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Abstract

Nano-size lipid vesicles are used extensively at the interface between nanotechnology
and biology, e.g. as containers for chemical reactions at minute concentrations and
vehicles for targeted delivery of pharmaceuticals. Typically, vesicle samples are hetero-
geneous as regards vesicle size and structural properties. Consequently, vesicles must
be characterized individually to ensure correct interpretation of experimental results.
Here we do that using dual-color fluorescence labeling of vesicles—of their lipid bilayers
and lumens, respectively. A vesicle then images as two spots, one in each color chan-
nel. A simple image analysis determines the total intensity and width of each spot.

These four data all depend on the vesicle radius in a simple manner for vesicles that
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are spherical, unilamellar, and optimal encapsulators of molecular cargo. This permits
identification of such ideal vesicles. They in turn enable calibration of the dual-color
fluorescence microscopy images they appear in. Since this calibration is not a sepa-
rate experiment but an analysis of images of vesicles to be characterized, it eliminates
the potential source of error that a separate calibration experiment would have been.
Non-ideal vesicles in the same images were characterized by how their four data violate
the calibrated relationship established for ideal vesicles. In this way, our method yields
size, shape, lamellarity, and encapsulation efficiency of each imaged vesicle. Applying
this procedure to extruded samples of vesicles, we found that, contrary to common

assumptions, only a fraction of vesicles are ideal.

Keywords

liposomes; vesicles; single particle analysis; dual-color fluorescence microscopy; lamellarity;

encapsulation efficiency

Main Text

Phospholipid vesicles have been studied extensively over the last four decades, e.g. as model
systems for biomembranes for their physicochemical properties,® as environments for recon-

23 as vessels for chemical reactions in small

stitution and study of transmembrane proteins,
volumes, 5 for engineering of exosomes,% and as vehicles for delivery of nutrients.” Vesicles
in these studies have diameters from 5 ym down to 100 nm.

The smaller vesicles, with diameters near 100 nm, are also of considerable interest as
capsules containing pharmaceuticals, e.g. in targeted chemotherapy.%® 2 This vesicle size®!3
facilitates efficient transport to the intended target, prevents leaking on the way, facilitates

cellular internalization, but is near the diffraction limit of optical microscopy, which hampers

inspection and characterization of vesicles.
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Typically, vesicles in a sample differ in size, shape, lipid composition, lamellarity, and
encapsulation efficiency.'*2?° Consequently, one cannot interpret experiments correctly by as-
suming that vesicles are uni-lamellar and /or monodisperse; one needs to know the properties
of individual vesicles. To this end, available bulk-level methods of characterization are use-
less. Instead, electron microscopy, atomic force microscopy, flow cytometry, and fluorescence
microscopy may all serve this purpose.!?

Fluorescence microscopy offers a particularly flexible and convenient solution for single-
particle characterization:!? particles can be studied in native conditions, with high through-
put, dynamically if desired, and good fluorescent labels are abundant. Several microscopy
modalities are available, such as laser-scanning confocal microscopy, ! epi-fluorescence mi-

croscopy, % and total internal reflection fluorescence (TIRF) microscopy.?! Indeed, single-

particle fluorescence-based methods have reported on size distributions of populations of

14,17 19,23

vesicles, 151622 Jamellarity, and encapsulation efficiency.

Typically, the size of an individual vesicle is quantified using the total intensity measured
from fluorophores in its bilayers: If a vesicle is spherical and unilamellar, that intensity is
proportional to the square of the radius of the vesicle, which allows calculation of the latter,
in principle. 14162223 Multiple issues with established approaches remain, however:

(i) The constant of proportionality is unknown, unfortunately, without separate cali-
bration experiments. Thus, cryogenic transmission electron microscopy (cryo-TEM) and dy-
namic light scattering have both been used to independently determine the sizes of vesicles in
samples. The constant of proportionality is chosen such that the mode of the distribution of
vesicle sizes in the characterization is identical to the mode of the distribution of vesicle sizes
in the calibration experiment.!%1%23 Using the same basic approach, the diffusion coefficient
of individual vesicles measured by single particle tracking has been used to determine their
sizes and, in turn, the unknown constant.?? Alternatively, the widths of imaged spots have

been related to vesicle sizes. This approach requires deconvolution with the microscope’s

point spread function (PSF), however, with the PSF determined in a separate calibration
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experiment using small, fluorescent nanoparticles.' In all cases, maintenance of conditions
between calibration and characterization experiments may be difficult to achieve in practice.

(ii) Measurements of size and quantities derived from it may be corrupted, if multi-
lamellarity is not accounted for on the basis of individual vesicles (or a priori absent in the
sample). Typically, the fraction of multilamellar vesicles in a sample is determined indepen-
dently, if at all, using cryo-TEM, which does not allow identification of such vesicles at the
level of individuals in the fluorescence characterization.%16:2

(iii) Instead, some studies have addressed the multilamellarity issue by using additional
reagents. While quenchers may be used to reveal multilamellar vesicles, they render unil-
amellar vesicles invisible for downstream applications.'* Alternatively, by functionalizing the
lipids in the vesicles and letting them bind spectrally different fluorophores after preparation,
multilamellarity may be assessed.'”

So far, however, no single method overcomes all these complications. We develop such
a method here. This provides workers at the interface between nanotechnology and biology
with a simple and robust tool for characterization of vesicles, which accounts for vesicle
individuality in terms of size and structural properties and simultaneously overcomes the
multiple shortcomings of established approaches. To this end, we use dual-color fluorescence
labeling of vesicles—of surfaces (lamellae, bilayers) and lumens, respectively (Figure la)—
and a simple but rigorous analysis of microscopy images. Our protocol determines size,
shape, lamellarity, and encapsulation efficiency of individual vesicles. It needs no separate
calibration measurements, and it is not limited to a specific type of fluorescence microscopy.

Specifically, we found that (i) vesicles of different structural states (Figure la) co-
exist in samples; (i) an identifiable fraction of vesicles in samples are ideal (Figure 1a) in
the sense that they are unilamellar, spheres, and encapsulate a number of cargo molecules
corresponding to their volume; (iii) we can use these ideal vesicles as benchmarks to calibrate
recordings; (iv) doing that, we determine the size of ideal vesicles with precision; (v) for each

non-ideal vesicle (Figure 1a), data determined from its image may allow classification of its

4

ACS Paragon Plus Environment

Page 4 of 22



Page 5 of 22

oNOYTULT D WN =

Nano Letters

structural state; (vi) the calibration involved amounts to fitting a straight line to data; and
(vii) our results are consistent with cryo-TEM measurements.

Thus, calibration is done simultaneously with the characterization of vesicles, as an in-
tegral part of it. This ensures both ease of use and robustness, since no separate calibration
experiment is needed, and no maintenance of experimental conditions is required between
calibration and characterization.

Application of this tool should facilitate (a) that only well-characterized vesicles are used
in data analyses, and (b) optimization of vesicle preparation for use in biotechnology and
medicine, in particular for drug delivery.

In order to resolve the structural states of individual nano-size vesicles in an extruded sam-
ple (Figure 1a),?* we imaged them with laser-scanning confocal microscopy (Figure 1b).
Isolated individual vesicles imaged as diffraction-limited spots, which we resolved spatially
to analyze their distributions of intensity (Figure 1b—h and Figure S1). We demonstrated
Gaussian distributions of intensity (Figure 1c—h and Figures S1-S4),?° and thus deter-
mined reliably the intensity, I, captured with the Gaussian fit, and the spatial variance, o2, of
the fitted Gaussian for both spots in each pair (Supporting Information, Figure S5).26:27

These four data, (Lsuface; lumen, 02 2

2 rfaces Olumen)s €xhaust the information in a pair of spots.

Using all four data simultaneously (i) calibrates measurements, and (ii) yields the structure
of each vesicle in a sample, but (iii) differs from previously reported dual-color methods,
which only used intensities. 151723

In order to discriminate between ideal and non-ideal vesicles, the two intensities suffice:

For an ideal vesicle, I face 18 proportional to Sy, the surface area of the vesicle, and Ijymen

is proportional to Ve, the volume of the vesicle,

Olsurface
[sur ace — > Sves 1
f 4 (1)
(lumen V;;es . (2)

]umen = 5
: 47 /3

5
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Figure 1. Structural properties of individual lipid vesicles that dual-color fluo-
rescence images can reveal. (a) Lipid vesicles with bilayers fluorescently labeled with
DiD fluorophores (red) and lumens enclosing Cfluoresceine water-soluble fluorophores (blue).
An ideal vesicle is spherical, has a single lipid bilayer, and encapsulates the expected num-
ber of cargo molecules for a sphere its size. A non-ideal vesicle is non-spherical and/or
has multiple bilayers and /or encapsulates a lower-than-expected number of cargo molecules.
Cryo-TEM images of individual vesicles are shown for comparison (Supporting Informa-
tion). Note that cryo-TEM cannot reveal vesicles with suboptimal encapsulation and/or
deviations from spherical shape along the optical axis. Scale bar is 50 nm. (b) Dual-color
confocal fluorescence images of individual vesicles. The difference in excitation wavelength
between the lumen and surface labels was exploited to image them sequentially. (c—h) The
two intensity distributions from a doubly-labeled single vesicle. (c) Confocal microscopy
image of an isolated lipid vesicle with DiD fluorophores labeling its lipid bilayer. The pixel
size was 48 nm. (d) Expected pixel output signals of a 2D Gaussian intensity distribution
with parameters obtained by least-squares fitting to the image in ¢ (Supporting Informa-
tion). This determined the spot’s total intensity and its spatial variance. (e) Comparison of
radial distributions. Centered on the result of the localization analysis in d, we constructed
concentric annuli. For each annulus, we calculated the mean and s.e.m. of output signals
from pixels with centers within an annulus (black dots with error bars). These mean values
agree with the radial distribution of the expected values (black curve). (f-h) Same as c—e
for imaging of the Cfluoresceine fluorophores in the vesicle’s lumen. Figure S1 gives more
details.
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The constants of proportionality, qgurface aNd Qumen, parameterize the combined properties
of fluorescent labeling and imaging for their respective channels, such as fluorophore density,
quantum efficiency, and excitation laser intensity.

An ideal vesicle is spherical (Figure 1a), so the vesicle radius Ry is defined, and Syes =

AT R% . Vies = 4mR3 /3. Consequently, in a plot of [ﬁl/rien against I pee (Figure 2a), ideal
vesicles fall on a straight line through the origin with slope A = [ 1211/131611 [ Isurface = O‘iﬁen / Qlsurface

(blue arrows, Figure 2a). Non-ideal vesicles fall below this line (grey area in Figure 2a),
as they all have lower values for A: (i) Multi-lamellar vesicles have an excess of fluorescently
labeled lipids for a given volume; (ii) vesicles with suboptimal encapsulation efficiency have
fewer fluorophores in their lumen for given surface area; and (iii) non-spherical vesicles
have a lower volume-to-surface ratio. This allows identification of ideal vesicles in a sample
(Figure 2a).

In both color channels, the squared half-width of a spot—measured as the variance of
the Gaussian fitted to the distribution of intensity in the spot—equals the variance of its
source, the distribution of dye in/on the vesicle, plus the variance of the PSF (Supporting

Information),

2 _ 2 2
Osurface = UPSF,surface + dee,surface ) (3)

2 _ 2 2
Olumen — UPSFJumen + dee,lumen : (4)

In both these identities, ogp depends on the wavelength of the light, the numerical aperture

of the objective, and on the focal depth at which the image is recorded but is the same for

25,28-32

all vesicles in a single recording. It helps that confocal microscopy is less sensitive to

30-32

focus?®% than other microscopies. The variances o3, depend on vesicle size and shape;

for ideal vesicles 03 . quface = Raes/3 AN 03 0 jumen = Raes/5 (Supporting Information).

ves

Consequently,

2

S nface dgaINst Lourrace, ideal vesicles fall on a straight line with slope

e in a plot of o
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-1

Qsurface

/3 and second-axis intercept opgp e (Plue arrows, Figure 2b). Thus, a fit

of a straight line to these data calibrates the surface-channel by returning values for

Osurface AN OPgp iace (SUpporting Information).

in a plot of 02 against [
and second-axis intercept opgp jymen (blue arrows, Figure 2c). Thus, a fit of a straight

line to these data calibrates the lumen-channel by returning values for ajumen and

2/3

lumen>

OBsp umen (SUpporting Information).

in a plot of 02

starting in (0pgp gurfaces OBSF lumen) (PlUE arrows, Figure 2d). Falling on that straight

line is a criterion for being ideal which is independent of that in Figure 2a.
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Figure 2. (Caption on the next page.)
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Figure 2. Raw data from a single dual-color recording characterize every
recorded vesicle. FError bars were calculated by assuming that finite photon statistics
was the only source of variation (Figure S1, Supporting Information). (a—d) Various
displays of the raw data, (Isurfaces Ili/jlen, 02 tes Obinen), Obtained for each vesicle in a sample
(Supporting Information). In each panel, the black, straight diagonal line is the projec-
tion to the panel of the straight line in four dimensions, equation (5), that was fitted to all
four data values for all five ideal vesicles (blue arrows). Apart from stochastic errors, those
five vesicles fall on top of the black line in each panel, which confirms their ideal nature. In
quantitative terms, the straight line fitted in 4D to data for ideal vesicles fits with p = 0.47 in
a x? goodness-of-fit test. Some other vesicles fall away from the black lines, in directions that
reveal the nature of their non-ideality. The value of the ratio A = ]ﬁl/jlen / Isurface 18 indicated
for each vesicle (color bar). Ideal vesicles maximize this ratio (blue shades). (a) Non-ideal
vesicles have smaller values for A and hence fall under the black line (grey area). (b) Sub-
optimal encapsulation efficiency does not affect the surface channel parameters, presumably,
why such vesicles should fall near the black line. Non-ideal vesicles do not fall in a specific
region, as multi-lamellar vesicles have higher intensity for given variance than ideal vesicles,
while non-spherical vesicles have larger variance for given intensity. (c) Spherical multi-
lamellar vesicles fall on the black line, if multi-lamellarity does not affect Lymen and o ..,
as presumed. Other non-ideal vesicles fall in the grey region (up to stochastic errors), as
non-spherical vesicles have larger variance for given intensity, while suboptimal encapsula-
tion results in lower intensity for given variance. Comparison of a—c identifies vesicles that
are multi-lamellar (red arrows), suboptimal encapsulators (white arrow), or non-spherical
(orange arrow). (e) Measured variances versus radii determined by fit of equation (5) for the
five ideal vesicles. Vesicle radii (circles) scatter around the projection of the fit (lines) for
lumen (blue) as well as surface (red) channels. Thus individual vesicle radii were determined
with 7% error. (f) Same as e for the measured intensities versus vesicle radii.

With both channels calibrated using data for the same ideal vesicles, each channel will
provide a value for the radius of an ideal vesicle. Rather than combining these two in-
dependent values into a single estimate for each vesicle, we used the statistically optimal
procedure, which fits the theory to all the data simultaneously, thus making use of all a
priori information, including the fact that both color channels look at the same vesicles
(Figure 1b).

This optimal fit amounts to weighted least-squares fitting of a straight line in four di-

mensions. Parameterized by R, the line

ves’

9
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<[surface> 0 Olsurface
I2/3 0 042/3
< lumen> _ + lumen R\Q,es (5)
<as2urface> U%SF,surface 1/ 3
| <012umen> | L OI%SF,lumen | | 1/5 i

2/3 2 2
]lumen » Osurface’ 9 Tumen

is fitted to our four-dimensional single-vesicle data, (Isuface, ) (Support-
ing Information). This fit to data from the ideal vesicles calibrates the experiment by
returning values for (Qsurface, Mumen, TpsF surface: TBSF Jumen)- L0€ fitted line delineates the ex-
pected values (denoted by (-)) for our data, and the differences between the fitted line and

the data is due to finite photon number statistics, we assume. (This assumption is confirmed

by the quality of the resulting fit: It has p = 0.47 in a x? goodness-of-fit test.) The squared

2

radius of a given vesicle is estimated by the value of RZ,

corresponding to the point on this
straight line that is closest to the data point of the vesicle (Supporting Information).
The four coordinates of that point are the expected values for that vesicle’s data.

Figure 2a—d shows projections of the resulting fit onto two-dimensional subspaces as
straight lines. Notice how data points corresponding to ideal vesicles scatter near the fitted
line in each projection (blue arrows, Figure 2a—d). Thus, vesicles selected as ideal on the
basis of intensities (Figure 2a) are consistently ideal also in other dimensions (Figure 2b—
d).

In the recording considered in Figure 2, we found vesicle radii in the range from 85 nm to
137 nm (Figure 2e,f). Furthermore, data confirm the expected relationships between vesicle
radii and vesicle data (Figure 2e,f). Note that the radii of individual ideal vesicles were
determined with only 7% error from a single recording of their dual-colored spots (Figure 2).

We repeated this analysis for two other recordings that each contained at least four ideal
vesicles (Supporting Information). This repetition demonstrated that the four calibration
parameters, (Qsurface; QClumen, OBSE surface> CBSF.lumen) VALY between recordings (Figure 3a—d),

10
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presumably due to different focal depths. Radii of individual, ideal vesicles from all three
recordings (Figure 3e) were determined with high precision from the analysis of the indi-
vidual recording. The range of measured radii is consistent with the distribution of radii
obtained with cryo-TEM (Figure 3f, Supporting Information). Note, though, that the
smaller vesicles did not yield sufficient fluorescence signals to permit analysis (Supporting
Information).
We cannot directly compare data values (Isurface; lumens O 2usfaces Tiamen) from different record-

ings because these data were obtained under different conditions, as revealed by the different
calibrations they result in (Figure 3a—d). We can remove this calibration-dependence by

transforming each vesicle’s data as done on the left-hand-side here,

Lsurface/ Qsurface Stes/ (47)

L o] Onen | (Vie/ (47 /3))%° o
3(o, szurface -0 }%’SRsurface) 30 gye,surface
5(c 12umen -0 I%SF,lumen) 50 c21ye,lumen

As the right-hand side shows, the result is four physical characteristics of the vesicle, and

hence directly comparable for vesicles from different recordings or experiments (Figure 4).

2
ves

For ideal vesicles, the four elements on the right-hand side all equal R:_, up to finite pho-
ton statistics. Consequently, ideal vesicles from all three recordings fall on the same diagonal
line in Figure 4a—d, and radii of ideal vesicles fall on the same curves in Figure 4e,f when
plotted against transformed variance and intensity data, respectively.

The four values in equation (6) are independent data except for their common calibration.
Significant differences between their four values flag a non-ideal vesicle and suggest the nature

of its non-ideality. Thus,

2/3

oo A) discriminate between ideal and non-

e values of A (or A transformed, agyface/

ideal vesicles (Figure 2a and 4a).

11
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Figure 3. Radii of individual vesicles are determined reliably from individual
recordings. (a—d) Parameter values from each of three time-lapse recordings of samples
containing, respectively, five (Figure 2), four, and six ideal vesicles. Differences between
parameter values from different recordings are statistically significant and presumably due
to different focal depths, which potentially affects both the variance of the PSF and the exci-
tation intensity. Error bars were calculated by assuming that finite photon statistics was the
only source of variation (Supporting Information). (e) Radii of the vesicles determined
by calibrating individual recordings (Supporting Information). (f) Distribution of radii
for spherical vesicles observed using cryo-TEM (Supporting Information). Notice that
the values determined in e overlap with this distribution, as expected. We note that the
smallest vesicles did not yield sufficient signal to permit fluorescence analysis (Supporting
Information).

12

ACS Paragon Plus Environment

Page 12 of 22



Page 13 of 22

oNOYTULT D WN =

Nano Letters

e in the surface-channel (Figures 2b and 4b), compared to ideal vesicles, (i) multi-
lamellar vesicles have larger intensity for given variance; (ii) non-spherical vesicles
have larger variance for given intensity; while (iii) suboptimal encapsulation efficiency

has no effect.

e In the lumen-channel, non-ideal vesicles fall in the grey region in Figures 2c and
4c because (i) suboptimal encapsulation efficiency yields a lower intensity for a given
volume and corresponding variance; (ii) non-spherical shape yields a larger variance

for given intensity; and (iii) multi-lamellarity has no effect.

Non-ideal vesicles identified in Figure 2a we classified by how they plot away from the
diagonal black lines in Figure 2b,c. Since a vesicle’s intensities are determined with errors
that are negligible compared to errors on its variances (Figure 2b,c), it is the distance
along the variance-axis between its plotting symbol and the black line in Figure 2b,c that
requires interpretation. Is it due to experimental noise or to non-ideal vesicle properties? In
both channels we considered this distance in units of its theoretical error for an ideal vesicle.
If it exceeded 1.5 in a channel, the vesicle was flagged as non-ideal in that channel. For
Gaussian errors and independent channels, 14 per cent of such flags are false (Type I errors)
if the null hypothesis is true, i.e., if the vesicle appears ideal in the channel considered.

We used this to identify spherical vesicles that are multi-lamellar (Figure 2a—d, red
arrows), spherical vesicles with suboptimal encapsulation efficiency (Figure 2a—d, white
arrow), and vesicles with non-spherical shapes (Figure 2a—d, orange arrow).

Among these vesicles, we can determine the size of the multi-lamellar ones and the subop-
timal encapsulators, because they are spherical and appear ideal in one channel. Their sizes
are determined from their data in the channel in which they appear ideal, using that chan-
nel’s calibration based on ideal vesicles. The lumen-channel provides the size of spherical,
multi-lamellar vesicles, and the surface channel provides the size of spherical, suboptimal
encapsulators (Supporting Information). Thus, we found radii of 82 nm, 86 nm, and

120 nm for the multi-lamellar vesicles and 117 nm for the suboptimal encapsulator (Fig-
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Figure 4. Rescaled vesicle data obtained from three recordings. (a—d) Vesicle data
from three time-lapse recordings, after transformation as in equation (6), which removes

dependence on calibration. The transformed intensity ratio, Oésurfacelﬁl/rien / (ozil/ienlsurface), of
each vesicle is indicated (color bar). In the three recordings, we identified a total of 15 ideal
vesicles (cold colors). They fall on (or near) the straight line with unit slope passing through
the origin in each panel (black line). Non-ideal vesicles fall in the grey regions, as predicted
by theory (see Figure 2). (e) Radii of the 15 ideal vesicles, determined by calibrating three
individual recordings. Measured variances versus vesicle radii (circles) scatter around their
theoretical relationship, equation (6), in both channels: lumen (blue) and surface (red).

(f) Same as e for the measured intensities versus vesicle radii.

ure 2a—d, red and white arrows). If instead one ignores multi-lamellarity and proceeds
blindly with the measured surface intensities in conjunction with equation (1), then one

overestimates the radii of these multilamellar vesicles by, respectively, 48%, 9%, and 47%.
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Thus, ignoring multi-lamellarity may lead to substantial errors on individual vesicle sizes and
quantities derived from them. In general, multi-lamellarity comes in various forms, ranging
from vesicles enclosing other small vesicles to vesicles with multiple concentric lipid bilayers
(Figure S6). The error associated with ignoring multi-lamellarity depends on the area of
the extra lamella(e). The error is approximately 40% for the case illustrated in Figure 1a
of a vesicles with two concentric bilayers of almost identical radii.

Vesicles that are non-ideal in both channels in ways not explained as non-spherical we
cannot classify. Vesicles that are not non-ideal in both channels are nevertheless non-ideal
if Figure 2a says so. They just appear ideal in both channels due to the large error bars on
their variances.

Cryo-TEM demonstrated that our vesicle sample is, indeed, heterogeneous (Figures
la, 3f, and S6, Supporting Information), in agreement with our results in Figures 2—
4. Specifically, with cryo-TEM we observed that ~ 50% of vesicles in our type of sample
consisted of more than one bilayer or contained additional smaller vesicles, ~ 20% of vesicles
appeared non-spherical, and just ~ 40% of vesicles were both unilamellar and appeared
spherical. This agrees strikingly well with the ~ 40% of vesicles we found to be ideal in
our fluorescence measurements (Figure 4). Both these numbers represent upper limits for
the fraction of ideal vesicles in our sample, however: Cryo-TEM is incapable of detecting
suboptimal encapsulators and vesicles with shapes that differ from spheres along the optical
axis only, while our protocol can do that. On the other hand, our protocol is incapable
of detecting both small and large effects of multi-lamellarity (Supporting Information)
and /or small deviations from a spherical shape, due to limited resolution.

In summary, we have demonstrated how structural properties and sizes of individual
vesicles may be obtained using simple dual-color fluorescence microscopy in conjunction with
simple but rigorous image data analysis. Applying this to extruded samples, we observed
structural variation among vesicles and thus found that only a fraction of vesicles are ideal.

Vesicle ideality is commonly assumed for every vesicle in a sample, why such structural
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variation may affect interpretations of results from established and new analyses that do not
take it into account.

Importantly, our identification of ideal vesicles based on two-color intensities is insensitive
to any perturbation in vesicle properties that do not change the number of fluorophores in
the vesicle’s surface/lumen after its preparation. Such effects include, but are not limited
to, changes of vesicle shape/volume, e.g., induced by attachment strategy or proximity to
a surface. In the present study, such effects were negligible, since the vesicles classified
as ideal based on intensities appeared ideal also in the other dimensions spanned by the
four data determined for each vesicle. This highlights another use of our protocol’s built-in
diagnostics (Figure 2a-d): it warns the user about variations in data not explained by the
sample heterogeneities considered here. For example, if the fraction of lipids labelled had
varied between vesicles in the sample,'7 ideal vesicles would not fall on the line with maximal
slope that relates the two intensities of fluorescence (Figures 2a and 4a).

Thus, the surface immobilization used here provides an optimal platform for benchmark-
ing of our protocol, and surface immobilization is a critical element in many experiments.?
Surface immobilization is not critical to our protocol, however. Our protocol is so simple
that it should work also for unattached vesicles if they are confined in their vertical motion
and move negligibly laterally within the shutter time. This could be useful in contexts where
vesicles are free to move, either due to the specific nature of an assay or because they cannot
be functionalized, which prevents specific attachment to a surface and hence prevents the use
of our protocol in the form presented here. Micro/nano-fluidic devices could provide a suit-
able platform for such studies, we expect.?? In such devices our protocol would complement
other ways to infer sizes of vesicles, such as diffusion-based approaches.

The simplicity of our protocol makes it easy to implement in any pipeline of analysis of
vesicles with radii below 150 nm. Its independence of external calibration contributes to this
ease, ensures robustness, and eliminates potential errors, since its calibration parameters are

determined from the same single-vesicle data as are used to characterize the vesicles, with a
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new calibration for each new recording in the characterization study. External calibration of
the four calibration parameters can, however, improve the resolution of the method beyond
the resolution demonstrated here. One might, e.g., mix the sample of vesicles with small,
well-characterized, brightly fluorescent objects to provide an independent calibration of the
PSF variance at the focal depth of each recording.

It would be interesting to extend our protocol to vesicles that are non-spherical by design
and /or carry solid cargo. An extension to non-spherical vesicles with simple, mathematically
defined shapes should be relatively straightforward. The orientation of non-spherical vesicles
relatively to the image plane matters and should be known, ideally. For ellipsoids, prolate or
oblate, attractive interactions with a surface parallel to the image plane might ensure that
the major axis/axes are approximately parallel to the image plane. Pegylated vesicles loaded
with doxorubicin sulfate crystals provide an example of practical interest. (One version of
this carrier system currently is marketed as Dowil.) These nano-size vesicles are elongated by
their crystalline cargo, which makes them approximately prolate ellipsoids. 233 The presence
of the solid cargo complicates the analysis, however. Doxorubicin is naturally fluorescent,
but its fluorescence is sensitive to surroundings and shielded by the lipid bilayer.?* If its
fluorescence nevertheless can be harnessed as a reliable signal in a third color channel, an
error analysis based on feasible strengths of fluorescence signals can reveal a priori which
questions about the system might be answered experimentally, because, as demonstrated
here for spherical vesicles, photon shot-noise alone explains the experimental errors in our
protocol.

In conclusion, the versatile nature of our protocol should make it widely applicable.
Its ability to identify ideal vesicles, in particular, could optimize assays and production of

vesicles.
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