell to a final concentration of 20 nM. The Nile red partitions into
the membrane, allowing all of the vesicles adhered to the glass
surface to be imaged.

Dynamic Light Scattering Measurements. A commercial
NICOMP submicrometer particle sizer (Particle Sizing Sys-
tems, Santa Barbara, CA) was used to measure the size of the
vesicles produced by extrusion. Light scattering of 639 nm beam
at 25 °C in buffer (viscosity 0.894 cP) was used to measure
diffusion of the vesicles and determine their number-weighted
size distribution.

Fluorescence Microscopy. Images were collected using an
epi-illumination fluorescence microscope. The emission beam
from a 532 nm diode laser (B&W Tek Inc.) was circularly
polarized with a 1/4 waveplate and coupled into polarization-
maintaining optical fiber. The excitation light from the fiber was
passed through a filter cube containing an excitation filter (FFO1-
531/22-05, Semrock) and dichroic beam splitter (FFS55-DiO2-
25%36) and through an Olympus 60X, 1.45 N.A. oil-immersion
objective to illuminate vesicles adhered to the surface of a
coverslip. The fluorescence emission was collected by the same
objective and passed through the cube containing an emission
filter (FF01-582/75-25) and imaged onto the detector, a Photo-
metrics EMCCD detector (Cascade II S12, Photometrics).
Metamorph Imaging software (Universal Imaging) controlled
the EMCCD. Vesicles were imaged with 100 ms integration
times for 1000 frames (100 s movies) to observe the photo-
bleaching time profile.
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Image Analysis. The images of vesicles with encapsulated
SEFRB and of Nile red-labeled vesicles were processed to deter-
mine their intensities as a function of time. The in-house Matlab
(Mathworks) program used for fitting the background and
locating spots in the image has been described previously.>"
Briefly, a moving average background from five sequential images
was subtracted from each image, and spots were identified with
the criterion of three adjacent pixels displaying an intensity
2.5 times the standard deviation of the background. Once the
spot was identified, then the intensities of all the pixels within a
three pixel radius were summed to determine the total intensity
of the vesicle. The intensity of a given spot was calculated for each
image in the 1000-frame movie.

To evaluate the limits of sizing vesicles in the images, the point
spread function (PSF) of the fluorescence microscope was
measured by imaging the fluorescence of single SFRB molecules
deposited onto a glass coverslip by a substrate withdrawal
method.**** Briefly, a glass coverslip was rinsed with methanol,
dried, and placed in a UVO cleaner for 25 min per side. The clean
coverslip was withdrawn from an 80 pM solution of SFRB in
methanol at a constant velocity of 1.5 cm/s. Dye deposited on one
side of the glass was removed by rinsing with copious quantities
of methanol, and the opposite side then was imaged with the
epi-illumination microscope (see Figure S1 in the Supporting
Information). Using a two-dimensional (2D) Gaussian fit of the
data, the PSF was measured to have a full width at half-maximum
(fwhm) of 360 nm, which was larger than the predicted diffraction-
limited spot size, fwhm = 0.614/N.A. = 260 nm, for the 1.45 N.A.
objective and emission maximum of 610 nm.** This discrepancy
arises from the significant pixel size of the CCD, which in the
object plane is 270 nm, close to the diffraction-limited spot size.
When convoluted together, these two sources of spatial uncer-
tainty should produce a PSF that is ~+/2 larger than the individual
contributions, which is very close to the observed PSF result.

Control Experiments. To test whether residual SFRB dye
from solution would adsorb to the clean glass surface and
interfere with the analysis of vesicles, a solution of the 5.0 uM
dye was diluted using the same volumes as the vesicle-containing
samples and then added to a well cell, following which, the buffer
was exchanged as above. The surface was imaged, and no
fluorescent spots could be detected. Similarly, 20 nM Nile red
in buffer was added to a well cell and imaged with no vesicles
present, and no fluorescent spots could be observed (Figure S2 in
the Supporting Information).

It has been demonstrated™® that vesicles above their transition
temperature adhering to glass can fuse to the surface and form a
supported lipid bilayer, which would cause their contents to
escape and would lead to erroneous encapsulation results. While
vesicle fusion rates are much slower at temperatures below
the membrane phase transition®” and, therefore, not expected
to interfere with the present results, a control experiment was
conducted to determine whether the loss of intensity from
vesicles over time was due to vesicle fusion and release of
contents, rather than photobleaching, as discussed below. For
this experiment, DPPC vesicles containing 2.5 #M SFRB were
dispersed onto the glass coverslide and imaged intermittently
(100 ms every S min) rather than continuously. After 15 min,
SERB is clearly still retained in all the vesicles present on the
surface (see Supporting Information Figure S3), which demon-
strates that the membranes of the adhered vesicles are sufliciently
stable to provide encapsulation over a 24-fold longer time than is
needed to observe entrapped SFRB photobleaching.

Counting empty vesicles is accomplished by labeling all the
vesicles present with Nile red after the encapsulated SFRB had
been photobleached for periods longer than 100 s. To be certain
that the SFRB was fully photobleached before the addition of
Nile red to label the entire vesicle population, the photobleaching
decay time was determined by monitoring the total intensity
from 0.5 uM SFRB encapsulated in vesicles over 100 s. The decay
curve of the total intensity fit a single-exponential decay with
7 =179 £ 0.3 s (see Supporting Information Figure S4A). On
the basis of these results, the fraction of SFRB that would remain
unbleached after 100 s of illumination is exp(—100/17.9) or
0.0037. Additionally, a histogram of the time required for single-
molecule photobleaching was scrutinized to evaluate the possi-
bility that two molecules could photobleach during a single 100 ms
integration time (see Supporting Information Figure S4B). The
histogram also fit a single-exponential, with average time to
photobleach of 18 s. The area under the normalized histogram
between 0 and 100 ms (the integration time) gives the prob-
ability of a single photobleaching event occurring of 5.5 x 10>,
Therefore, the probability of two events occurring in the same
100 ms interval is the single-event probability squared, or 3 x 10>
Thus, it is very improbable that a reported photobleaching step
corresponds to two photobleaching events.

B RESULTS AND DISCUSSION

Encapsulation of Individual Molecules in Vesicles. The
occupancy of fluorescent SFRB molecules in phospholipid
vesicles can be monitored by observing the stepwise photo-
bleaching of the fluors entrapped in the aqueous interior of the
vesicle. The dye (SFRB) was selected for its water solubility
arising from two sulfonate groups and a quaternary amine, and
because SFRB was reported not to interact with phospholipid
membranes.> For vesicles containing a single dye molecule, it is
expected that the illuminated fluor would produce an emission
signal until it undergoes photobleaching, which would be re-
corded in an intensity versus time trace as a single-step decrease
in intensity to the baseline.®” In initial experiments, vesicles were
loaded with SFRB that was prepared in a purely aqueous buffer.
The fluorescence of these vesicles showed a very wide range of
intensities, even for the lowest dye concentrations, where the
vesicles were expected to contain only a few fluors. As shown in
Figure 1, parts A and B, vesicle intensities ranged over nearly 2
orders of magnitudes. Examination of the photobleaching traces
(Figure 2, parts A and B) showed that the less intense spots from
the images usually exhibited only one or two photobleaching
steps (averaging ~650 counts each), whereas the brighter spots
show as much as 30 times this initial intensity and tens of
photobleaching steps. This behavior suggests that, despite the
water solubility of SFRB, the dye is aggregating and is not entirely
dissolved as individual molecules when prepared at micromolar
concentrations in aqueous solution.

Aggregation clearly interferes with any quantitative interpreta-
tion of vesicle encapsulation of single molecules. To address this
problem, several alternative strategies for sample preparation
were tested. The first involved dissolving the solid SFRB in
organic solvents ethanol or DMF at millimolar concentrations
followed by dilution in aqueous buffer to prepare the desired
micromolar concentrations of SFRB for vesicle encapsulation.
These conditions were not successful in avoiding aggregation
and yielded results similar to those observed for SFRB dissolved
directly in buffer (example photobleaching traces of vesicles from
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Figure 1. Fluorescence intensity variation of SFRB-containing vesicles.
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(A and B) In DPPC vesicles hydrated and extruded in aqueous

buffer, aggregation is apparent in the significant variation in intensities. (A) Three-dimensional projection of an image of vesicles encapsulating
2.5 uM SFRB in buffer. (B) Histogram of intensities for four different dye concentrations. (C and D) Vesicles hydrated and extruded in a solution
containing SFRB in 10% DMF—90% phosphate buffer show significantly less aggregation. (C) The 3D projection of an image of vesicles containing
2.5 uM SFRB with this preparation show more uniform intensity, also apparent in panel D, the histogram of intensities for four different dye

concentrations.

these samples are included in the Supporting Information).
Finally, a strategy was tested where the dye was dissolved and
initial millimolar solutions prepared in 100% DMF, followed by
dilution into aqueous buffer that included 10% DMF, and these
solutions were then used for hydrating the lipid and extruding
vesicles. After the vesicles were extruded in 10% DMF solution
and encapsulation was complete, the vesicles were diluted into
purely aqueous buffer, and furthermore, the buffer used in the
solvent exchange step to remove the free dye also did not contain
DMEF. This procedure yielded a dispersion of SFRB as single
molecules without dye aggregates encapsulated in the vesicles.
This is clearly evident in the distribution of intensities shown in
Figure 1, parts C and D, where the outlier intensities are gone and
the increase in the intensity tracks the dye concentration of the
entrapped solution. Even with 10% DMF in hydrating solution,
the resulting vesicles and their contents were stable over the time
required to measure the intensities and complete the experiment
(hours). Since the presence of DMF was required to ensure
encapsulation of individual SFRB molecules in vesicles, all
measurements of the SFRB intensities and photobleaching were
acquired with DMF in solution.

Measuring Molecular Occupancy of Individual Vesicles.
With the use of fluorescence imaging to measure the time history
of emission from a collection of surface-attached vesicles, the
numbers of SFRB photobleaching steps were measured and
used to quantify the number of dye molecules present in the
vesicles. Example SFRB emission traces and a plot of their initial
intensity versus the number of photobleaching steps are shown in
Figure 3. The linear relationship between the initial fluorescence
intensity of a vesicle and the number of photobleaching steps
indicates that the dye molecules are emitting independently,
producing a signal which adds, on average, 630 £ 10 counts
to the intensity in the first 100 ms of observation prior to
photobleaching. Once the photobleaching of the encapsulated
SFRB was recorded, Nile red was added to illuminate all
the vesicles present, allowing counting of all vesicles including
those that had not contained any SFRB molecules. Example
images of the vesicles prepared at low concentrations of SFRB
acquired before and after the addition of Nile red are shown in
Figure 4.

Having determined the number of molecules in each vesicle as
well as the number of empty vesicles, the resulting occupancy
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Figure 2. Photobleaching transients for SFRB encapsulated in DPPC
vesicles hydrated and extruded in aqueous buffer. (A) Example fluores-
cence trace for a low-intensity vesicle, showing the bleaching of a single
SFRB molecule. (B) A fluorescence trace for a high-intensity vesicle,
where tens of SFRB molecules are bleached, showing evidence of dye
aggregation.

distributions can be compared with a fit to a Poisson distri-
bution,*® which assumes that the molecules are drawn from a
large population in the hydrating solution, where the probability
of encapsulation is small due to the small volume of individual
vesicles. The Poisson probability, P, for a given molecular
occupancy, 1, is given by38

B Ate=t

P
n!

(1)

where the average number of molecules per vesicle is given by
the Poisson mean, A. This equation was fit to the molecular
occupancy data for five different concentrations of dye in
the hydrating solution, and the results are plotted in Figure 5
where the best-fit values of the Poisson mean are also listed
in Table 1. The occupancy results are well-described by Poisson
distributions, where the need for measuring the fraction of
unoccupied vesicles is clear when the mean of the distribution,
A, is less than unity, and unoccupied vesicles dominate the
distribution.

The molecular occupancy results can be compared to the
expected values based on the vesicle volumes and the concentra-
tion of dye in the original lipid hydrating solution. If
the encapsulation efliciency is unity, reflecting an unbiased
sample of the hydrating solution dye concentration, then the
average occupancy, 4, should be given by the product of the
vesicle volume, V, in liters, the molar concentration of dye, C, and
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Figure 3. Photobleaching of SFRB encapsulated in DPPC vesicles
hydrated and extruded in 10% DMF—90% phosphate buffer. (A and B)
Example photobleaching traces showing a vesicle containing one SFRB
molecule (A) and a vesicle containing two SFRB molecules (B). (C)
The initial fluorescence intensity of vesicles plotted vs the number of
photobleaching steps, with the results fit to a straight line with a slope of
630 = 10 counts per molecule.

Avogadro’s number, Ny:
A = VCN, (2)

On the basis of the measured occupancy results in Table 1, this
equation was used to solve for the predicted vesicle volume in liters
and converted to an equivalent vesicle diameter. These results are
listed in Table 1 and compared with the measured vesicle sizes.
The average sizes of the vesicles in solution were measured by
DLS and are also listed in Table 1. It is clear from these results
that the optical resolution of fluorescence imaging (360 nm
fwhm PSF from single-molecule images, see the Supporting
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Figure 4. Fluorescence images of vesicles before and after addition of
Nile red: (A) encapsulated 1.5 uM SFRB; (B) after SFRB photobleach-
ing, Nile red is added to vesicles in panel A; (C) locations of vesicles in
panel A are shown with yellow points; (D) after SFRB photobleaching,
locations of vesicles labeled with Nile red are shown as red circles. Nile
red staining allows the number of vesicles that do not contain SFRB
molecules to be counted.

Information) is inadequate to determine the sizes of individual
vesicles, which are less than half the measured PSE. The DLS
results revealed a small difference in the average sizes of the
extruded vesicles, which varied with the length of time that the
lipid suspensions were stored in the hydrating solution prior to
extrusion; Table 1 shows the vesicle sizes reported from DLS and
the Poisson fit. Because the suspensions were stored at a
temperature above the lipid phase transition, the smaller vesicles
produced after longer times (which also coincided with the
vesicles prepared at higher SFRB concentrations) likely arose
from the thermal disruption of multilamellar lipid aggregates
leading to smaller, more uniform vesicles upon extrusion.

Despite this variation in average vesicles size, the DLS results
agree well with the vesicle sizes determined from the Poisson
mean occupancy, A, and the average vesicle volume found
through eq 2; see Table 1. Even the trend in average vesicle size
between samples is reproduced by the Poisson occupancy results.
Thus, the average DLS vesicle sizes are consistent with the
Poisson molecular occupancy results under the assumption that
the encapsulation efficiency is unity. The uncertainty in the DLS
measured sizes is, however, quite large (~25%), which prevents
precise determination of encapsulation efficiency. If the sizes of
the vesicles were more precisely measured, the encapsulation
efficiency could be more critically evaluated.

As discussed in the introduction, a method has been previously
reported25 for predicting vesicle occupancy using FCS to mea-
sure unencapsulated versus encapsulated dye. FCS analysis
provides a precise measurement of a vesicle size distribution,
in contrast to the method described here for which the sizes are
not as well-characterized. Despite the superior measurement of
vesicle size, the FCS measurements cannot detect unoccupied

vesicles and have indicated an encapsulation efficiency of only
30%, which is difficult to rationalize unless dye is somehow
excluded from the solution within the vesicle interior. In the
present work where both occupied and unoccupied vesicles were
counted, the occupancy results are consistent with a Poisson
statistical model assuming 100% encapsulation efliciency.

Fluorescence Intensity as a Measure of Number of Mol-
ecules. Although counting photobleaching steps to determine
vesicle occupancy is quite effective, it would greatly simplify the
experiment if occupancy could be predicted directly from a
measurement of the initial fluorescence intensity of dye mol-
ecules contained within a vesicle. This measurement would
require only a single image to evaluate the fluorescence emis-
sion rather than a series of images in succession to count the
number of photobleaching steps. The linear correlation between
the average initial intensity and the number of fluors (see
Figure 3) suggests the feasibility of this approach. To test
this possibility, the measured initial fluorescence intensities
for individual vesicles were separated into populations by the
number of photobleaching steps, and histograms of the inten-
sities were plotted; see Figure 6. The results show the limitation
of intensity measurements for estimating molecular numbers due
to the large variation in intensities of individual molecules. Since
the distribution of initial fluorescence intensities for the single-
step photobleaching population overlaps the initial intensities for
two photobleaching events, any attempt to quantify the number
of fluors based solely on initial intensity would result in erro-
neous occupancy assignments, even with very low concentra-
tions of fluors. The situation becomes worse as the number of
molecules in a vesicle increases, because the variances of the
individual molecule intensities are added and lead to greater
uncertainty in the total signal. One approach to dealing with
single-molecule intensity variations is through modeling of the
intensity distribution,* which has been agplied in estimating the
number of proteins in synaptic vesicles.”

There are several potential sources of intensity variation, the
simplest of which would be differences in intensity of excitation,
which would depend on the uniformity of illumination of the
sample by the microscope. In this case, the variation in fluores-
cence background between extreme regions of the image was
only 5%, which is equivalent to the standard deviation between
adjacent pixels. Additionally, some traces of two molecules
trapped in the same vesicle show large variation in intensity for
each photobleaching step, despite their being located at the same
point in the excitation field. The polarization of the excitation
can produce intensity variation for stationary molecules, but the
illumination in this case was circularly polarized and the rapid
rotational motion of the buffer-soluble dye molecules within a
vesicle would preclude intensity variation arising from alignment
of the fixed fluors relative to the excitation golarization.

Studies of single fluors in polymers,*** membranes,” and
adsorbed to surfaces**** have noted intensity fluctuation linked
to spectral diffusion,*"** photoblinking,*' and interactions with
the surrounding dielectric material.*** If the variation in intensity
for single fluorescent molecules were attributable to rapid (~1 ms)
triplet-state photoblinking,41 the resulting intensity fluctuations
would be averaged over the 100 ms integration times. Since
spectral diffusion has only been reported to occur within solids
or on solid surfaces, it is unlikely that this phenomenon would
significantly contribute to intensity variation of soluble molecules
encapsulated in liquid solutions inside of vesicles. Another
characteristic of dye fluorescence behavior that would inhibit
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Figure 5. Histogram of SFRB molecular occupancy in DPPC vesicles determined from photobleaching traces of the encapsulated SFRB followed by
counting all vesicles after staining with Nile red. The fractions of vesicles containing a given number of fluors are plotted for each concentration of SFRB
(black squares), with fits to Poisson probability distributions (red circles) also shown.

Table 1. Vesicle Sizes Calculated from the Fit of the
Occupancy Data to a Poisson Distribution and Measured
by Dynamic Light Scattering

[SERB]
(um)
0.5
1.5
2.5
3.5
5.0

mean (1)

0.59+0.03
0.93£0.15
1.57 £ 0.06
1.8240.07
2.00£0.16

fitted Poisson

diameter of vesicles

155+1
126+ 1
126+ 1
118+1
108+ 1

(nm, Poisson fit)

diameter of vesicles
(nm, from DLS)

160 40
123 £30
123 +30
130 £ 32
130+32
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molecular counting by initial intensity measurements is long-lived
photoblinking. This phenomenon has been observed by others in
the study of single molecules on surfaces."*** A sizable fraction
(~30%) of the photobleaching traces of SFRB exhibit photo-
blinking (recovery of fluorescence after loss) on a time scale longer
than the 100 ms image acquisition time (see examples in Figure 7).
If one or more of these photoblinking events occurs during the
acquisition of the initial image, a reported occupancy based on an
initial intensity measurement would clearly be in error.

To determine whether a broad distribution of single-molecule
intensities was unique to SFRB, other dyes were encapsulated in
DPPC vesicles and their photobleaching behavior examined.

dx.doi.org/10.1021/ac200129n |Anal. Chem. 2011, 83, 5128-5136
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Figure 6. Histogram of initial fluorescence emission intensities for a
given number of photobleaching steps. The distributions of initial
fluorescence intensities for vesicles containing different numbers of
molecules overlap each other and preclude quantification of the number
of fluors using intensity alone.

Commonly used fluorescent labels Cy3, Cy3b, and Oyster 550
were also vesicle-encapsulated and tested, and the intensities
of the individual fluors as a function of time were measured.
Photobleaching traces from these dyes all exhibited intensity
characteristics similar to that of SERB, for which initial intensities
for single molecules varied widely and photoblinking behavior
was observed. Although this is not a comprehensive survey of
fluorescent labels, it is apparent that single-molecule counting
based on intensity measurements is challenging and should be
interpreted only after additional evaluation of the photobleaching
and photoblinking behavior of the dye.

Conclusions. This study reports a fluorescence imaging method
to characterize the distribution of molecular occupancy in indivi-
dual phospholipid vesicles at the single-molecule limit, including
the counting of vesicles that contained no encapsulated fluors.
Counting empty vesicles was accomplished by Nile red staining of
all vesicles after photobleaching of the encapsulated dye. An initial
obstacle to this method was the aggregation of the SFRB dye at
micromolar concentrations prepared in aqueous solutions. Vesicle
encapsulation, followed by fluorescence imaging, is uniquely suited
to investigating molecular aggregation down to the limit of isolated
free molecules. For SFRB, aggregation was eventually prevented by
including 10% DMF in the dye solution used to hydrate the lipid
films and extrude the vesicles. The DPPC vesicles prepared under
these conditions were stable well beyond the duration of the experi-
ment, and photobleaching traces of the dye were acquired without
interference due to surface-adsorbed dye or vesicle membrane
rupture. By counting photobleaching steps in dye-occupied vesicles,
followed by Nile red staining to count empty vesicles, the resulting
distribution of occupancies could be fit a Poisson distribution
model, and the results were consistent with unit encapsulation
efficiency. It was also observed that the variation in the intensities
of fluorescence emitted by individual fluors, which appears to
derive from long-lived photoblinking, may hinder efforts to quantify
molecular occupancy in vesicles based on intensity alone.

A limitation of the present method in reporting encapsulation
efficiency was the inability to accurately determine the size of
individual vesicles. Dynamic light scattering reported average
vesicle diameters with ~25% uncertainty, which severely restricts
our ability to report encapsulation efficiency. Because extrusion
generally produces a vesicle population with size variation,*®
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Figure 7. Photobleaching traces of SFRB encapsulated in vesicles
showing (A) variation in intensity between single fluors enclosed in
the same vesicles and (B and C) long-lived (seconds) “on—off” states.

it would ideal to combine the sizing of individual vesicles with
determining their corresponding molecular occupancy. To con-
duct a size-selective analysis on an individual vesicle basis, the
optical resolution of this experiment would need to be improved,
which might be accoml:;lished using methods such as subdiffrac-
tion limit microscopy.*’ This approach has been applied success-
fully to single-molecule imaging of Nile red in lipid bilayers** and
could be adapted to the secondary imaging step to combine
molecular occupancy with subdiffraction vesicle sizing,
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