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SUMMARY:

This protocol describes the fabrication of liposomes and how these can be immobilized on a
surface and imaged individually in a massive parallel manner using fluorescence microscopy. This
allows for the quantification of the size and compositional inhomogeneity between single
liposomes of the population.

ABSTRACT:

Most research employing liposomes as membrane model systems or drug delivery carriers relies
on bulk read-out techniques and thus intrinsically assumes all liposomes of the ensemble to be
identical. However, new experimental platforms able to observe liposomes at the single-particle
level have made it possible to perform highly sophisticated and quantitative studies on protein-
membrane interactions or drug carrier properties on individual liposomes, thus avoiding errors
from ensemble averaging. Here we present a protocol for preparing, detecting, and analyzing
single liposomes using a fluorescence-based microscopy assay, facilitating such single-particle
measurements. The setup allows for imaging individual liposomes in a massive parallel manner
and is employed to reveal intra-sample size and compositional inhomogeneities. Additionally, the
protocol describes the advantages of studying liposomes at the single liposome level, the
limitations of the assay, and the important features to be considered when modifying it to study
other research questions.

INTRODUCTION:
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Liposomes are spherical phospholipid-based vesicles that are heavily used both in basic and
applied research. They function as excellent membrane model systems, because their
physiochemical properties can be easily manipulated by varying the lipid components making up
the liposome!?. Also, liposomes constitute the most used drug delivery nanocarrier system,
offering improved pharmacokinetics and pharmacodynamics as well as high biocompatibility3.

For many years, liposomes have primarily been studied using bulk techniques, giving only access
to ensemble average read-out values. This has led the majority of these studies to assume that
all liposomes in the ensemble are identical. However, such ensemble-averaged values are only
correct if the underlying dataset is uniformly distributed around the mean value, but can
represent a false and biased conclusion if the dataset includes multiple independent populations,
for example. Additionally, assuming the ensemble mean to represent the whole population can
overlook the information harbored within the inhomogeneity between liposomes. Only recently
have quantitative assays emerged that are able to probe single liposomes, revealing large
inhomogeneities between individual liposomes with respect to important physicochemical
properties including liposome size*, lipid composition®®, and encapsulation efficiency’,
highlighting the importance of studying liposomes at the single liposome level.

A research area where ensemble averaging of liposome properties has been shown to bias results
is studying liposome size-dependent protein-membrane interactions®®. Traditionally,
researchers studying such processes have been restricted to preparing liposomes with different
ensemble average diameters by extrusion through filters with different pore sizes®. However,
extracting the diameter of individual liposomes using single liposome assays has revealed large
population overlaps, with liposomes extruded using 100 nm and 200 nm filters displaying up to
70% overlap in their size distribution®. This could severely bias bulk measurements of liposome
size-dependent protein-membrane interactions?. Performing the membrane-protein interaction
studies using the single liposome assay, researchers instead took advantage of the size-
polydispersity within the sample, allowing them to study a wide range of liposome diameters
within each single experiment, facilitating new discoveries of how membrane curvature and
composition can affect protein recruitment to membranes*'112, Another field where the
application of single liposome assays has proven instrumental is in mechanistic studies of protein-
mediated membrane fusion!®!#. For such kinetic measurements, the ability to study individual
fusion events alleviated the need for the experimental synchronization of the fusion process,
allowing new mechanistic insights that would otherwise have been lost in the spatiotemporal
averaging done in bulk ensemble measurements. Additionally, single liposomes have been used
as a membrane scaffold, allowing the measurement of individual proteins and offering new
knowledge on transmembrane protein structural dynamics®>!. Furthermore, such
proteoliposome-based setups made it possible to study the function of individual
transmembrane transporters’ and pore-forming protein complexes'® as well as the mechanism
of bioactive membrane-permeabilizing peptides?®. Single liposomes have also been used as soft
matter nanofluidics with surface-immobilized single liposomes serving as chambers for
enzymatic reactions in volumes of 10'° L, increasing the throughput and complexity of the
screening assays with minimal product consumption?°.
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Recently, single liposome assays have been used for characterizing drug delivery liposomes at a
previously unprecendented level of detail. Researchers were able to quantify significant
inhomogeneities in the amount of polymer attached to the surface of individual liposomes?!. The
single liposome assays also allowed measurements of drug delivery liposomes in complex media,
such as blood plasma, revealing how elements anchored to the liposome surface through lipid
anchors can be susceptible to dissociation when liposomes are exposed to conditions mimicking
those experienced during in vivo circulation?2. Overall, the versatility and usefulness of the single
liposome assays are substantiated by the great variety of problems these setups have been
employed to address, and we envision that the methodology will continue to be developed and
find use in new scientific fields.

Here we describe a fluorescence microscopy-based single liposome assay that allows individual
liposomes to be studied in a high-throughput manner (Figure 1). To illustrate the method, we use
it to quantify the size and compositional inhomogeneity between individual liposomes within an
ensemble. The assay employs fluorescence microscope imaging of single liposomes immobilized
on a passivated glass surface. We first describe the critical steps in the liposome fabrication
process that ensures proper fluorescent liposome labeling and immobilization. Then, we describe
the surface preparation needed to facilitate liposome immobilization before outlining the
procedure for ensuring appropriate liposome surface densities. We discuss the microscopy
parameters important for acquiring high-quality images and delineate how to perform simple
data analysis, allowing the extraction of liposome size and compositional inhomogeneity. This
generic protocol should provide a good basis for the interested researcher to develop the assay
further for his or her specific research interest.

PROTOCOL:

1. Liposome preparation

NOTE: Briefly, preparation of liposomes usually includes three crucial steps: 1) preparation of dry
lipid films of the desired lipid composition; 2) rehydration of the lipids for formation of liposomes;
and 3) controlling the size and lamellarity of the liposome population.

1.1. Weigh out the lipids and dissolve them in tert-butanol:water (9:1) in glass vials.

1.1.1. Dissolve POPC (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine; MW = 760 g/mol) to 50
mM.

1.1.2. Dissolve cholesterol (MW = 387 g/mol) to 25 mM.

1.1.3. Dissolve DOPE-Atto488 (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-Atto488; MW =
1,316 g/mol) to 0.1 mM.

1.1.4. Dissolve DOPE-Atto655 (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-Atto655; MW =
1,368 g/mol) to 0.1 mM.
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1.1.5. Dissolve  DSPE-PEG2000-biotin  (1,2-distearyl-sn-glycero-3-phosphatethanolamine-N-
[biotinyl(polyethylene glycol)-2000]; MW=3,017 g/mol) to 0.1 mM.

NOTE: Heat lipids to 55 °C and use magnetic stirring in order to ensure complete dissolution of
the lipids. Alternatively, use a sonication bath. Unused lipid stocks can be stored at -20 °C for
several months.

1.2. Mix the lipid stocks prepared in step 1.1 to a molar ratio of POPC:cholesterol:DOPE-
Atto488:DOPE-Atto655:DOPE-PEG-biotin 68.95:30:0.5:0.5:0.05, by adding 138 uL of POPC, 120
uL of cholesterol, 500 pL of each fluorescently labeled lipid, and 50 pL of DSPE-PEG-biotin to a
fresh glass vial.

NOTE: The exact liposome composition can easily be modified in order to address the specific
guestion of interest. See discussion for more detail.

1.3. Loosen the lid of the glass vial, and snap-freeze the vial in liquid nitrogen.
1.4. Lyophilize the frozen lipid mixture overnight.

1.5. Add 1 mL of 200 mM D-sorbitol buffer (sorbitol buffer) to the dry lipids.
1.6. Heat the mixture to 45 °C and expose to magnetic stirring for at least 1 h.

NOTE: The buffer should reflect the specific question that is being addressed (e.g., physiological
conditions for studying membrane-protein interactions, or a specific clinically approved buffer
for studying drug delivery liposomes). However, if a specific buffer is not required for the study,
a buffer without ions can be applied for rehydration in order to reduce the multilamellarity of
the liposomes.

1.7. Freeze the lipid suspension by dipping the vial in liquid nitrogen, and wait until the
suspension is completely frozen.

1.8. Dip the frozen suspension in a heating bath at 55 °C until the mixture is completely thawed.

1.9. Repeat steps 1.7 and 1.8 until the liposome suspension has been exposed to a total of 11
freeze/thaw cycles.

NOTE: Repeated freeze/thaw cycles have shown to reduce liposome multilamellarity?3, which is
paramount for the accuracy of the single liposome assay, as multilamellar liposomes will skew
the fluorescence intensity versus liposome size ratio of the liposomes. The multilamellarity is
usually inherently low when including more than 0.5% PEGylated lipid in the formulation (such
as commonly done in liposomes for drug delivery)?.
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1.10. Extrude the liposome suspension once through an 800 nm polycarbonate filter using a mini
extrusion kit. Follow the manufacturer's instructions for assembly of the extrusion kit (see Table
of Materials).

1.11. Store the liposomes at 4 °C overnight.

2. Surface preparation of imaging chamber

2.1. Prepare bovine serum albumin (BSA; 1 mg/mL), BSA-biotin (1 mg/mL) and streptavidin (0.025
mg/mL) in 10 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) 95 mM NacCl
buffer (HEPES buffer).

NOTE: To prevent liposomal burst, the sorbitol buffer used for rehydration and the HEPES buffer
used for surface preparation should be isotonic. It is thus recommended to check the osmolarity

of the buffers before the experiment.

2.2. Mix 1,200 pL of BSA and 120 pL of BSA-biotin and add 300 L of the mixture to each well in
an 8 well slide for microscopy.

NOTE: Here we use a commercially available 8 well microscope slide with a glass bottom (see
Table of Materials), but the protocol can easily be adapted to customized microscope chambers.

2.3. Incubate the slide for 20 min at room temperature (RT).

2.4. Wash the slide 8x with 300 uL of HEPES buffer.

NOTE: Be careful not to leave the wells without buffer for more than a few seconds, as drying out
the surface will damage it. Furthermore, be careful not to scratch the surface with the pipette tip
as this will also damage it. Thus, when aspirating buffer from a well, do it from the edge or corner.
2.5. Add 250 pL of streptavidin and incubate for 10 min at RT.

2.6. Repeat the 8 washes described in step 2.4.

2.7. Store the microscope slide with 300 uL of sorbitol buffer in each well at 4 °C. Evaporation of
the solvent will damage the surface, so put the microscope slide in a Petri dish and seal it with
parafilm unless the prepared slide is used immediately.

3. Liposome immobilization

3.1. Dilute the liposome suspension to about 20 uM total lipid in sorbitol buffer. The procedure
in section 1 will yield a liposome suspension of approximately 10 mM total lipid.

3.2. Place the slide on the microscope and focus on the surface of the chamber using the
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increased laser reflection signal from the glass/buffer interface as a guide.
3.3. Wash the chamber 4x with 300 uL of fresh HEPES buffer.
3.4. Add 10 pL of diluted liposome stock (20 uM total lipid) to a microcentrifuge tube.

3.5. Take out 100 pL of buffer from the chamber, add to the microcentrifuge tube prepared in
step 3.4, mix properly, and put the 110 pL back into the chamber.

3.6. Put the specimen under the microscope, and use a rudimental microscope setting capable
of detecting signal from the liposome fluorophore(s) to observe the liposomes being immobilized
on the surface.

3.7. Aim for a liposome surface density that is simultaneously sparse enough to indentify
individual liposomes and dense enough that it facilitates high-throughput measurements.
Typically using a 50 um x 50 um field of view, 300-400 liposomes per frame is optimal (Figure 2).
This can usually be achieved within 5-10 min.

NOTE: If only rapidly moving fluorescent particles are detected in the field of view, an absence or
too low concentration of any of the components critical for the immobilization process (BSA-
biotin, streptavidin, DOPE-PEG-biotin) might be the cause. If no liposomes are detected it might
either be related to a low concentration of liposomes, improper settings for the fluorescence
detection, or potentially imaging with a focal plane not at the glass surface.

3.8. Once an appropriate liposome surface density is reached, wash the chamber 3x with 200 L
of HEPES buffer.

NOTE: Be aware that the immobilization kinetics also depend on liposome properties such as size
and charge and should thus always be optimized for each liposome formulation.

4. Image acquisition

NOTE: This section will depend a lot on the microscope system available to the researcher
performing the experiment. Thus, overall guidelines on how to perform the imaging will be
described. However, the exact settings and how to apply them will vary between the different
microscope setups. For example, some systems allow choosing any emission filter combination
desired, while other microscopes are equipped with specific, preset filters.

4.1. Set up the microscope for imaging single liposomes. To ensure optimal image quality and
subsequent data analysis use a high greyscale resolution and a pixel scheme that allows for
oversampling individual liposomes. A bit depth of 16 and at least 1,024 x 1,024 pixels for a 50 um
x 50 um area is recommended. If available, line-averaging can beneficially be applied to reduce
noise (e.g., 3 scans per line).
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4.2. Select an excitation laser power that both ensures nonsignificant frame-to-frame bleaching
and strong enough signal to clearly discriminate individual liposomes from the background. The
optimal setting will depend on the specific microscope used as well as the fluorophore
combination. Make sure that detectors are not saturated, as this will bias intensity quantification.

4.3. Imaging both the DOPE-Atto488 and DOPE-Atto655 fluorophores in the liposomes requires
imaging multiple channels. Thus, make sure each channel is imaged sequentially to avoid cross-
excitation. For example, first take one image by exciting at 480 nm and reading emission at
510-550 nm. Thereafter, take another image by exciting at 640 nm but reading emission only at
660-690nm. The specifics will depend on the microscope system (e.g., which lasers and filters)
available.

4.4. Make sure to cover different areas of the surface, acquiring at least 10 images of the sample,
thus imaging at least 3,000 individual liposomes. If the surface density is lower than 300
liposomes/frame, acquire more images. Make sure to refocus the microscope for every new
image.

NOTE: For two-channel imaging, make sure to name the image files so that pairs of images with
the same liposomes in different fluorescence channels can easily be identified during data
analysis.

4.5.In order to quantify the experimental uncertainty relating to the measurement of
compositional inhomogeneity, image the same area of liposomes before and after refocusing

(see Figure 3 and description in the text).

4.6. Export the images from the microscope software as .tiff files. Export the two channels of the
same liposomes individually.

5. Data analysis
NOTE: Specially developed automated 2D Gaussian fitting routines have previously been
employed®!12 However, to increase the applicability of the method a data analysis process that

can be easily implemented in all laboratories is described.

5.1. Load the corresponding pair of .tiff images of two different fluorescence channels in the
same imaging field into the FIJI (FUJI Is Just Image-J) software.

5.2. In the Image menu, choose Color, and use the Merge Channel function to create a composite
of the two channels.

5.3. Observe if the liposomes imaged in two different channels display good colocalization or
whether visible drift occurred.

NOTE: In case of drift between the two fluorescence channels (recognized as a systematic and
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equal X-Y offset between the signal in the two channels), one of the frames can be translated
using the Transform > Translate function in the Image menu of FlJI. However, care should be
taken with such image manipulation. It is thus recommended to instead avoid drift as much as
possible when imaging the liposomes.

5.4. Make sure the ComDet plugin (v.0.3.6.1 or newer) is installed, or do this in the Plugins menu.

5.5. Open the ComDet plugin to detect particles by going to the Plugins menu and choosing
CombDet v.0.3.6.1 > Detect Particles.

5.6. In ComDet, make sure to choose the Detect Particles on Both Channels Individually
function. Set the Max Distance Between Co-localized Spots similar to the Approximate Particles
Size. Usually, 4 pixels is appropriate for the settings described here.

5.7. The signal-to-noise ratio should allow for detection of even dim particles with a low amount
of fluorescence. In ComDet, set this ratio to 3 by setting the Sensitivity of Detection in both
channels to Very Dim Particles (SNR = 3).

NOTE: While this SNR value is usually appropriate, it might be necessary to set it higher (e.g., if
there is a lot of image noise that may be identified as liposomes and lead to false positives).

5.8. Make sure the boxes with Calculate Colocalization and Plot Detected Particles in Both
Channels are checked, before pressing OK.

5.9. After running the analysis, two pop-up windows with Results and Summary will show. Export
the data table Results containing the colocalization data (particle coordinates and integrated
intensity of each particle detected) to a data handling software of choice by saving the table as a
.txt file and importing it into the software.

5.10. Make sure that each liposome is only included once in the data set and not both the
channell/channel2 as well as channel2/channell ratio. Thus, filter the data so only Abs_frame =
1is plotted in step 5.11.

NOTE: By choosing Colocalized = 1, false positives from noise in the images can be removed from
the analysis. However, any liposomes with only one of the two fluorescent components present
will also be excluded from the analysis, thus potentially removing important data points from the
analysis.

5.11. Plot a histogram of the column with data containing the Intensity Ratio for each detected
liposome.

5.12. The degree of compositional inhomogeneity for the studied liposomal system is
represented by the width of the intensity ratio distribution. To quantify the inhomogeneity, fit
the intensity ratio histogram with a Gaussian function and extract the mean (u) and standard
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deviation (sigma). See the Representative Results section.

5.13. Avalue for the degree of inhomogeneity (DI) can now be calculated using the coefficient of
variation defined as DI = sigma / .

6. Liposome size calibration

6.1. Take out part of the liposome stock, and extrude 21x through a 50 nm polycarbonate filter
as described in step 1.10.

6.2. Dilute the liposomes by adding 10 pL of the liposome suspension to 800 uL of sorbitol buffer
in a microcentrifuge tube.

6.3. Transfer the diluted liposome sample to a polypropylene single-use cuvette.

6.4. Measure the size using dynamic light scattering (DLS). Perform at least three independent
runs to measure the size and polydispersity of the liposome suspension.

NOTE: If necessary, use a more concentrated liposome suspension for the measurement.
Alternatives to DLS (e.g., nanoparticle tracking analysis) can also be applied for measuring the
size of the liposomes. A description of how to execute such particle-size determination is beyond
the scope of this protocol.

6.5. Image the calibration liposomes on the microscope using exactly the same experimental
settings as defined in steps 4.1 and 4.2.

6.6. Extract the integrated intensity for each calibration liposome in the calibration images:
Extract the filtered results sheet containing liposome fluorescence intensities as described in
steps 5.1-5.10. From the results table, extract the “Integratedint” column.

6.7. Because the total integrated intensity of a liposome labeled in its membrane is proportional
to the surface area of the liposome and is thus proportional to the square of its diameter, plot a
square root intensity histogram of the fluorescence intensity of the calibration liposomes.

6.8. Fit the integrated intensity histogram produced in step 6.7 with a log normal distribution and
extract the average fluorescence intensity of the calibration liposomes.

6.9. To determine the relation between the square root intensity (Intsqt) and liposome size,
calculate the correction factor (C) using the average liposome diameter (Dia) weighed by the
number obtained from the DLS measurements: Dia = C x Intsqrt is equivalent to C = Dia / Intsqrt.

6.10. Calculate Intsqrt values for the liposomes in the compositional inhomogeneity experiment
and convert these to diameters by multiplying with the correction factor.



397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440

6.11. Plot the intensity ratio value as a function of diameter for the compositional inhomogeneity
liposomes, thus achieving the inhomogeneity as a function of liposome size for a population of
liposomes spanning from approximately 50 nm-800 nm.

REPRESENTATIVE RESULTS:

Following the protocol described makes it possible to image single liposomes in a massive parallel
manner (Figure 1). The successful surface immobilization of liposomes should be immediately
apparent upon the addition of the liposome solution to the chamber (step 3.6 in the protocol) as
diffraction limited intensity spots should appear in the image (Figure 1B and Figure C).

In order to achieve good statistics and exploit the high-throughput abilities of the assay, several
thousand liposomes should be imaged. In order to do this in a reasonable number of images, it
is recommended to immobilize enough liposomes to achieve a density of 300-400 liposomes per
frame, as this will bring the number of images per sample down to ~10, thus limiting the number
of images that has to be acquired and analyzed. A lower density will make the data analysis more
time-consuming, while a higher density can make it challenging for the image analysis software
to distinguish single liposomes. To get a visual impression of what 300-400 liposomes look like,
see Figure 2A. It should be noted, however, that for some applications (e.g., membrane-protein
interactions with a protein that tends to elicit strong background binding to the BSA surface) it is
recommended to use a slightly lower density, such as in Figure 2A at the top right.

Occasionally, when acquiring images it is hard to get the whole field of view in proper focus, as
illustrated in Figure 2B. Such issues might indicate that the sample plate is tilting, which can arise
from the plate not being placed properly on the specimen holder on the microscope. Also, if the
liposomes seem large and blurry, the buffer in the chamber might have evaporated and the
surface dried out. It is especially important to keep this issue in mind when imaging for long time
periods or when performing measurements at temperatures higher than RT. To illustrate the
difference between properly stored and dried out liposomes, an image of the same sample
before and after drying out the chamber is shown in Figure 2C.

After having ensured optimal image quality, the integrated intensity for each liposome in the two
imaging channels can be extracted following the steps in section 5 of this protocol. Doing this will
create a list of unique intensity values, allowing us to calculate the intensity ratio for each
individual liposome. The compositional inhomogeneity is evaluated from intensity ratio
histograms, typically revealing a Gaussian distribution around a mean ratio value (Figure 3A).
Notice that if strong deviations from a Gaussian distribution are observed (Figure 3B), it indicates
a detection sensitivity issue for at least one of the imaging channels, suggesting that a subset of
liposomes showing a weaker signal have been excluded. This could be due to both the detection
limit of the imaging system, or excluding liposomes in the data analysis (e.g., when applying a
certain minimum threshold; see step 5.7).

Calculating the DI value as described in steps 5.11-5.13 in the protocol will provide a quantitative
measure of the compositional inhomogeneity between the individual liposomes of the
preparation. For the liposomal system studied here, DI = 0.23 + 0.01 (Figure 3C). This value can



441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484

be used to systematically compare how varying liposome properties or preparation methods
affect the compositional inhomogeneity. To conceptualize the meaning of the DI value, we refer
to the normal distribution displayed by the intensity ratio histogram, meaning they will obey the
empirical 68-95-99.7 rule. This rule describes the percentage of a population that falls within one,
two, and three standard deviations around the mean value. For the DI value of 0.23 + 0.01 found
here, it means that 32% of the liposomes in the population will have an intensity ratio that differs
by more than 23% from the mean molar ratio of the ensemble (Figure 3D).

For the control experiment imaging the same liposomes before and after refocusing (section 4.6),
the same data analysis and result plotting as for the actual experiment is performed. Doing this
allows for the quantification of the experimental uncertainty of the DI value, which was found to
be Dluncertainty = 0.10 £ 0.01 (Figure 3E). Although the Dluncertainty Value will depend on the employed
imaging system, it was found that confocal microscope setups consistently give rise to Dluncertainty
values of around 0.10>%. The DI value of DI = 0.23 + 0.01 found for the liposomal system here is
more than twice the experimental uncertainty, which suggests the presence of significant
compositional inhomogeneity between the individual liposomes of the preparation.

Performing the size calibration experiment described in section 6 will allow the arbitrary
liposome intensity values to be transformed to physical diameters in nanometers. The method
has been validated against other imaging techniques?® such as cryogenic electron microscopy,
which has an ability to optically resolve the nanometer-sized liposomes, although with much
lower throughput. Imaging the control sample using the exact same microscope settings as used
for the actual experiments, it is now possible to correlate the mean liposome intensity to the
mean liposome diameter determined by DLS (Figure 4A). The next step is to depict the liposome
intensity distribution, which based on the physical constraints against creating extremely small
liposomes, typically will display a log normal distribution (Figure 4B). If the distribution is not well
described by a log normal distribution (most often due to missing liposomes with low intensity
values) it means that a part of the liposome population was excluded either due to low
microscope detection sensitivity or overly strict parameters during data analysis (Figure 4C). It is
important to catch and address these issues to ensure unbiased data interpretation. Next, the
intensity values for each individual liposome in Figure 4B can be converted to actual diameters
using the correction factor determined in Figure 4A (Figure 4D). After determining the size of
each liposome, the Dl as a function of diameter can now be investigated by plotting the intensity
ratio versus diameter for each individual liposome (Figure 4E). This funnel-like data structure
corroborates earlier findings that the DI value increases when the liposome size decreases®.
Importantly, the symmetrical increase in the spread of intensity ratios around a mean value
suggests that there is no systematic size-dependent variation in the average composition of
liposomes.

FIGURE AND TABLE LEGENDS:

Figure 1: The single liposome assay. (A) Liposomes are formulated with an equimolar content of
the fluorescently labeled lipids DOPE-Atto488 and DOPE-Atto655 and immobilized on a BSA
surface using a biotin/streptavidin linkage. (B) The immobilized liposomes are imaged using a
confocal microscope, allowing for detection of the fluorescence intensities from the single
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liposomes. Scale bars = 8 um. (C) Zoom of the green area in (B) depicted as surface intensity plot
for two adjacent liposomes displaying inverted fluorescent signal between the two channels,
illustrating the concept of compositional inhomogeneity.

Figure 2: Optimization and pitfalls. (A) The top left shows 29 liposomes immobilized in a 50 um
x 50 um frame. These are too few liposomes per frame to exploit the possibility for high-
throughput investigation of liposome inhomogeneity. The top right shows 123 liposomes per
frame. This is a suboptimal density but can be used if many images are acquired. The bottom left
shows 300-400 liposomes per frame. This is optimal for the protocol described here. The bottom
right shows more than 1,500 liposomes per frame, which is too many to distinguish individual
liposomes. There is a high risk that a single spot will actually be two liposomes immobilized within
the same diffraction limited spot. (B) If the chamber is not placed properly in the specimen
holder, getting the whole field of view in proper focus will be impossible. In the left micrograph
the plate is tilting around the traverse axis, giving rise to the lower left corner being out of focus.
In the right micrograph the plate is tilting around the longitudinal axis, giving rise to a heavier tilt.
Both the lower left and upper right corner are out of focus. (C) If imaging for long time periods
or at elevated temperatures the buffer might evaporate, leading to drying out of the chamber.
We illustrated this scenario here by imaging liposomes before and after the chamber was left to
dry for 3 min, and then rewetted by adding fresh buffer to the chamber. The resulting liposomes
are larger, blurry, have lower fluorescence intensity, and appear to be spread out on the plate.

Figure 3: Intensity ratio histograms for quantifying liposome compositional inhomogeneity. (A)
The intensity ratio of DOPE-Atto488 and DOPE-Atto655 fluorescence for each individual liposome
plotted as a histogram. (B) A truncated Gaussian distribution illustrating a potential sensitivity
issue, either during imaging or in the data treatment step. (C) Fitting the intensity histogram with
a Gaussian function makes it possible to extract the mean and standard deviation used to
calculate the DI value. (D) A DI value of 0.23 can be translated to 32% of the population differing
by more than 23% from the mean molar ratio of the ensemble. (E) Control experiment imaging
the same liposomes before and after refocusing and then performing the same data treatment
procedure as for the actual experiment. This allows the experimental error for the DI
guantification to be determined.

Figure 4: Converting liposome intensity to physical diameter in nm. (A) Intensity histogram of
the 50 nm extruded calibration liposomes compared with the DLS data in order to determine the
calibration factor. (B) A histogram of the Intsqt value from the experimental liposomes typically
yields a log-normal distribution due to the physical constraints against creating very small
liposomes. (C) A non log-normal Intsq: value histogram indicates either issues with detection
sensitivity or that small liposomes were excluded during data treatment. (D) Liposome intensities
in (B) are converted to actual liposome diameters using the correction factor. (E) The intensity
ratio of each liposome plotted as a function of liposome diameter can now be displayed allowing
the investigation of compositional inhomogeneity as a function of liposome size.

DISCUSSION:
It is important to note that while we describe in detail how the single liposomes assay can be
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used to study the compositional inhomogeneity between individual liposomes, the platform is
very versatile. As previously shown and discussed in the introduction, the protocol can easily be
adapted to study aspects of membrane-membrane fusion, protein-membrane interactions, or
liposomal drug carrier characterization. For any scientific questions being addressed, the power
of the single liposome assay lies in the ability to detect the individual components of the
ensemble and thus having a quantitative readout, not biased by ensemble averaging effects.

The single liposome assay is optimally suited for surface imaging modalities such as total internal
reflection or confocal microscope, where the Z-direction sectioning can eliminate unwanted
background fluorescence from the solution above the liposome layer. However, this aspect is
most important for studies where fluorescently labeled compounds, such as peptides, proteins,
or other liposomes are added to the solution and remain there during imaging. For example, if
the assay is used in the format described in detail here, where the fluorescent dyes are restricted
to the immobilized liposomes, the assay could in principle be performed using more broadly
available widefield microscopes, providing the detection system is sensitive enough.

A priori there are no limitations with respect to the method used to prepare the liposomes used
in the assay. Here we describe in detail the use of a freeze-drying technique. However, previously
chloroform-based lipid rehydration or ethanol injection-based techniques have been employed
to fabricate liposomes used in the assay>®. A critical parameter is the inclusion of a minute
fraction of biotinylated lipids in the lipid mixture to ensure immobilization (0.05 mol%
recommended). Another necessary element is to include a small amount of fluorescently labeled
lipid. Overall, the amount of lipid-dye added should be kept as low as possible to both avoid
guenching effects and to avoid the lipid-dye from significantly altering the physicochemical
properties of the liposome. The lower limit of the amount of lipid dye is set by the concentration,
where the stochastic variation in the number of individual lipid dyes per liposome becomes
significant compared to the average amount of lipid-dyes (see Larsen et al.® for an in-depth
discussion). Going below this limit will introduce large uncertainties in the extracted intensities.
Finally, the amount of lipid dye needs to be high enough for accurate detection of the single
liposomes with a good signal-to-noise ratio. While this criterion of course heavily depends on the
imaging system, we found that lipid dye concentrations between 0.05 and 0.5 mol% work well in
the vast majority of cases.

To choose which lipid dye to include in the liposome, the first prerequisite is that the excitation
and emission properties match the illumination and detection capabilities of the imaging system.
Second, to increase the sensitivity and accuracy of the method we recommend using dyes with
both high quantum yields and photostability, and we have previously successfully used dyes with
different excitation wavelengths®!!. Care should be taken in choosing lipid anchors with similar
physicochemical properties to ensure that lipid partitioning does not lead to artificially high
inhomogeneity. For example, for this protocol, we have anchored both fluorophores using DOPE,
while having one fluorophore on DOPE and another on DPPE could lead to fluorophore
distribution heterogeneities not related to the inherent inhomogeneity in the liposome
population. Especially for dual color imaging it is important to choose dyes with narrow excitation
and emission spectra and the smallest spectral overlap as possible to avoid significant bleed-
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through, cross talk, and fluorescence resonance energy transfer (FRET) between dyes and
channels. To avoid artifacts related to variation in the fluorophore environment we prefer to
work with dyes, which have been proven experimentally to show extremely low membrane
interaction propensity as determined by Hughes et al.?. Finally, if a specific liposome lipid
composition is not a hard requirement for the experimental design, it can be beneficial to include
up to 10 mol% of negatively charged lipids to ensure that individual liposomes repel each other
and are efficiently immobilized as single liposomes?*?.

An advantage of the single liposome assay is the small experimental volume, which can greatly
reduce the amount of expensive or rare compounds used per experiment. Here we describe the
use of standard and commercially available chambers with an experimental volume between
150-300 plL. However, custom-made microscope chambers that can reduce the volume to a
range of 50-80 pL can be used. Also, the liposome consumption is very low, with a final
concentration around 2 uM total lipid.

A disadvantage of the single liposome assay is that it is hard to control the lipid concentration in
the chamber due to the variations in immobilization tendencies described above. Additionally,
with respect to applying the assay for studying membrane-protein interactions, it is challenging
to determine the concentration or number of bound proteins directly from the fluorescence
intensity.

When using the liposomes in the assay as membrane model systems (e.g., to study the
membrane interaction of fluorescent compounds, peptides, or proteins) it is important to ensure
low non-specific binding to the protein components that facilitates the immobilization. If this is
not the case, high background signal can be detected that could prevent the detection of the
specific binding to the liposomes. If high non-specific background is detected we have previously
successfully reduced the background by changing from streptavidin to Neutravidin or avidin.

Performing single liposome detection using other techniques like flow cytometry could
potentially offer an increased detection throughput compared to the microscope-based assay.
However, given that flow cytometers are optimized for studying much larger and brighter
samples like cells, the detection system of most is not sensitive enough to detect the relatively
weak fluorescence from an individual liposome. So while new and more sensitive flow cytometry
is being developed the microscope-based assay offers the best solution for elucidating liposome
inhomogeneities when performed efficiently and monitoring thousands of liposomes per
experiment.
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Comments/Description
Microscopy slides with glass bottom
Consumables (Whatman filters) can be aquired from GE Healthcare

Traded trough Sigma

CombDet plugin must be installed. Also, a data handling software (Excel, MatLab,
OpenOffice, GraphPad Prism etc.) able to load .txt files will be needed to plot
the data

Traded trough Sigma

e.g. ScanVac Coolsafe from Labogene

Glass vials that can resist snap-freezing in liquid nitrogen. The 8 mL version of
the vials has a size that also fits with the syringes of the extrusion kit

Capable of heating to minimum 65C
Capable of heating to minimum 65C

Including container for storage, e.g. Rubber-bath

For the images in this protocol a Leica SP5 confocal microscope has been used
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4, Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum
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rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.
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Rebuttal Letter

Response to Editor and Reviewers.pdf

Response to Editorial and Reviewers’ Comments

Editorial comments

We would like to thank the editor for critically reading the manuscript and the constructive comments.
We hope our answers below have addressed in full all of his/her concerns.

Comment E1

Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues.

Reply E1
We have now extensively proof-read the manuscript with the aim of correcting all spelling and
grammar errors.

Comment E2

Please ensure that the manuscript is formatted according to JoVE guidelines—letter (8.5 x 11”) page
size, 1-inch margins, 12 pt Calibri font throughout, all text aligned to the left margin, single spacing
within paragraphs, and spaces between all paragraphs and protocol steps/substeps.

Reply E2
The manuscript is submitted in the JoVE template and we have thoroughly checked that it is formatted
following the guidelines.

Comment E3

JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols
(™), registered symbols (®), and company names before an instrument or reagent. Please limit the
use of commercial language from your manuscript and use generic terms instead. All commercial
products should be sufficiently referenced in the Table of Materials and Reagents.
For example: Eppendorf

Reply E3

We have removed all commercial language and direct use of company names. With respect to the
fluorophores used, we have however found it necessary to mention the specific probes used for the
example. We find that a generic term such as “DOPE-conjugated red emitter” would cause too much
confusion, as well as causing problems with respect to the comment on probe differences mentioned
by referee #3.

Comment E4

For each protocol step/substep, please ensure you answer the “how” question, i.e., how is the step
performed? Alternatively, add references to published material specifying how to perform the
protocol action. If revisions cause a step to have more than 2-3 actions and 4 sentences per step,
please split into separate steps or substeps.

Click here to access/download;Rebuttal Letter;Munter et al.
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Reply E4
We have revised the experimental protocol and ensured that it followed the guidelines above.

Comment E5

Please remove ‘Figure 1/ Miinter et al.’ etc. from the Figures themselves. Please also remove
unnecessary whitespace.

Reply ES
We have removed all figure headings as requested and reduced the whitespace between figure panels.
We have now provided the .ai files for each individual figure.

Comment E6
24: ‘To low’/’To high’ seem to be typos.

Reply E6
We have corrected this.

Comment E7

Please ensure the Table of Materials has information on all materials and equipment used, especially
those mentioned in the Protocol

Reply E7
We have ensured to include all information for the materials used in the protocol and added the
glassware based on the question from the referee.



Referee #1

We thank the referee for the positive evaluation.

Comment R1-1
The article has a few typos which may be attended to by the authors.

Reply R1-1
We have now extensively proof-read the manuscript with the aim of correcting all spelling and
grammar errors.



Referee #2

We thank the referee for critically reading the manuscript and providing helpful comments. In
response to the comments of the referee we have included additional data.

Comment R2-1

The efficiency of the assay should be tested with mixed liposome populations presenting different
(defined) lipid compositions (e.g. liposomes bearing various known concentrations of a given
fluorophore, mixing these liposomes at different known ratio).

Reply R2-1

The single liposomes assay is able to distinguish liposome preparations with known difference
in the lipid composition

We welcome the referees suggestion for a control experiment demonstrating the efficiency of the
assay. We thus prepared two liposomal formulations, A and B, similar to those described in the
manuscript. However, we — instead of 0.05 mol% of each fluorophore, prepared formulation A with:
0.3% DOPE-Atto488 and 0.1% DOPE-Atto655 and B with 0.1% DOPE-Atto488 and 0.3% DOPE-
Atto655. First, we immobilized the liposomes in separate chambers and imaged them as described in
the protocol. As demonstrated in the figure below, formulation A alone gave a Atto488/Atto655
intensity ratio distribution with a mean very close to 3 (100:0 plot in blue), while B gave a
Atto488/Atto655 intensity ratio distribution mean very close to 0.3 (0:100 plot in red). Next, we
immobilized an equal number of liposomes from A and B in the same chamber (50:50 plot in purple),
and imaged them together. The output of the image analysis resulted in two distinguishable
populations; one with an intensity ratio distribution mean around 3 and the other around 0.3, in good
agreement with the populations found for the separate measurements of A and B. The populations
had a distribution with approximately equal numbers of liposomes with each intensity ratio, also
demonstrated by a median very close to one (1.16). We believe that this data set demonstrate the
efficiency of the assay in separating liposomes formulations with known difference in their lipid
composition.

Atto488/Atto655
Intensity ratio
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Comment R2-2

Similarly, the authors should also mix liposome populations of different (defined) sizes (e.g. 50 and
400 nm formed by extrusion) to check that the assay allows them to find the expected percentage of
liposomes having 50 or 40 nm diameter.



Reply R2-2

Previous correlation between various liposome size determination methods revealed the imaged
based size determination method to be very accurate

We share the belief of the referee that performing controls for the accuracy of the size determination
is essential for validating the system. Therefore an in-depth analysis has previously been carried out
where the imaging based single liposome size determination was evaluated against well-established
techniques such as DLS and Cryo-TEM!. Here, it was found that “the three techniques were in
excellent agreement, measuring the same values within 7-9%*“! demonstrating the strong accuracy
of the image based size determination. Additionally, it has previously been shown that liposome
preparations extruded at various cut off sizes will show significant size overlap (see SI of Hatzakis
et. al, Nat. Chem. Biol. 2009)?, which will hamper the accurate retrieval of the individual size
populations as proposed by the referee. Therefore, we believe that a better control for the accuracy of
the imaged based size determination is the comparison to DLS and Cryo-TEM referenced above.
Finally we will also like to highlight that the true power of the assay does not lie in the ability to pick
out certain size populations, but more in the ability to accurately assign the actual physical size to
single liposomes. This ability mean that producing specific size population by e.g. extrusion is not
necessary, since the assay allows researchers to take advantage of the size polydispersity within a
single liposome preparation to study a range of sizes simultaneously or limit their investigating to
only a specific size subset during subsequent data analysis.

Comment R2-3

1t would be useful to add the reference for the glass vials with lid (notably because some vials may
not resist freezing in liquid nitrogen).

Reply R2-3

Added reference to used glass vials

We have included a reference in the table of materials to the commercially available glass vials used
in the protocol.



Referee #3

We thank the referee for the positive evaluation and the opportunity to explain in more detail some
aspects of the assay, relating to the helpful comments by the referee.

Comment R3-1

The method is applicable to double fluorophore labeled liposomes and in fact, not applicable to other
non fluorescent components.

Reply R3-1

Single liposome measurements can be performed with liposomes labeled with one kind of
fluorophore

We fully agree with the referee that the single liposomes assay presented here comes with the inherent
requirement that the components to be studied are fluorescently labelled. Especially the
compositional inhomogeneity in this manuscript can only be done for double fluorophore labelled
liposomes. However it is important to note that the fluorescently labelled lipid probes merely serve
as a reporter system for the overall lipid composition of the liposome. Therefore, under the
assumption that the fluorescent probe does not interfere significantly with the natural behavior of the
lipids, the assay can be said to probe the overall difference in lipid composition between liposomes
in the same preparation. Additionally, the assay is not restricted to lipid species, but can also more
specifically measure the inhomogeneity of other fluorescently labelled compounds such as proteins
or peptides binding to - or residing in - the liposome, as described in the introduction. Also, only a
single fluorophore labelled lipid species is necessary the performing the size determination described
in the protocol.

Comment R3-2
Also, the probes are different so some difference in partitioning is expected.

Reply R3-2

Compositional inhomogeneity is lipid structure dependent, but fluorophore independent

The referee is highlighting an important aspect of compositional inhomogeneity, namely how it is
related to the lipid structure. When the referee notes that the probes are different he or she is correct
in the sense that the fluorophore is different between the used DOPE-Atto488 and DOPE-Atto655,
however the lipid anchor is purposely the same for both probes. It has previously been shown that the
compositional inhomogeneity is not significantly affected by the choice of Atto-dyes, but strongly
dependent on the lipid anchor, with increasing DI values quantified for anchors displaying reduced
structural similarity (see main text and SI of Larsen et. al, JACS 2011)*. Thus the DI quantified for
the dataset presented in the manuscript represents the case where the reporter lipid species are nearly
identical and thus should display even partitioning.

We have now, in the discussion section of the paper, highlighted that researchers using the protocol
should be aware of the physicochemical properties of the lipid anchor.



Comment R3-3
How reproducible is this method, and what happens when different batches are characterized?

Reply R3-3

The assay displays very strong batch-to-batch reproducibility

We share the view point of the referee that reproducibility is a key component for quantitative assays
like the one presented in this work. Therefore, we make sure that the reported average DI values and
standard error of the mean (SEM) originates from at least six independent experiments, performed on
two individually prepared liposome preparations. The strong accuracy and reproducibility of the
single liposomes assay is evident from the low SEM values reported both in this manuscript (average
DI + SEM = 0.23 + 0.01) and in previous studies on compositional inhomogeneity>->.
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