
Journal of Colloid and Interface Science 661 (2024) 1033–1045

Available online 5 February 2024
0021-9797/© 2024 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Regular Article 

Dynamics of giant vesicle assembly from thin lipid films 

Joseph Pazzi, Anand Bala Subramaniam * 

Department of Bioengineering, University of California, Merced, CA 95343, United States   

G R A P H I C A L  A B S T R A C T   

A R T I C L E  I N F O   

Keywords: 
Giant vesicles 
Giant unilamellar vesicles 
Thin film hydration 
Electroformation 
PAPYRUS 
Nanocellulose 
Synthetic cells 
Self-assembly 
Membrane dynamics 
Liposomes 

A B S T R A C T   

Motivation: Giant unilamellar vesicles (GUVs), cell-like synthetic micrometer size structures, assemble when thin 
lipid films are hydrated in aqueous solutions. Quantitative measurements of static yields and distribution of sizes 
of GUVs obtained from thin film hydration methods were recently reported. Dynamic data such as the time 
evolution of yields and distribution of sizes, however, is not known. Dynamic data can provide insights into the 
assembly pathway of GUVs and guidelines for choosing conditions to obtain populations with desired size 
distributions. 
Approach: We develop the ‘stopped-time’ technique to characterize the time evolution of the distribution of sizes 
and molar yields of populations of free-floating GUVs. We additionally capture high resolution time-lapse images 
of surface-attached GUV buds on the lipid films. We systematically study the dynamics of assembly of GUVs from 
three widely used thin film hydration methods, PAPYRUS (Paper-Abetted amPhiphile hYdRation in aqUeous 
Solutions), gentle hydration, and electroformation. 
Findings: We find that the molar yield versus time curves of GUVs demonstrate a characteristic sigmoidal shape, 
with an initial yield, a transient, and then a steady state plateau for all three methods. The population of GUVs 
showed a right-skewed distribution of diameters. The variance of the distributions increased with time. The 
systems reached steady state within 120 min. We rationalize the dynamics using the thermodynamically moti
vated budding and merging (BNM) model. These results further the understanding of lipid dynamics and provide 
for the first-time practical parameters to tailor the production of GUVs of specific sizes for applications.  
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1. Introduction 

Giant unilamellar vesicles (GUVs), single walled vesicles with di
ameters >1 µm, are comparable in size to biological cells, mimic the 
chemical and physical properties of plasma membranes, and compart
mentalize water soluble molecules in their lumens [1,2]. Because of 
these characteristics, GUVs are used widely in studies of membrane 
biophysics [3–8], synthetic biology [9–12], the origins of life [13–15], 
and in biological [16–20] and biomedical applications [21,22]. 

A popular class of methods to assemble GUVs is thin film hydration. 
In this class of methods, dry thin films of lipids on surfaces are hydrated 
in low salt aqueous solutions [1,2]. Variants of thin film hydration 
include ‘gentle’ or ‘natural’ swelling which uses glass surfaces [23,24], 
electroformation or electroswelling which uses conductive surfaces 
[25–27], gel-assisted hydration which uses glass surfaces coated with 
partially soluble polymers [28–30], and PAPYRUS, Paper-Abetted 
amPhiphile hYdRation in aqUeous Solutions, which uses nanocellulose 
paper [31]. Despite their wide use, an understanding of the dynamics of 
assembly of GUVs from these methods has remained limited. This lim
itation prevents rigorous mechanistic understanding and impedes the 
rational selection of experimental conditions to obtain GUVs with sizes 
desired for applications. 

We recently reported an analytical framework to quantify the dis
tribution of sizes and molar yields of populations of GUVs using confocal 
microscopy and large data set image analysis [31]. By standardizing 
experimental conditions and through statistical analysis, we showed 
that the molar yield of GUVs obtained using PAPYRUS was quantita
tively higher than electroformation and gentle hydration [31]. We 
explained this result by showing that the process of assembly of GUV- 
sized buds is thermodynamically favorable for PAPYRUS compared to 
electroformation and gentle hydration [31]. The surface of nano
cellulose paper is composed of entangled cylindrical nanofibers while 
the surfaces of plain glass and indium tin oxide (ITO)-coated glass slides 
are flat. The free energy change for forming spherical buds from cylin
drical bilayers with nanoscale radii is significantly lower than the free 
energy change for forming spherical buds from bilayers that are flat. The 
low free energy cost explains the high yield [31]. Here we develop a 
‘stopped-time’ characterization technique to address the question of the 
dynamics of GUV assembly for PAPYRUS, gentle hydration, and elec
troformation. The stopped-time technique involves harvesting all the 
buds from the surfaces at specific time points. Confocal tile scan images 
of the resulting population of free-floating GUVs serve as an arrested 
time snap of the configuration of the buds on the film at the moment of 
harvesting. We show that the stopped-time technique allows the study of 
the evolution of the size distribution and the molar yield of populations 
of GUVs as a function of time. 

We find that for all three methods, the molar yield versus time curves 
demonstrates a characteristic sigmoidal shape, with an initial yield, a 
transient, and then a steady state plateau. The yield of GUVs is similar 
for the three methods one minute post hydration. Then, during the 
transient period, the yield increases monotonically at different rates 
before reaching a steady state plateau at different levels and times. At 
steady state, the GUV yield for each method is maximized and does not 
change. In terms of sizes, GUVs obtained from the three methods show a 
right-skewed distribution of diameters ranging from 1 µm up to 150 µm. 
Although the total yield reaches steady state at 30 min for PAPYRUS and 
60 min for electroformation, the number of GUVs with diameters >10 
µm continues to increase up to 120 min for both PAPYRUS and elec
troformation. The rate of merging decreases with time, and after 120 
min, the configuration of the buds on the surface appears to be kineti
cally trapped. Our data shows that for PAPYRUS, obtaining maximal 
counts of GUVs between 10 µm and 50 µm in diameter requires 60 min of 
incubation and obtaining maximal counts of GUVs ≥ 50 µm in diameter 
requires 120 min of incubation. For electroformation, obtaining 
maximal counts of both GUVs between 10 µm and 50 µm in diameter and 
GUVs ≥ 50 µm in diameter requires 120 min of incubation. PAPYRUS 

had higher absolute counts of these large GUVs compared to electro
formation. Obtaining substantial numbers of GUVs ≥ 50 µm in diameter 
using gentle hydration was not possible. In contrast to the long incu
bation time needed to obtain maximal counts of large GUVs, the incu
bation time that maximizes the counts of GUVs < 10 µm in diameter is 
remarkably short, 30 min, 1 min, and 5 min for PAPYRUS, gentle hy
dration, and electroformation respectively. 

To obtain insights into mechanism, we capture high resolution time- 
lapse confocal microscopy images of the buds evolving on the surfaces. 
We observed three dynamical phenomena during the transient, merging 
of neighboring GUV-sized buds, emergence of new GUV-sized buds, and 
an increase in the diameter of already formed GUV-sized buds. All three 
dynamical processes slow with time, which explains the eventual steady 
state plateau in the yield and the size distribution of the GUVs. We show 
that the dynamics of assembly for all three methods can be explained 
using the thermodynamically motivated budding and merging (BNM) 
model of nano- and micro- scale buds. 

2. Materials and methods 

2.1. Materials 

We purchased 75 mm × 25 mm FisherbrandTM premium plain glass 
microscope slides, 22 mm × 22 mm glass coverslips (Gold Seal™) and 
150 mm diameter Petri dishes (Falcon™ Bacteriological Petri Dishes 
with Lid) from Thermo Fisher Scientific (Waltham, MA). We purchased 
25 mm × 25 mm indium tin oxide (ITO) coated-glass slides with a 
surface resistivity of 8–12 Ω/sq from Sigma-Aldrich (St. Louis, MO). We 
purchased acid-free artist grade tracing paper (Jack Richeson & Co., 
Inc.) and a hole punch cutter (Amon Tech) from Amazon Inc. (Seattle, 
WA). 

2.2. Chemicals 

We purchased sucrose (BioXtra grade, purity ≥ 99.5 %), glucose 
(BioXtra grade, purity ≥ 99.5 %), and casein from bovine milk (Bio
Reagent grade) from Sigma-Aldrich (St. Louis, MO). We purchased 
chloroform (ACS grade, purity ≥ 99.8 %, with 0.75 % ethanol as pre
servative) and poly(dimethyl)siloxane (Krayden Dow Sylgard 184 Sili
cone Elastomer Kit) from Thermo Fisher Scientific (Waltham, MA). We 
obtained Type I ultrapure water (resistivity ≥ 18.2 MΩ⋅cm) from an 
ELGA Pure-lab Ultra water purification system (Woodridge, IL). We 
purchased 1,2-dioleoyl-sn-glycero-3-phosphocholine (18:1 (Δ9-cis) PC 
(DOPC)) and 23-(dipyrrometheneboron difluoride)-24-norcholesterol 
(TopFluor®-Chol) from Avanti Polar Lipids, Inc. (Alabaster, AL). 

2.3. Lipid composition and concentration 

The composition of the lipid mixture that we used was DOPC:Top
Fluor®-Chol at 99.5:0.5 mol %. For typical experiments, we deposit 10 
µL of a 1 mg/mL solution of the lipid mixture onto 9.5 mm diameter 
circular pieces of paper (nominal surface concentration, NSC = 17 
nmol/cm2). We deposit 10 µL of a 0.25 mg/mL solution of the lipid 
mixture onto 9.5 mm diameter circular pieces of paper for the sparse 
buds experiments (NSC = 4.25 nmol/cm2). 

2.4. Stopped-time technique 

We followed our previously reported protocol to clean the substrates 
and assemble GUVs [31]. To perform the stopped-time technique, we 
arrested the evolution of buds by harvesting the GUV buds at 1 min, 10 
min, 30 min, 60 min, and 120 min. To harvest, we carefully dis
assembled the chamber by removing the top slide for gentle hydration 
and electroformation. We aspirated and expelled 100 µL of the hydrating 
solution 6 times on different regions to cover the whole substrate. After 
the sixth aspiration, we collected all the liquid ~150 µL containing the 
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GUVs and transferred the liquid into an Eppendorf tube. We constructed 
imaging chambers by covalently bonding custom-made square PDMS 
gaskets with dimensions of 6 × 6 × 1 mm (width × length × height) to 
glass microscope slides. To prevent the rupture of the GUVs on the glass, 
we passivated the surface using a solution of 1 mg/mL casein in 1 × PBS 
buffer for 1 h and then washed away the unbound casein with 3 washes 
of ultrapure water. We placed 58 µL of a 100 mM solution of glucose and 
then 2 µL of the suspension of harvested GUVs into the passivated 
chamber. We sealed the chamber using a glass coverslip and allowed the 
GUVs to sediment for 3 h before imaging. We used an upright confocal 
laser scanning microscope (LSM 880, Axio Imager.Z2m, Zeiss, Germany) 
to collect images. We excited the TopFluor® dye with a 488 nm argon 
laser and imaged using a 10 × Plan-Apochromat objective with a nu
merical aperture of 0.45. We collected 64 images covering the entire 
area of the chamber using an automated tile scan routine. Each tile was 
850.19 µm × 850.19 µm (3212 pixels × 3212 pixels). The routine used 
an autofocus feature to focus 5 µm above the surface of the glass slide. To 
capture the equatorial plane of GUVs with diameters between 1 and 150 
µm, the confocal pinhole was set to 12.66 Airy Units, AU, to capture light 
from a slice 80 µm in thickness. We conducted N = 3 independent re
peats per time point for a total of 18 independent samples for each of the 
three substrates. 

2.5. Image processing and analysis of tile scan data 

We used a custom routine in MATLAB (Mathworks Inc., Natick, MA) 
to analyze the vesicles from the confocal tile scan images [31]. We 
applied a threshold and a watershed algorithm to segment the fluores
cent objects from the background. We obtained the equivalent diameters 
and the mean intensities of each of the segmented objects using the 
native regionprops function. We selected objects based on the coefficient 
of variation 

(CV) of their intensity values to distinguish GUVs from non-GUV 
lipid structures such as multilamellar vesicles and nanotubes. Objects 
that fell within 1.75 times the full width at half maximum (FWHM) of 
the highest peak in the histogram of CV values were selected as GUVs. 
We collected the diameters and the counts of all the GUVs from the tile 
scan. We calculate the molar yield, expressed as a percentage, using Y =

100
(

2πmVh
NAAhgMVal

∑n
i=1di

2
)

. In this equation, m is the molecular weight of the 

lipid, Vh is the volume of the harvested GUV suspension, NA is Avoga
dro’s number, Ahg is the headgroup area of the lipid, M is the mass of 
lipid deposited on the surface, Val is the volume of the aliquot in the 
imaging chamber, n is the number of GUVs in the imaging chamber, and 
di is the diameter of vesicle i [31]. To obtain the average rate of lipid 
incorporation into the GUV-sized buds, we subtract the total mols of 
lipids in the GUV population at the plateau from the total mols of lipids 
in the GUV population at the 1-minute timepoint and divide this value 
with the time elapsed. To obtain the mols of lipid in the population we 
multiply Y with the mols of lipid deposited on the surface and divide by 
100. 

2.6. Imaging of buds on surfaces 

For the time-lapse images of surfaces with 17 nmol/cm2 of lipids, we 
used a 10 × Plan-Apochromat objective with a numerical aperture of 
0.45. We collected 15 z-slices at 2.8 μm increments starting at the sur
face of the substrate. We collected Z-Stacks at 5 min, 30 min, 60 min, and 
120 min. The area of the images was 425 µm × 425 µm, the pixel res
olution was 0.265 µm, and the pinhole was set to 0.85 AU which resulted 
in a slice thickness of 5.6 μm. To obtain a 2-dimensional projection of the 
buds, we summed the z-slices using ImageJ (Rasband, W.S., ImageJ, U. 
S. National Institutes of Health, Bethesda, Maryland, USA, https://i 
magej.nih.gov/ij/, 1997–2018). We used a 20 × Plan-Apochromat 
objective with a numerical aperture of 1.0 to observe the merging of the 
buds on surfaces with 17 nmol/cm2 of lipids. We captured 150 µm ×

150 µm images ~10 μm from the surface at an interval of 3.5 s for 7 min. 
We imaged two separate locations at 3 min and then at 53 min on N = 3 
independent samples. The pixel resolution was 0.119 µm and the 
confocal slice thickness was 1.5 μm. For time-lapse images of nano
cellulose paper with 4.25 nmol/cm2 of lipids, we used a 10 × Plan- 
Apochromat objective with a numerical aperture of 0.45. The images 
covered an area of 340 µm × 340 µm with a pixel resolution of 0.265 µm, 
and the pinhole was set to 1 AU resulting in a slice thickness of 5.8 µm. 
Each Z-Stack had 11 slices and took 1 min to acquire. We summed the 
slices of the Z-Stacks in ImageJ to create a 2-dimensional projection of 
the buds. We take each time interval as the time stamp of the first slice, 
that is, each sum projection image was 1 min apart. Our first point in 
time was at 3 min which was how long it took to find the focal position 
and set up the time series Z-Stack after hydrating the lipid-coated paper. 

2.7. Calculation of the average rate of merging 

In 2-dimensional confocal images, instances of bud merging manifest 
as the disappearance of the fluorescent membranes separating two 
adjacent non-fluorescent lumens from one frame to the next. The 
resulting merged bud has a single continuous fluorescent boundary that 
encompasses the region that was previously two separate lumens. We 
used the point selection tool in ImageJ to mark and count the instances 
of merging. We estimate the average rate of merging by dividing the 
total number of merging events per unit area by the total time of 
observation. 

2.8. Analysis of incorporation of lipids into buds 

For buds that do not merge with their neighbors, we measured the 
cross-sectional area of the buds in ImageJ. We converted the area into a 
diameter for a given bud i, Di, assuming the cross section was a circle and 
plot these values as a function of time. We obtain the average rate of 

lipid incorporation in a bud i, by using, Rate = 2π
NAAhg

(
D2

i,plateau−D2
i,intial

tplateau−tinitial

)

. In 

this equation, Di,plateau is the diameter of the bud at the plateau, Di,initial is 
the diameter of the bud at the initial timepoint, tplateau is the time at the 
plateau, ti,initial is the initial time. For buds that show a combination of 
increases in diameter and merging with their neighbors, we measured 
the area of the merged bud at the last frame and named it Bud 1. We then 
moved backwards in time toward the first frame to discern which buds 
merged and assign parent bud identities with index of i = 1⋯n where n 
is the total number of buds that merged to form Bud 1. We calculate the 
rate of lipid incorporation using a similar process to the buds that do not 
merge with their neighbors. 

3. Results and discussion 

3.1. Stopped-time technique provides images suitable for quantification of 
the dynamics of GUV assembly 

Fig. 1 shows high-resolution time-lapse images of buds evolving on 
the surface of nanocellulose paper (PAPYRUS), glass slides (gentle hy
dration), and ITO-coated slides (electroformation). The nanocellulose 
paper is composed of enmeshed cylindrical nanocellulose fibers with an 
average radius of 17 nm and an average length of 2 µm while the plain 
glass and ITO-coated glass slides are smooth and flat [31]. All the sur
faces were prepared identically by drop-casting 10 µg of the zwitterionic 
lipid 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and the fluores
cent sterol TopFluor® cholesterol at a mol ratio of 99.5:0.5 %. The 
nominal surface concentration of lipid on the surfaces is 17 nmol/cm2. 
We find that measuring changes in the diameter and observing the 
emergence of new buds from these images is difficult due to the high 
density of buds. Further, the surface images favor large buds while small 
buds are obscured. In contrast, representative stopped-time images (see 
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Materials and methods for details) at 1 min, 10 min, and 120 min show 
GUVs that are well separated (Fig. 2). GUVs with diameters ranging from 
one micrometer to hundreds of micrometers are plainly visible in the 
high-resolution images. Qualitatively, these images show that the 
number of GUVs with diameters >10 µm increase with time for 
PAPYRUS and electroformation. Small GUVs with diameters between 1 
µm and 10 µm are always present. Finding GUVs with diameters ≥50 µm 
in typical fields of view is more common after 120 min of incubation for 
PAPYRUS and electroformation while finding GUVs with diameters ≥50 
µm is rare for gentle hydration even for samples allowed to incubate for 
120 min. 

3.2. Maximum GUV sizes increase with time resulting in a broadening of 
the distribution of sizes 

We quantify the distribution of diameters and the number of GUVs 
from the tile scan images. Fig. 3 shows histograms of the distribution of 
diameters of the GUVs at 1 min, 10 min, and 120 min. We show the 
histograms for 5 min, 30 min, and 60 min in Figs. S1, S2, and S3 (Sup
porting Information). The bin width is 1 µm and each bin is an average of 
the N = 3 independent experiments. We normalize the counts by the 
lipid mass deposited on the substrates. 

All the samples show broad and strikingly asymmetric distributions 
of diameters for all time points. Asymmetric distributions of diameters 

are a common feature of GUVs obtained through thin film hydration 
methods such as from glass [24,31,32], electroformation [33], fabric 
[34], filter paper [35], and gel-assisted hydration [30]. In all samples 
and for all times, GUVs of small diameters are more abundant than GUVs 
of large diameters. Thus, there is no characteristic diameter of GUVs. 

We find that the distributions cannot be fit with common probability 
distributions, such as a Gaussian, exponential, gamma, Weibull, or 
lognormal distribution. These distributions are used to describe the sizes 
of dispersed particles that arise from classical nucleation and growth 
[36], coarsening [37], coalescence and fragmentation [38], and the 
assembly of nanoscale liposomes in bulk solution [39]. Thus, to obtain 
further insight into the dynamics of the evolution of the counts of GUVs, 
we divide our data into population classes based on diameter. Fig. 4a–c 
shows the counts of GUVs with diameters, d, between 1 µm ≤ d < 10 µm, 
Fig. 4d–f shows the counts of GUVs with diameters between 10 µm ≤ d 
< 50 µm, Fig. 4g–i shows the counts of GUVs with diameters d ≥ 50 µm, 
and Fig. 4j–l shows the total counts of GUVs. We chose these population 
classes because GUVs between 1 µm ≤ d < 10 µm are of the sizes of blood 
cells, intracellular organelles, and bacteria and GUVs between 10 µm ≤
d < 50 µm are of the size of mammalian cells. 

We find that the counts of GUVs < 10 µm in diameter shows non- 
monotonic behavior with time for PAPYRUS and electroformation 
(Fig. 4a,c), whereas the counts of GUVs < 10 µm in diameter decreases 
monotonically with time for gentle hydration (Fig. 4b). Unlike the 

Fig. 1. Sum projections of confocal Z-Stack images showing the time evolution of buds on the surfaces. (a) PAPYRUS, (b) Gentle hydration on glass, (c) Electro
formation. Because of the high density of buds that overlap in different layers, systematically counting the number of buds and measuring changes in the diameter of 
the buds is challenging. Scale bar 25 µm. 
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evolution of GUVs < 10 µm in diameter, the counts of GUVs between 10 
µm ≤ d < 50 µm and d ≥ 50 µm showed largely monotonic increases with 
time (Fig. 4d–i) for all three methods. The counts of GUVs between 10 
µm ≤ d < 50 µm and d ≥ 50 µm reaches a plateau within 120 min for 
PAPYRUS and electroformation. Of the three methods, PAPYRUS pro
duces the highest counts of GUVs ≥ 50 µm in diameter and gentle hy
dration the lowest. The evolution of the total counts of GUVs, however, 
is dominated by the counts of GUVs < 10 µm in diameter since they are 
more abundant than GUVs ≥ 10 µm in diameter (Fig. 4j–l). 

Looking at the summary statistics of the distributions (Table 1), the 
median diameter increased by less than 1 µm for all three methods, from 
2.8 ± 0.3 µm to 3.6 ± 0.2 µm for PAPYRUS, 2.3 ± 0.1 µm to 2.9 ± 0.3 
µm for gentle hydration, and 2.6 ± 0.1 µm to 2.8 ± 0.1 µm for 

electroformation. The variance of the distributions showed compara
tively larger changes, from 4.0 ± 0.5 µm2 to 20 ± 6 µm2 for PAPYRUS, 
3.1 ± 0.4 µm2 to 8 ± 2 µm2 for gentle hydration, and 3 ± 1 µm2 to 13 ±
1 µm2 electroformation. Overall, PAPYRUS showed the largest change in 
the median diameter and the variance and gentle hydration showed the 
smallest change. The evolution of the variance is consistent with the 
broadening of the distribution due to the largely monotonically 
increasing counts of GUVs ≥ 10 µm in diameter with time. Despite the 
increasing counts of GUVs ≥ 10 µm in diameter, the much larger 
numbers of GUVs < 10 µm in diameter results in a small net change in 
the median diameter of the population. 

To summarize, our data shows that obtaining maximal counts of 
GUVs ≥ 10 µm in diameter requires 120 min of incubation for 

Fig. 2. Representative stopped-time images of GUVs at different time points. The confocal pinhole was left open to capture light from a slice 80 µm in thickness. (a) 
PAPYRUS, (b) gentle hydration, (c) electroformation. GUVs with large diameters become more abundant with time while small GUVs are always present. Scale bar 
50 µm. 
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electroformation and PAPYRUS. In contrast, obtaining GUVs < 10 µm in 
diameter does not require long incubation times. The optimal incubation 
time to obtain GUVs < 10 µm in diameter is 30 min, 1 min, and 5 min for 
PAPYRUS, gentle hydration, and electroformation respectively. 
Obtaining substantial numbers of GUVs ≥ 50 µm in diameter using 
gentle hydration does not appear to be possible. Extending the incuba
tion time to 3 h does not change these results (Figs. S4, S5, Supporting 
Information). These results are useful for optimizing the incubation time 
to obtain GUVs of a desired diameter and places an upper limit on the 
diameter of GUVs that can be obtained from each method. 

3.3. GUV molar yields plateau within 60 min while coarsening of sizes 
proceeds for an additional 60 min 

Having characterized the evolution of the size distribution and GUV 
counts with time, we next consider the evolution of the molar yield of 
GUVs with time. The molar yield measures the moles of lipid in the 
membranes of the population of harvested GUVs relative to the moles of 
lipids that were initially deposited on the surface [31]. Drawing an 
analogy to chemical synthesis, the amount of lipid per unit area 
deposited onto the surface is the concentration of the reactant and the 
amount of lipid in the membranes of the harvested GUVs is the product. 
An increase in the molar yield indicates that more of the reactant has 
been converted into the product. Thus, the molar yield versus time curve 
for GUVs is analogous to a yield versus time curve of a chemical product. 
We describe the details for calculating the molar yield from confocal tile 
scan images in the Materials and methods. 

Fig. 5a–c shows stacked area plots of the molar yield versus time. the 
areas represent the portion of the yield that is comprised of GUVs 1 µm 
≤ d < 10 µm, dark blue, GUVs 10 µm ≤ d < 50 µm, light blue, and GUVs 
d ≥ 50 µm, white. Note that although GUVs ≥ 10 µm in diameter 
comprise less than 10 % of the population on a per count basis at 120 
min for all three methods, they make up to ~60 %, ~33 %, and ~54 % of 
the total yield of GUVs from PAPYRUS, gentle hydration, and electro
formation respectively. 

The total molar yield versus time curves is sigmoidal for all three 

methods. The molar yield of GUVs increases monotonically with time in 
a transient period before reaching a steady state plateau. At the plateau, 
the yield is maximized and does not change, that is, at the plateau, no 
new lipid incorporates into the GUV-sized buds from the lipid films. 

The yield at 1 min is largely similar for the three methods, 13 ± 1%, 
12 ± 2%, and 9 ± 1%, for PAPYRUS, gentle hydration, and electro
formation respectively. During the transient, the average rate of lipid 
incorporation was highest for PAPYRUS at 7.7 × 10−11 mol min−1 and 
lowest for gentle hydration at 4.7 × 10−12 mol min−1

. Electroformation 
had an intermediate rate of lipid incorporation at 2.8 × 10−11 mol 
min−1. These differences in rates are reflected in PAPYRUS reaching its 
steady state faster and plateauing at a higher value than gentle hydration 
and electroformation. The molar yield plateaus at 31 ± 1% at 30 min for 
PAPYRUS and at 22 ± 1% at 60 min for electroformation. Gentle hy
dration on glass plateaus at 60 min. However, unlike the other two 
methods, the yield at the plateau is 16 ± 2% which is only 4 % higher 
than the initial yield. In contrast, the difference between the initial yield 
and the yield at the plateau for PAPYRUS and for electroformation is 18 
% and 13 % respectively. 

After reaching a plateau in total yield, the proportion of lipids in 
GUVs between 1 µm ≤ d < 10 µm decreases while the proportion of 
lipids in GUVs 10 µm ≤ d < 50 µm and d ≥ 50 µm increases between 60 
min and 120 min for both PAPYRUS and electroformation. From this 
observation, we deduce that the amount of lipid in GUVs ≥ 10 µm in 
diameter increases at the expense of GUVs < 10 µm in diameter. Since 
the distribution of lipids shifts towards the population of GUVs with 
large diameters without any increase in the total molar yield, we classify 
this behavior as coarsening of the GUV buds. 

We plot the molar yield of GUVs ≥ 10 µm in diameter versus the total 
molar yield of GUVs to illustrate graphically the differences in dynamics 
between the methods (Fig. 5d–f). In these plots, the x and y error bars are 
one standard deviation from the mean and the gray dashed line is where 
half of the lipid molecules are in GUVs ≥ 10 µm in diameter. The orange 
lines with arrowheads trace the progression of time. Movement in the 
positive direction parallel to the x-axis shows incorporation of lipid from 
the film into the population of GUV-sized buds. Incorporation of lipid 

Fig. 3. Histograms of the distribution of diameters of GUVs. The counts are normalized per µg of lipid that was deposited on the surfaces. (a) PAPYRUS, (b) gentle 
hydration on glass, (c) electroformation. The inset shows the stopping time. The bin widths are 1 µm. Each bar represents an average of N = 3 independent ex
periments. Note the log scale on the y-axis. 
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occurs either through the formation of new buds <10 µm in diameter or 
through an increase in the diameter of the buds without changing the 
proportion of lipids in buds ≥10 µm in diameter. Movement in the 
positive direction parallel to the y-axis shows coarsening of the buds to 
form buds of large diameters without incorporating lipid from the film 
into the population of GUV-sized buds. Diagonal movements on the plots 
show both the incorporation of lipid and an increase in the diameter of 
the buds. 

These plots illustrate the fundamental differences in the dynamics of 
the buds for the three methods. PAPYRUS shows a period of both 
incorporation of lipid and increase in bud diameters for the first 30 min 
and a period of significant coarsening without lipid incorporation be
tween 30 and 60 min. Only minimal coarsening occurs from 60 to 120 
min. Gentle hydration shows both limited incorporation of lipid and 
limited increase in bud diameters, evident from the short path length of 
the arrows. The time trace is more complex for electroformation 
compared to the other two methods. Electroformation shows a period of 
both lipid incorporation and increases in bud diameter from 1 to 10 min 
and then again from 30 to 60 min. From 10 to 30 min, lipids incorporate 
into the population of GUV-sized buds with a minimal increase in bud 
diameters. Finally, from 60 to 120 min, GUV-sized buds coarsen with no 
incorporation of lipid. 

3.4. At typical lipid concentrations only merging of GUV-sized buds is 
visible on the surfaces 

To further understand the local dynamics of the buds that give rise to 
the population-level data, we imaged the evolution of the buds on the 
surfaces using high-resolution confocal microscopy. At the typical con
centration of 17 nmol/cm2 of lipids on the surface, micrometer-sized 
GUV buds are abundant and close-packed on the surfaces of nano
cellulose paper and ITO-coated slides (Fig. 1). Buds are less abundant on 
the glass slides. Fig. 6a shows a depth-coded x-y and x-z reconstruction 
of the buds on a piece of lipid-coated nanocellulose paper after 60 min of 
incubation. The buds appear as 5–6 layers stratified by size. Due to the 
large differences in the sizes of the buds, buds 1 to 5 μm in diameter 

Fig. 4. The evolution of GUV counts with time. (a–c) The number of GUVs 1 µm ≤ d < 10 µm, (d–f) the number of GUVs 10 µm ≤ d < 50 µm, (g–i) the number of 
GUVs d ≥ 50 µm and (j–l) the total number of GUVs. Each data point is an average of N = 3 independent experiments. The error bars show one standard deviation 
from the mean. 

Table 1 
Median diameter and variance of GUVs obtained from PAPYRUS, gentle hy
dration, and electroformation at different time points. Each value is an average 
of N = 3 independent repeats. The error is one standard deviation from the 
mean.  

Time 
(min) 

PAPYRUS Gentle hydration Electroformation 

Median 
(μm) 

Variance 
(μm2) 

Median 
(μm) 

Variance 
(μm2) 

Median 
(μm) 

Variance 
(μm2) 

1 2.8 ±
0.3 

4.0 ± 0.5 2.3 ±
0.1 

3.1 ± 0.4 2.6 ±
0.1 

3 ± 1 

5 3.3 ±
0.2 

7 ± 1 2.3 ±
0.1 

3.4 ± 0.5 2.0 ±
0.1 

2 ± 1 

10 3.3 ±
0.2 

9 ± 2 2.7 ±
0.1 

8 ± 3 2.6 ±
0.3 

10 ± 1 

30 3.4 ±
0.3 

11 ± 2 2.5 ±
0.1 

6 ± 1 2.5 ±
0.1 

7 ± 2 

60 3.6 ±
0.4 

17 ± 2 3.0 ±
0.5 

10 ± 3 2.5 ±
0.1 

7 ± 3 

120 3.6 ±
0.2 

20 ± 6 2.9 ±
0.3 

8 ± 2 2.8 ±
0.1 

13 ± 1  
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appear closer to the surface and buds >5 μm in diameter appear further 
away from the surface. The thickness of the overall layer of buds is 
~150–200 μm. Reflective of their lower yields compared to PAPYRUS, 
buds appear as two layers on the surface of ITO-coated slides and buds 
appear as a single layer on the surface of the glass slides. 

We obtained time-lapse images of the bud layer by focusing on a 
single z-plane 1.5 μm in thickness approximately 10 μm from the 

surfaces. The primary dynamical phenomena that we observe is merging 
of the surface-attached GUV buds. We estimate the rate of merging by 
imaging for a period of 7 min between 3 and 10 min after hydration and 
between 53 and 60 min after hydration. Fig. 6b shows a characteristic 
sequence of images of buds on nanocellulose paper (PAPYRUS) during 
the former period. We do not show the latter period because the buds 
show minimal changes. 

Fig. 5. Evolution of the molar yield of GUVs with time. (a–c) Area plots showing the time evolution of the molar yield of GUVs. (a) PAPYRUS, (b) gentle hydration on 
glass, (c) electroformation. The areas show the percentage of the molar yield that is comprised of the different size classifications listed in the legend. (d–f) Scatter 
plots showing the molar yield of GUVs ≥ 10 µm in diameter versus the total molar yield. (d) PAPYRUS, (e) gentle hydration on glass, (f) electroformation. The orange 
arrows show the progression of time. Each point is an average of N = 3 independent experiments. The error bars show one standard deviation from the mean. 

Fig. 6. In situ analysis of buds on the surface. (a) Three-dimensional configuration of the buds on the surface. The upper panel shows a color-coded x-y projection 
using the sum slices method of the buds from a confocal Z-Stack. The lower panel shows an orthogonal x-z projection of the region indicated by the dashed line in the 
upper panel. The white layer at the bottom are high densities of small buds on the surface of the paper. (b) Stills showing merging between buds. The white numbered 
arrowheads show the membranes that rearranged, which led to the merging of the adjacent buds. (c) The number of merging events between 3 and 10 min after 
hydration. (d) The number of merging events between 53 and 60 min after hydration. Each bar is an average of N = 3 different experiments. The error bars show one 
standard deviation from the mean. Scale bar 20 μm. 
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Fig. 6c,d shows a bar plot of the number of merging events that occur 
during the two observation periods. Between 3 and 10 min, PAPYRUS 
had the highest number of merging events at 5 events per 22,500 μm2 

per minute, followed by electroformation at 4 events per 22,500 μm2 per 
minute. Gentle hydration had the lowest number of merging events at 
0.5 events per 22,500 μm2 per minute. Between 53 and 60 min, the rate 
of merging decreased to below one event per 22,500 μm2 per minute for 
all three methods (Fig. 6d). These results show that merging is more 
prevalent for PAPYRUS and electroformation compared to gentle hy
dration and that the rate of merging decreases over the 1-hour period for 
both PAPYRUS and electroformation. 

The merging of micrometer-sized GUV buds does not increase the 
total amount of lipid in the GUV population. Since the stopped-time data 
shows periods of increase in the yield, we surmise new buds must 
emerge and buds must increase in diameter through mechanisms other 
than merging with neighboring GUV-sized buds. However, we could not 
discern these dynamical phenomena on these surfaces that have a high 
density of buds. 

3.5. Samples with sparse buds show emergence of new GUV buds and 
lipids incorporating into existing GUV buds 

To make progress, we prepared surfaces with sparse coverage of GUV 
buds by depositing four times less lipid on the surface, 4.25 nmol/cm2. 
We focused on the PAPYRUS method since it produced the highest yield 
of GUVs. We obtained detailed two-dimensional projections from the 
three-dimensional Z-Stacks that capture the dynamics of the buds. 
Fig. 7a shows the surface 3 min after hydration and Fig. 7b shows the 
surface 60 min after hydration. Most of the buds appear in clusters. 
There were few isolated buds. Within the clusters, we could identify 
buds >5 µm in diameter while buds <5 µm in diameter were poorly 
resolved. We could discern buds >3.5 µm in diameter when they were 
isolated. At 3 min, there were many regions of high fluorescence in
tensities within the clusters. We show a magnified image of one such 
region in Fig. 7c. At 60 min, the regions of high fluorescence intensities 
appear to be GUV buds >5 µm in diameter (Fig. 7d). We thus interpret 
that the regions of high fluorescence intensities are clusters of small 
buds < 5 µm in diameter that then subsequently evolved to become buds 
> 5 µm in diameter. 

For analysis, we selected six individual buds that do not appear to 
merge with their neighbors (numbered 1–6, colored boxes in Fig. 7a,b). 

Fig. 7. Images of the time evolution of buds on surfaces with low surface concentration of lipids. (a) Sum slices projection of buds at 3 min. The colored boxes 
highlight buds that do not merge with their neighbors and analyzed in Fig. 8a. The white dashed box corresponds to the cluster of buds analyzed in Fig. 8b. (b) Sum 
slices projection of buds at 60 min. (c) Magnified image showing regions with high fluorescence intensity in the clusters at 3 min (white arrows). (d) After 60 min, the 
bright regions evolved into optically resolvable buds. (a,b) Scale bar 50 µm. (c,d) Scale bar 10 µm. 
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Fig. 8a shows characteristic diameter versus time curves of the buds. 
Buds 1, 2, 4, and 6 were already micrometer in diameter at the earliest 
time of observation, while buds 3 and 5 emerged 15 min after we began 
our observation. All 6 curves show a sigmoidal shape. On average, the 
buds increase in diameter by 44 % over the course of 1 h. Buds spatially 
separated on the surface show different rates of lipid incorporation. The 
fastest rate of lipid incorporation was for Bud 3 at 9.7 × 10−17 mol min−1 

and the slowest rate of incorporation was for Bud 1 at 1.9 × 10−17 mol 
min−1. These individual rates are 6 orders of magnitude lower than the 
rates obtained for the population level data in Fig. 5. Taken together, our 
results suggest that local lipid concentration on the surface impacts the 
kinetics of lipid incorporation since the stopped-time data was collected 
with four times more lipid on the surfaces compared to these experi
ments. This result is consistent with the expectation that the kinetics 
accelerates with the increased surface concentration of lipids. 

Although we can discern bud emergence and diameter growth, even 
with sparse coverage, most buds increase in diameter and then merge 
with their neighbors. Fig. 8b shows zoomed images of the evolution of 5 
buds shown in the white dashed box in Fig. 7a. At the initial observation 
time, 5 buds were present. Then Bud 1ba, Bud1bb, and Bud1bc merge at 
29 min to form Bud 1b. Bud 1a, Bud1b, and Bud1c merge at 38 min to 
form Bud 1. All the buds clearly show an increase in their diameter due 
to incorporation of new lipids. Discontinuous step increases in diameter 
at merging events punctuates this steady increase (Fig. 8b). We note 
interestingly, that unlike buds separated in location, the rate of increase 
in diameter of these buds that are in proximity is similar to each other. 

We evaluate the effects of these dynamics on the bud sizes by 
measuring and plotting the histogram of the diameter of the buds on the 
surface at 5, 30, and 60 min (Fig. 8c). We show the median diameter and 
the variance in Table S1. The combination of bud emergence, sigmoidal 
bud growth, and merging reproduces the asymmetric distribution of 
diameters that we observe in our stopped-time data. 

To summarize, the local dynamics of the buds on the surfaces, though 
complex, qualitatively match the evolution of the population of GUVs. 
We suggest that the equal importance of bud emergence, bud diameter 
increase, and bud merging likely explains the inability of functions used 
to describe the time evolution of distributions of dispersed particles to 
explain the time evolution of the distributions of diameters of GUVs 
obtained from these thin film methods. 

3.6. The budding and merging model explains the dynamics of GUVs 

The underlying dynamics of the buds evolving on the surfaces are 

clearly complex. Nevertheless, we can deduce that fundamental mech
anisms are at work in each of the three thin film hydration methods. All 
three methods have similar initial yields despite the differences in sur
face geometry. Then, the yield increases at different rates and plateaus at 
different levels and times. 

We rationalize these results using the thermodynamically motivated 
budding and merging (BNM) model for the assembly of GUVs [31]. In 
this model, connected surface-attached spherical nano- and micro- sized 
buds merge to form GUV-sized buds on the thin lipid films [31]. The 
lipid bilayers in a stack conform to the flat surface geometry of the 
substrates used for electroformation and gentle hydration and the 
nanoscale cylindrical geometry of the enmeshed nanoscale cylindrical 
fibers of nanocellulose paper used for PAPYRUS. On surfaces composed 
of cylindrical fibers, the change in energy for forming a spherical bud of 
radius RB from a cylindrical bilayer with length Lc and radius Rc, ΔERB ,c, 
is given by Equation 1. 

ΔERB ,c = πκB

(

8 −
Lc

Rc

)

+ 4πRcλ − 2πRcLcξ (1)  

On flat surfaces, the change in energy for forming a spherical bud of 
radius, RB, ΔERB ,d, from a flat lipid disk of radius, Rd is given by Equation 
2. 

ΔERB ,d = 8πκB + 2πRdλ − πRd
2ξ (2)  

In these equations, κb is the bending modulus, λ is the edge energy, and ξ 
is the effective adhesion contact potential of the lipid bilayer. The first 
term on the right-hand side measures the change in bending energy, the 
second term measures the change in edge energy if breaks in the bilayer 
must form to allow budding at a constant area, and the third term 
measures the change in adhesion energy to separate the bilayers. We 
take that the bilayers are in a stack of multiple bilayers. Thus, the 
effective adhesion contact potential, ξ, is that of bilayers interacting 
with each other. For membranes that interact via an attractive interac
tion potential, such as for DOPC, ξ is negative. The geometry of the 
nanocellulose fibers limits the maximum size of buds that can form to 

RB =

̅̅̅̅̅̅̅
RcLc

2

√

. For the typical dimensions of a cylindrical bilayer on a 
nanocellulose fiber with Rc = 20 nm and Lc = 2000 nm, the radius of the 
budRB = 100 nm. Using values of κB = 8.5 × 10−20J, λ = 1 × 10−11J m−1, 
and ξ = −1 × 10−5 J m−2 for DOPC [40], the energy to form this bud, 
ΔERb ,c = −4750 kBT. Here the energy is expressed relative to the thermal 
energy scale 1 kBT = 4.11 × 10−21 J. Inspection of Equation 2 shows that 

Fig. 8. Analysis of bud dynamics on surfaces with a low surface concentration of lipids. (a) Diameter versus time trajectories for the 6 buds highlighted by the colored 
boxes in Fig. 7. These buds increase in diameter without merging with their neighbors. (b) Diameter versus time trajectories of the cluster of 6 optically resolvable 
buds highlighted by the white dashed box in Fig. 7. These buds show steady increases in diameter that are punctuated by large step increases in diameter at merging 
events (arrows). The buds eventually become a single bud at 40 min. (c) Histogram of the diameters of the optically-resolvable buds at 5 min, 30 min, and 60 min. 
The evolution of the bud on the surface mirrors the stopped-time data. 
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the energy for forming a spherical bud, RB = Rd
2 from a flat bilayer of 

radius Rd is always positive and scales with the radius of the bud. On flat 
surfaces, bilayers form large, stepped sheets [30] and thus there is no 
apparent geometrical limit to Rd. For a GUV-sized bud with RB = 0.5 µm, 
ΔERb,d ≈ 15,000 kBT. For a nanosized-bud with RB = 100 nm, ΔERb,d ≈

3580 kBT. This calculation emphasizes that the formation of buds of all 
sizes, including nanosized buds, is energetically costly on flat surfaces. 

Once formed however, the merging of connected spherical buds on 
the film is energetically favorable. This is because each spherical bud, 
regardless of size, has a fixed positive elastic energy of 8πκB due to the 
bending of the membrane. Merging of N buds to form n buds reduces the 
total elastic energy of the system by (N −n)8πκB. Thus, for a fixed area, a 
film with few spherical buds of large diameters has a lower total elastic 
energy than a film with large numbers of spherical buds of small di
ameters [31]. 

With this thermodynamically motivated picture, we seek to explain 
the dynamics (Fig. 9). For all three methods, there is a source of energy 
above kBT during the moment of hydration due to heats of hydration and 
hydrodynamic flows [41]. We thus expect buds to form on the lipid films 
regardless of the geometry of the films or the method. Assuming a 

Boltzmann like distribution, N∝exp
(

−
ΔERB

W

)
where W is the energy from 

external sources, we expect to have many more small buds than large 
buds on the films. Since we prepared our surfaces identically, the similar 
yield of GUV-sized buds obtained within 1 min after hydration for all 
three methods is consistent with this expectation (Fig. 9). 

During the transient period, the time evolution of yields diverges for 
the three methods. For PAPYRUS, since the change in free energy for the 
formation of nanoscale spherical buds from nanoscale cylindrical bi
layers is negative, additional nanobuds form spontaneously and merge. 

The steady increase in diameter of GUV buds (Fig. 8a) without any 
visible merging is consistent with nanoscale buds merging with the 
optically resolvable micrometer-scale GUV buds. Order of magnitude 
estimates reveals the reasonableness of this picture. To obtain a rate of 
lipid incorporation of 9.7 × 10-17 mol min−1, approximately three 
nanobuds withRB = 100 nm must merge per second with the GUV-sized 
bud. Approximately 25 nanobuds withRB = 100 nm must merge with 
each other to form a single 1 µm diameter bud. Assuming a rate of 
merging of 3 nanobuds per second, a 1 µm diameter bud can emerge 
every 10 s. We propose that the steady state plateau in yield that we 
observe occurs when the nanoscale buds are depleted on the surface. 

In contrast, gentle hydration shows both limited evolution of yields 
and limited increase in bud diameters compared to PAPYRUS. Like 
PAPYRUS, gentle hydration occurs in quiescent solution and does not 
have any obvious sources of energy input. However, unlike PAPYRUS, 
the formation of additional buds after the initial moment of hydration 
from flat bilayers requires the input of energy. We expect only limited 
nanoscale buds to be available to increase the sizes of the buds through 
merging. Thus, the limited evolution of GUVs after the initial moment of 
hydration for gentle hydration is rational. 

For electroformation, the electric field inputs energy by acting on the 
charges of the lipid headgroups and the solution [25,42–45]. Addi
tionally, merging of buds is said to be enhanced due to the action of an 
electric field [46]. We propose that the active input of energy from the 
electric field and the complex effects of the electric field on merging is 
consistent with the complex time evolution of the buds for electro
formation (Fig. 5f) compared to PAPYRUS and gentle hydration (Fig. 5d, 
e). Obtaining further detailed insights into the dynamics for electro
formation [47–49] will require a deeper understanding of the effects of 
the electric field on the thin lipid film and the aqueous buffer. 

Fig. 9. Proposed explanation for the observed dynamics. The free energy of formation of buds is negative for PAPYRUS and positive for gentle hydration and 
electroformation. At the initial phase, the expected similar energies due to the heat of hydration and the hydrodynamics of the buffer flows causes the formation of 
similar numbers of buds on all three surfaces. The behavior differs at the transient due to differences in energy of budding on the surfaces and the available sources of 
energy to do work. Large numbers of additional buds form and merge to form large buds for PAPYRUS due to the negative free energy change of budding of lipid 
bilayers on nanoscale cylindrical fibers. Limited number of buds form and merge for gentle hydration because the free energy change of budding is positive for lipid 
bilayers on flat surfaces. The electric field can do work to form moderate number of buds for electroformation despite the positive free energy change of budding. Due 
to the differences in numbers of buds that form for the three methods, the yield at the plateau and the number of GUV buds with large diameters is different. 
Schematics are not to scale. 
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Depletion of nanobuds can explain the eventual decrease in the rate 
of incorporation of lipids in the populations of GUVs. Our dynamic data 
however reveals that there must be barriers to bud merging since the 
rate of merging of GUV-sized buds decreases and eventually stops 
despite the apparent energetic favorability of continued merging. GUV- 
sized buds generally become larger with time. Many more lipid mole
cules must rearrange when large buds merge compared to when small 
buds merge. We speculate that the increase in viscous dissipation from 
moving large sections of membranes and volumes of buffer could bal
ance the energy gain of merging. This results in the slowing down of the 
rate of merging of neighboring GUV-sized buds and the apparent kinetic 
tapping of the configuration of GUV-sized buds after 120 min. 

4. Conclusions 

Previous approaches have reported qualitative or semi-quantitative 
measures of the yields of GUVs [1,2]. Recent quantitative measures of 
the molar yield and size distributions of populations of GUVs have only 
reported static yields [31]. The development of the stopped-time tech
nique here allows the first report of the time evolution of the molar 
yields and size distributions of GUVs. The results show that the time 
evolution of the molar yield of GUVs obtained from three thin film hy
dration methods, PAPYRUS, gentle hydration, and electroformation, is 
sigmoidal, with an initial yield, a transient, and a steady state plateau. 
Plotting the molar yield of GUVs ≥ 10 µm in diameter versus the total 
molar yield reveals significant differences in the dynamics between the 
three thin film hydration methods. The observed dynamics are consis
tent with the thermodynamically motivated budding and merging 
(BNM) model. The budding and merging model posits that GUVs 
assemble from thin lipid films through the formation and merging of 
surface-attached nano- and micro-meter scale buds. 

The apparent sigmoidal evolution of the yield is qualitatively akin to 
other interface dominated processes such as classical nucleation and 
growth [36]. However, the local GUV bud dynamics on the surfaces 
differ from these other systems and is characterized by an increase in the 
variance of the size distribution with time. Looking forward, population 
balance models used to describe interface dominated dynamical pro
cesses [50,51], but thus far not applied to the evolution of GUVs, offer a 
promising theoretical framework for understanding the evolution of 
GUV size distributions from the local processes of bud emergence, bud 
diameter increase, and bud merging. 

Future directions using the stopped-time technique could study the 
dynamics of the assembly of GUVs from membranes composed of mix
tures of lipids with different headgroups, chain saturations, chain 
lengths, and with different sterol contents. The composition of the 
membranes affects properties such as the bending rigidity, edge energy, 
and membrane adhesion. These changes will likely result in differences 
in the rate of lipid incorporation, the steady state yields, and the dis
tribution of sizes due to changes in the free energy cost of forming 
spherical buds. 

Finally, from a practical perspective, our data shows that the evo
lution of sizes is mostly complete within 120 min of the initial hydration. 
The data thus provides a pathway to rationally tailor the production of 
GUVs with specific sizes for applications. 
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