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Abstract

To date, surface-assisted assembly of cell-like giant vesicles use planar surfaces and require
the application of electric fields or dissolved molecules to obtain adequate yields. Here, we
present the use of nanoscale surface curvature and hydrophilic surface chemistry to promote
the high yield assembly of GUVs. We show that assembly on surfaces composed of entangled
hydrophilic nanocellulose fibers results in an unprecedented 100,000-fold reduction in costs
while increasing yields compared to extant techniques. Quantitative measurements of yields
provide mechanistic insight on the effect of nanoscale curvature and the effect of surface
chemistry. We present a thermodynamic ‘budding and merging’, BNM, model that unifies
observations of assembly. The BNM model considers the change in free energy by balancing
elastic, adhesion, and membrane edge energies in the formation of surface-attached spherical
buds. Due to curvature and the hydrophilicity of cellulose, energetically unfavorable
formation of buds on planar and spherical surfaces becomes favorable (spontaneous) on

surfaces composed of cylindrical cellulose nanofibers.
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Introduction

Giant unilamellar vesicles or GUVs are single-walled closed phospholipid bilayer membranes with
diameters larger than 1 micrometer”>. GUVs resemble minimal biological cells'?. This
resemblance has made GUVs instrumental in advancing understanding of, among others*”/,
membrane organization® ', cytoskeletal mechanics!!, reproduction'?, division'*"'¢, transport'7:!8,

and electrical signaling!®.  Furthermore, innovations in bottom-up synthetic biology?® 22,

23,24 25,26

engineering of artificial tissues™**, and delivery of drugs““° are opening up new avenues for the

use of GUVs in biomimetic applications.

27-34

Surface-assisted assembly, a growing collection of techniques in which solvent-free

lipid films are templated onto surfaces and then hydrated in aqueous solutions, is a promising route

to obtain giant vesicles. In the earliest discovered technique®”-8

, contemporarily known as ‘gentle
hydration’!, dry lipid films are templated onto impermeable glass and Teflon surfaces and then
hydrated in quiescent solutions. Electroformation modifies the procedure by applying an electric
field normal to lipid films templated on conductive surfaces*=°. Other recent modifications
include gel-assisted hydration, where lipid films are templated onto soluble hydrogels supported
on glass surfaces®'*23°> and PAPYRUS, Paper-Abetted amPhiphile hYdRation in aqUeous

Solutions, where lipid films are templated onto insoluble fibers of cellulose filter paper’? or fabrics

composed of natural, semi-synthetic, and synthetic fibers**.

Herein we present the use of nanoscale surface curvature of hydrophilic cellulose
nanofibers to assemble GUVs. Use of surfaces with nanoscale curvature results in significant
procedural simplifications and a 100,000x fold reduction in the costs of assembling GUVs. We
perform systematic experiments and show that lab-made nanocellulose paper and commercial

tracing paper, both composed of entangled hydrophilic nanoscale cellulose fibers, significantly
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increases the yield of GUVs compared to growth on planar surfaces, including when compared to
surfaces which are permeable to water and when compared to the widely-used electroformation
technique. Further, we find that when the surfaces are rendered hydrophobic, the yield of vesicles
is significantly reduced on both planar surfaces and on surfaces composed of nanoscale cylindrical
fibers. To the best of our knowledge, this paper presents the first quantitative comparison of the

yields of GUVs obtained from multiple surface-assisted assembly techniques.

To explain our results, we develop a thermodynamic Budding aNd Merging (BNM) model
for the surface-assisted assembly of GUVs. The BNM model considers the free energy change of
a membrane on a surface transitioning to a surface attached spherical bud. A balance between
elastic, adhesion, and membrane edge energies shows that the transition requires the input of
energy (endergonic) for membranes templated on planar surfaces and on spherical surfaces. The
transition releases free energy (exergonic) for membranes templated on cylindrical fibers of
nanoscale radii. Merging of buds to obtain fewer buds of larger diameters results in a reduction in
the elastic energy due to curvature of the population of buds. We show that a combination of
budding and merging provides a net exergonic pathway for the assembly of GUVs on surfaces
composed of nanoscale cylindrical fibers. We also show that the ratio of fiber radius to length that
can support the exergonic formation of buds decreases with increasing adhesion potential. For lipid
membranes on hydrophobic nanocellulose paper, this results in a switch from a net exergonic

pathway to a net endergonic pathway.

The BNM model accounts for our observations that the yield of vesicles is highest on both
the tracing paper and nanocellulose paper and for the dramatic reduction in yield on both these
surfaces when the fibers are rendered hydrophobic. The BNM model is also consistent with

observations of merging of vesicles buds on the surface. Since formation of larger vesicles requires
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the merging of many smaller buds, the model is consistent with the monotonically decreasing

abundance of vesicles of larger diameters obtained from surface-assisted assembly techniques.

Results and Discussion

Surfaces used. The application of electric fields®’, the swelling of the surfaces®?, and the increased
flux of water through permeable surfaces*® have been suggested to enhance the yields of GUVs.
To control for these potential factors and to isolate the effect of surface curvature, we used seven
different surfaces with varying properties. We used lab-made nanocellulose paper (NP),
commercial artist-grade tracing paper (TP), silanized tracing paper (CH3-TP), regenerated
cellulose dialysis membranes (RC), silanized glass slides (CH3-GS), pristine glass slides (GS),
and indium tin oxide (ITO)-covered slides (electroformation, EF). The first five surfaces have not
been used previously to assemble giant vesicles. The latter two surfaces are currently used to obtain
giant vesicles!. Nanocellulose is obtained through chemical hydrolysis and high-pressure

3738 This treatment delaminates the

mechanical homogenization of regular cellulose fibers
cellulose fibers, which are tens of micrometers in diameter, into their constituent nanocellulose
fibrils ~ 5 — 60 nm in diameter*’*8, Dissolution and chemical regeneration of cellulose to form
dialysis membranes result in smooth cellulose films devoid of fibrillar character*®. The lab-made
nanocellulose paper, commercial tracing paper, and regenerated cellulose dialysis membranes
were insoluble in water, hydrophilic, permeable to water, and swell in water’’**. The glass and
ITO-covered surfaces were impermeable and do not swell in water. Scanning electron microscopy
(SEM) imaging showed that the nanocellulose paper, tracing paper, and silanized tracing paper
were composed of entangled cylindrical nanofibers (Fig. 1a-c). The nanocellulose fibers were

polydisperse in radius and length. The average radius of the fibers was R = 17 + 6 nm, and the

average length of the fibers was L=5000 + 2000 nm. The regenerated cellulose dialysis membrane
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(Fig. 1d), silanized glass slides, glass slides, and ITO-covered slides were planar and featureless.
Grafting methyl groups onto the surfaces of the hydrophilic tracing paper and glass slides through
silanization made the respective surfaces hydrophobic*®. This surface treatment allowed us to
probe the behavior of lipids on hydrophobic surfaces while preserving the geometry of the

surfaces.

We prepared thin films of lipids by drop-casting a solution of the zwitterionic phospholipid
dioleoyl-sn-glycero-3-phosphocholine (DOPC) labeled with 0.5 mol % of the fluorescent sterol
TopFluor-Cholesterol (TF-Chol) dissolved in chloroform. After removing trace solvents under
vacuum, we incubated the surfaces in a 100 mM aqueous solution of sucrose. We applied an AC
electric field to the ITO-covered glass slides to perform the electroformation technique. All the
other surfaces were incubated without any further input of energy. Sample preparation for the
papers and dialysis membrane was achieved easily using standard disposable 48-well plates, while
for the glass slides and ITO-covered slides, custom chambers had to be assembled (See
Supplementary Methods for further details). After 2 hours of incubation, we imaged the surfaces
using high resolution confocal microscopy. Dense stratified layers of vesicle buds ranging in size
from 1 — 150 um covered the surfaces of the lab-made nanocellulose and commercial tracing
papers (Fig. le,f). There were fewer buds on the surface of the silanized tracing paper (Fig. 1g)
and regenerated cellulose dialysis membrane (Fig. 1h). We show similar images of the other
surfaces in Supplementary Fig. 1.

Hydrophilic surfaces with nanoscale cylindrical geometry produce high yields of GUVs. The
local densities and sizes of buds varied widely even on a single surface (Fig. 2a, Supplementary
Fig. 1). Thus, images of vesicular buds on the surface do not provide conclusive information on

the effects of the different surfaces on yields. To obtain quantitative data, we harvested the vesicle
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buds from the surfaces. Harvesting allows statistical sampling since the buds from various
locations on the surfaces become well-mixed in solution. We placed aliquots of the harvested
vesicles in an imaging chamber filled with a 100 mM solution of glucose (Fig. 2b). The sucrose
filled vesicles sediment to the bottom of the chamber since they have a higher density than the
surrounding solution of glucose. After waiting for three hours, we obtained single-plane confocal
tile scan images of the whole bottom surface of the imaging chamber. Confocal microscopy images
have high spatial dynamic range. Each image allowed us to identify vesicles ranging from 1 pm
in diameter up to hundreds of micrometers in diameter (Fig. 2c), i.e. the whole range of sizes
classified as GUVs'. Using a custom image analysis routine, we obtain the counts, the distribution
of sizes and the moments of the distribution of 0(10%) — 0(10°) vesicles per experiment (Fig.

2d). We performed five independent repeats for each surface.

Fig. 2d shows a histogram of the diameters of the GUVs obtained from a sample of tracing
paper. We show the histograms of the diameters of the GUVs obtained from the other surfaces in
Supplementary Fig. 2, and report summary statistics in Supplementary Fig. 3. The distributions of
diameters of the vesicles obtained from all the surfaces were right-skewed*', and showed
monotonically decreasing counts as a function of increasing diameter — smaller vesicles were
more abundant than larger vesicles (Supplementary Fig. 2a-g). Tracing paper and nanocellulose
paper produced higher average counts of vesicles with larger diameters (Supplementary Fig. 3a)
and produced populations of vesicles with larger median diameters (Supplementary Fig. 3b) and
larger extreme diameters (Supplementary Fig. 3¢) than the planar surfaces. The silanized surfaces
produced lower counts of vesicles and vesicles with smaller diameters compared to their

hydrophilic counterparts.
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To allow comparison between surfaces, we define a ‘molar yield’, Y, of GUVs. The molar
yield is the moles of lipids that compose the membranes of the GUVs normalized by the total
moles of lipid deposited onto the surface. We obtain the molar yield from the confocal images

2mmVp

LlSiIlg Y =100 (m
A Ahg al

L (d)? ) In this equation, M is the mass of lipid deposited on the

surface, m is the molecular weight of the lipid, V,; is the volume of the aliquot in the imaging
chamber, V), is the volume of the harvested GUV suspension, n is the number of GUVs in the

imaging chamber, and d; is the diameter of vesicle i.

Fig. 3a shows a stacked bar plot of the molar yields grouped by the surfaces with planar
geometry (red) and surfaces composed of entangled nanocylinders (blue). The bars are divided by
GUYV size ranges, 1 um < d < 10 um (small GUVs), 10 um < d < 50 um (large GUVs), and
d = 50 um (very large GUVs). The error bars are the standard deviation from the mean. We
perform statistical tests on our data. An Anderson-Darling test for normality shows that the molar
yield calculated from the independent repeats from all the surfaces were consistent with being
drawn from a normal distribution (Supplementary Table 1). A Bartlett’s test showed that the
samples had equal variances (Supplementary Table 1). Thus, the variation in the repeats is
consistent with the additive effects of multiple independent processes and is unlikely to be due to
systematic effects*?. To assess statistical significance of the effect of the surfaces on molar yields,
we perform a balanced one-way analysis of variance (ANOVA). The ANOVA showed that at least
one of the surfaces had a significant effect on the yield of GUVs [F(6,28) = 90.53, p = 5.06 x 10
7. We performed Tukey’s Honestly Significant Difference (HSD) post hoc tests to determine
statistical significance between pairs of surfaces. A p-value of < 0.05 was considered significant.

See Supplementary Table 2 for the ANOVA table and the results of the Tukey’s HSD.


https://doi.org/10.1101/2020.07.29.227686
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227686; this version posted July 31, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

The molar yield of GUVs from nanocellulose paper and tracing paper both ranged between
26% to 36% with a mean of 31%. The molar yield of GUVs from both surfaces were significantly
higher than the molar yield of GUVs obtained from the glass slides, regenerated cellulose dialysis
membranes, and ITO-covered glass slides (electroformation) which were 16 + 1%, 19 £+ 2%, and
22 + 2% respectively (all p<0.001, ***). The molar yield of GUVs obtained from the regenerated
cellulose dialysis membranes was not significantly different than glass (p=0.383). The
approximately 6% higher molar yield of GUVs obtained through electroformation compared to
glass was statistically significant, albeit with a lower confidence level of p = 0.005, **. The
difference in yield between electroformation and regenerated cellulose dialysis membranes was
not statistically significant (p = 0.439). The silanized glass slide and silanized tracing paper
surfaces had mean molar yields of 1 +0.4% and 8 + 2% respectively. This approximately 16-fold
reduction in yield for silanized glass and ~ 4-fold reduction in yield for silanized tracing paper

compared to their respective hydrophilic surfaces was highly significant (both p < 0.001, ***).

Summarizing these observations, we conclude that, 1) surfaces consisting of nanoscale
cylinders produce significantly higher yields of GUVs compared to planar surfaces, ii) the
increased permeability of water through a surface does not lead to a statistically significant increase
in the molar yield of GUVs compared to an impermeable surface, iii) the application of an electric
field leads to a statistically significant increase in the yield of GUVs compared to gentle hydration
on glass slides, and iv) hydrophobic modification of surfaces results in a significant reduction in

GUYV yields.

Fig. 3b shows a scatter plot of the mean yield of GUVs with diameters greater than 10 um
(large GUVs) versus the mean yield of the population. The vertical and horizontal error bars are

the standard deviation from the mean. The dashed orange line shows the values at which half of
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the vesicles in a population are classified as large. The yield of large vesicles is highly correlated
with the total yield of vesicles (Pearson’s R=0.9595, p=6.194 X 10™*). For surfaces that had low
yields, less than half of the vesicles were larger than 10 um. For surfaces that had high yields,
more than half of the vesicles were larger than 10 um. Thus, the fraction of large vesicles in a
population is proportional to the total yield of vesicles in the population. We surmise that obtaining
populations consisting exclusively of large vesicles from surface-assisted hydration is highly

unlikely.

The budding and merging model explains the effects of surface geometry and surface
hydrophobicity. Current proposed mechanisms®>?!*345 for the formation of GUVs cannot
explain our data. Based on our observations, we propose that GUVs form on lipid films templated
on surfaces through the process of bud formation followed by the merging of the buds (budding

and merging, BNM).

To determine the energy for bud formation, we model the free energy of a vesiculating
membrane that is templated on a surface using Equation (1):
E=f; dS{2(2H — Ho)® + K56 + ko + [, AV Ap + [, dS {€ ()} (1)
In this equation, k,, is the bending modulus, k. is the Gaussian bending modulus, H = % (k1 + K3)
is the mean curvature where k; and k, are the principal curvatures on the surface, G = K,k is the
Gaussian curvature, H,, is the spontaneous curvature, k, is the area expansion modulus, Ap is the
osmotic pressure difference, and &(h) is the microscopic interaction potential normal to the
surface of the membrane. The microscopic interaction potential can be traced to intermolecular
electrostatic, van der Waals, and structural forces*. The magnitude of these forces depends on the

distance, h, between the membrane and the surface®.

10
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The first integral on the right-hand side is the elastic energy of the membrane using the
Helfrich harmonic approximation*’*°. The expression penalizes bending from H, = 0 of a
symmetric bilayer membrane and for any stretching of the membrane. The Gaussian curvature is
invariant absent a topological change®®. Since the buds remain attached to the surface, the Gaussian
curvature of the membrane is invariant during the process of budding (See Supplementary Fig. 4
and Supplementary Text for a discussion of the morphology and connectivity of the buds). A region
of negative Gaussian curvature develops at the neck of the bud that equals the positive Gaussian
curvature of the spherical bud>’. We thus only consider changes in elastic energy of the membrane
due to changes in the mean curvature. The second term in Equation (1) accounts for pressure-
volume work. Osmotic pressure variations can arise from differences in the distribution of lipid
counterions®’. Since all the surfaces were templated identically with DOPC, we take Ap ~ 0. The
third term in Equation (1) accounts for the interaction between the membrane and the surface. In
addition to the bare surface, membranes organized as multilayers could have a bilayer, a depleted

bilayer’!, or a monolayer as a ‘surface’. Following*®#’

, We ignore microscopic details and replace
the microscopic interaction potential, £ (h), with an effective adhesion contact potential, . The
adhesion potential varies with the identity of the surface and can range over five orders of

46,51

magnitude®™". We show characteristic values for these parameters for phosphocholine lipid

bilayers in Supplementary Table 3.
The energy change, AE = E, — E; for the membrane templated on the surface to transition
to a spherical bud at a constant surface area, $; = S, is given by Equation (2):
AE = [g dS{2i,H?} = [ dS {2k, H?} = [ dS {§} + [ dr{A} )

The last term in Equation (2) introduces a constraint for a section of the membrane to transition
into a spherical bud at a constant area. If there is a lipid source, the membrane can transition to a

11
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spherical bud without requiring breaks by recruiting lipids from the source (Fig. 4a,c). In the
absence of a lipid source, the membrane must form breaks, with an edge energy A to allow the

lipids to reconfigure to form the spherical bud (Fig. 4b,d).

The free energy change due to budding can be negative on nanoscale cylinders. The curvature
elastic energy of a spherical bud is 8mkp and is independent of the size of the bud*’. The change

in energy for lifting a planar disk, with a radius of R ;¢ off of the surface to form a bud of radius

Ry = % is given by Equation (3):

AEgis = 8mkp + 2R i1 A — TR g5 € 3)

Fig. 4a shows this change in energy as a function of bud size for transitions with a lipid source for
values of adhesion energies £ = 0,—1 x 1077,—-1x 107, —-1x 107°, and —1 X 10™*Jm™2.
Fig. 4b shows the change in energy as a function of bud size for transitions without a lipid source.
Note the logarithmic scale on both the x and y axes. The change in free energy is positive
(endergonic) for all bud sizes and is significantly above the thermal energy scale kpT =
411 x 10721J at a temperature, T=298 K. The Boltzmann constant is kg. Since adhesive
interactions and the edge energy scales as ~ ERZ; ¢, and ~AR sk, smaller buds have a lower energy

of formation.

For a cylindrical section of membrane on a cylindrical fiber, there are multiple

combinations of radii, R.; and length, L,,; of the membrane that can produce a spherical bud with

radius, Rg = ’w The change in energy for forming a spherical bud is given by Equation (4):

L¢
AEcylinder = TiKp (8 R yl) + 4“chyl)l - 27TRcychylE 4)

cyl

12
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For a given Rg, longer L.y, and smaller R.,,; result in a larger change in energy. This is because

. . L .
the elastic potential energy due to curvature of the membrane scales as —2. The adhesive
cyl

interactions and the edge energy scales as ~ 2mR.y; Ly and ~47R.y,A. Intriguingly, bud

formation on nanocylinders of different lengths can result in zero and even negative change in free

energies (exergonic) (Fig. 4c). The colored lines are isoenergy lines where AE yinger = 0 plotted
in R¢y,; — L.y, phase space. These lines delineate the endergonic and exergonic regions for a given
adhesion potential (Fig. 4c). The magnitude and sign of AE;yjinqer at each coordinate can be

obtained by substituting (Rcyl,Lcyl, E) into Equation (4). The bud size that is formed at that

: o ,R L : .
coordinate is given by Rg = % Values to the left and above of the isoenergy line for a

given ¢ have exergonic changes in free energies. Values to the right and below the isolines result

in increasingly endergonic changes in free energies.

The model shows that attractive adhesion potentials of increasing magnitude results in a
smaller range of fiber radii that can support the exergonic growth of buds. Formation of buds with
breaks in the membrane decreases the size of the exergonic region (Fig. 4d). Interestingly, we find
that the exergonic formation of spherical buds is peculiar to fibers with cylindrical geometry.
Membranes templated on spherical particles, despite their curvature, have an overall positive

change in free energy (See Supplementary Text).

Assembly of giant vesicle buds proceeds through merging of buds on the surface. We estimate

) AE )
the number of buds that form per unit area of surface, N « exp (— W+I}:BT)’ where, AER , is the
B

free energy change of a bud of size Rz and W is the external energy available in the system. The

process of hydration introduces external energy from hydrodynamic flows or temperature

13
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gradients®’. These sources of energy have been proposed to cause the formation of giant vesicles*.
Due to their lower free energy of formation, nanoscale buds should be exponentially more
abundant than micrometer scale buds on the surfaces. Note that unlike on planar surfaces, thermal
energy can drive the formation of buds on surfaces with nanoscale cylindrical geometry since the

change in free energy is negative (Fig. 4c,d).

If nanoscale buds are exponentially favored, why do we obtain buds of sizes that range up
to hundreds of micrometers (Fig. 1)? External sources of energy could cause the formation of
large buds*®. However, since inputs of external energy is expected to be random, input of external
energy alone cannot explain the highly statistically significant increase in yields of vesicles

obtained from surfaces with nanoscale cylindrical geometry (Fig. 3a,b).

To obtain insight, we observe the dynamics of buds on the surfaces using time-lapse
confocal microscopy. We find that vesicular buds with diameters greater than 1 pm and as large
as 10 um were present within 4 minutes of hydrating the dry lipid-coated paper (Fig. 4¢). Further,
the buds evolved by merging on the surface. Smaller buds that were initially tens of micrometers
apart form a single larger bud through a series of cascading merging events over the course of 5
minutes (Fig. 4e). Merging results in the formation of buds that span many nanofibers (compare
the scales in Fig. 1a,b to Fig. 1d,e). We note that the total curvature energy of the vesiculating
membrane is only dependent on the number of spherical buds and not on the size of the buds. Thus,
merging while maintaining a constant bud area to form fewer buds of larger sizes results in the

reduction of the free energy of the vesiculating membrane.

Since we cannot directly observe the nanoscale buds with confocal microscopy, we posit
that the process of merging observed for the micron-scale buds extends to the nanoscale. This
supposition gives us the driving force for the formation of large micrometer scale buds from

14
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nanoscale buds. We consider an idealized pathway for forming a GUV bud 10 um in radius on a

surface consisting of nanocylindrical fibers with R.,; = 20 nm and L.,,;= 2000 nm. We use an
adhesion energy of —1 X 107> ] m~2 for DOPC bilayers interacting with each other*S. We consider
the case where there is no lipid source and thus transient breaks in the membrane must occur during
budding. We obtain a characteristic length L* ~ 384 nm where the budding energy AEyinger =

0 (red circle in Fig. 4d). The membrane on each fiber can form ~ 5 buds with a characteristic bud

2
1060200) ~ 2.6 X 10* of these nanobuds must merge to obtain a single

radius Ry = 62 nm. N = (

10000
62

2
bud 10 pm in radius. Nominally the system releases (1 —( ) )87‘[KB ~ —1x 107 kgT

through budding and merging. The highly exergonic nature of this idealized process suggests that
nanobuds are short lived on the surfaces. This result is consistent with the rapid emergence of
micrometer-scale buds on the surface of the paper (Fig. 4¢). Note that viscous dissipation and other
barriers will reduce the net energy change. In contrast, since the formation of buds on planar
surfaces is always endergonic, there is no thermally favored characteristic bud size. Using Ry =
62 nm as a comparison, the budding energy on a plane is ~ 2533 kgT per bud. The net energy
change for the formation of a vesicle through budding and merging on a planar surface is =
8 x 107 kgT.

An increase in the adhesion potential by an order of magnitude to —1 X 10~* ] m™2

gives
L* = 5920 nm and Rj; = 243 nm on the nanofiber surface (black circle, Fig 4d). This value of
L* is ~ 3 times larger than the L=2000 nm of the idealized nanofibers that we chose. Thus, despite
the nanoscale curvature of the fibers, formation of buds on this surface becomes endergonic. This

large effect of the magnitude of the adhesion potential on the energetics of bud formation is

consistent with our observation of the significant effect that silanization has on vesicle yields both
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on surfaces with planar geometry and on surfaces consisting of nanoscale fibers (Fig. 3a). This is
because the adhesion potential for membranes on hydrophobic surfaces can be as high as
—1 x 1071 J m™2 due to the formation of depleted membranes that expose hydrophobic regions®'.
On a surface consisting of entangled fibers of various lengths and radii, the effect of locally
different adhesion potentials and different dimensions of fibers could be reflected by having buds

forming only on a fraction of the nanofibers.

We note that the budding and merging model is consistent with the higher yields obtained
through electroformation compared to gentle hydration on glass (Fig. 3a). The electric field inputs
energy into the system which can drive bud formation. Such a source of energy is absent for gentle
hydration on glass and regenerated cellulose dialysis membranes. Further, electric fields reduce
the adhesion between phosphocholine bilayers?, which in our model results in the formation of a
larger number of buds for a given amount of external energy. Clearly however, nanoscale
cylindrical geometry is more effective in increasing vesicle yields than the application of electric

fields to lipid films.

Merging as the predominant mechanism of bud growth is consistent with the high positive
correlation between the fraction of large vesicles and the total amount of vesicles (Fig. 3b). It is
rational that the formation of larger numbers of nanobuds at a higher density on the surface will
lead to a greater number of merging events. Increased merging results in the formation of larger
vesicles on the surface. Further, many merging events must occur to obtain vesicles of larger
diameters. This scenario is consistent with our observations that very large vesicles are statistically
rare (Supplementary Fig. 2), while smaller vesicles are more abundant.

Nanopaper has practical methodological and cost advantages for small and larger scale

assembly of GUVs. Our data allows consideration of practical aspects of surface-assisted
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assembly of GUVs. We calculate the cost of substrates per vesicle (Fig. 5a) using the lowest posted
prices from the websites of large multinational suppliers of scientific materials (Supplementary
Table 4). The continuous lines are the mean substrate cost for a given vesicle size and the shaded
region around the lines are the standard deviation from the mean. Obtaining GUVs using tracing
paper has the lowest cost per vesicle of all sizes. The cost reduction is stark, particularly for
vesicles of larger diameters since they occur at a lower abundance. For example, producing a single
100 um diameter GUV using electroformation costs USD 0.16. The cost is more than 100,000%
lower when tracing paper (USD 0.0000013) is used as a surface. Note that for gentle hydration on
glass, vesicle sizes above 60 um were not accessible. We use a prototypical example of producing
1 liter of artificial blood, a still unsolved challenge®>™, to relate this cost analysis to the required
scales for potential synthetic cell or artificial tissue applications. The typical concentration of
erythrocytes in a healthy adult male is 4.92 x 10'2 cells/L. The biconcave cells have an equivalent
mean spherical diameter of 5.6 um>*. Obtaining 1 L of GUVs with diameters between 5.0 and 5.9
um at a concentration of 4.92 x 10'2 GUVs/L using electroformation would require a surface area
of 530 m?. The cost of the surface is approximately USD 12,000,000. In contrast, obtaining the
same number of GUVs using tracing paper would require a surface area of 150 m?at a cost of USD

120.

In addition to being the cheapest single-use surface, the high tensile strength of

nanocellulose®”*3

makes tracing paper resilient to mechanical insults. This resiliency allows
sterilization and rigorous cleaning before use or reuse. Fig. 5b shows stacked bar plots of the
molar yields of GUVs obtained from five cycles of use of a single piece of tracing paper. The

molar yields are unchanged within experimental variability in each of the five cycles. SEM images

of the tracing paper after the fifth cycle of use were indistinguishable from the paper after the first
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use (Supplementary Fig. 5). Thus, the tracing paper could be reused many more times, further
lowering fixed substrate costs. For example, reusing the paper five times reduces the amount of
surface needed for making 4.92 x 10'> GUVs with diameters between 5.0 and 5.9 um to 30 m? and

the cost to USD 24.

The manipulability of paper allows simple scale-up. We scale our typical process which
was optimized for 48-well plates by using a whole sheet of tracing paper (12-inch x 9-inch), a
commercial air-brush suitable for spraying harsh volatile solvents, and a 13-inch x 9-inch baking
tray as a fluid receptacle. Fig. 5S¢ shows a stacked bar plot of the total number of GUVs obtained
from the scaled-up experiment compared to the 48-well plate experiment. Note the logarithmic
scale on the y-axis which compresses the stacks within the bars. We obtain about 600 times more

GUVs, measured as the mols of lipids harvested, through the larger format experiment.
Conclusions

The results presented here have both practical and fundamental implications. The budding and
merging model accounts for the effect of surface curvature and hydrophobicity on the yield of
vesicles and is consistent with the right-skewed distribution of vesicle diameters in a population.
Our introduction of the concept of a molar yield of GUVs allows statistically rigorous comparisons
between different surfaces. Measurements of the molar yield can be extended to studies of other
parameters that might affect the formation of GUVs such as the temperature or the type of lipid.
Practically, the low cost of paper and the ability to use standard laboratory plasticware, such as
multiwell plates and Eppendorf tubes, makes surface-assisted assembly using nanocellulose paper
highly accessible in the research laboratory. The wide availability of industrial machines that print
solutions of volatile solvents and that handle paper on a massive scale®® suggests easy adaptation

to current industrial manufacturing practices. Our results thus address practical barriers that
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currently impede the promising use of GUVs as vehicles for the delivery of drugs, the

manufacturing of synthetic cells, and the assembly of artificial tissues at scale.

ASSOCIATED CONTENT

Supporting Information.

The Supporting Information is available free of charge on the ACS Publications website

at DOI:

Supplementary text describing the morphology of the buds on the surfaces and mathematical
details of the method. Supplementary methods. Figures showing: Confocal images of buds on the
different surfaces. Histograms of GUVs from different surfaces. GUV counts, median diameters,
and extreme diameters. FRAP experiments showing connectivity of buds on the surface. SEM
images showing the microstructure or reused tracing paper. Table of p-values for statistical tests.
Table of physicochemical properties of phosphocholine. Table of costs of substrates. Figure S1-

S5, Table S1-S4. (PDF).

AUTHOR INFORMATION

Corresponding Author

*E-mail: asubramaniam@ucmerced.edu

Author Contributions

The manuscript was written through contributions of all authors. All authors have given approval

to the final version of the manuscript.

19


https://doi.org/10.1101/2020.07.29.227686
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227686; this version posted July 31, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Acknowledgements:

This work was funded by the National Science Foundation through NSF CAREER DMR-1848573,
NSF CBET-1512686, and NSF-CREST: Center for Cellular and Biomolecular Machines at the
University of California, Merced (NSF-HRD-1547848). The data in this work was collected, in
part, with a confocal microscope acquired through the National Science Foundation MRI Award
Number DMR-1625733, and a scanning electron microscope acquired through NASA Grant

NNXI5AQ01A.

20


https://doi.org/10.1101/2020.07.29.227686
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227686; this version posted July 31, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

References:

(1)

2)

3)

4

©)

(6)

(7

(8)

Has, C.; Sunthar, P. A comprehensive review on recent preparation techniques of

liposomes. J. Liposome Res. 2019, 1-30.

Wurm, F. R.; Landfester, K.; Schwille, P. Liposomes and polymersomes: a comparative

review towards cell mimicking. Chem. Soc. Rev. 2018, 47, 8572-8610.

Beber, A.; Taveneau, C.; Nania, M.; Tsai, F.; Cicco, A. Di; Bassereau, P.; Lévy, D.;
Cabral, J. T.; Isambert, H.; Mangenot, S.; et al. Membrane reshaping by micrometric

curvature sensitive septin filaments. Nat. Commun. 2019, 10.

Yang, S.; Kreutzberger, A. J. B.; Kiessling, V.; Ganser-pornillos, B. K.; White, J. M.;
Tamm, L. K. HIV virions sense plasma membrane heterogeneity for cell entry. Sci. Adv.

2017, 3,e1700338.

Su, W. C.; Gettel, D. L.; Chabanon, M.; Rangamani, P.; Parikh, A. N. Pulsatile Gating of
Giant Vesicles Containing Macromolecular Crowding Agents Induced by Colligative

Nonideality. J. Am. Chem. Soc. 2018, 140, 691-699.

Gutierrez, M. G.; Malmstadt, N. Human serotonin receptor 5S-HT1A preferentially
segregates to the liquid disordered phase in synthetic lipid bilayers. J. Am. Chem. Soc.

2014, 136, 13530-13533.

Okur, H. L.; Tarun, O. B.; Roke, S. Chemistry of Lipid Membranes from Models to Living
Systems: A Perspective of Hydration, Surface Potential, Curvature, Confinement and
Heterogeneity. J. Am. Chem. Soc. 2019, 141, 12168-12181.

Dimova, R. Giant Vesicles and Their Use in Assays for Assessing Membrane Phase State,

21


https://doi.org/10.1101/2020.07.29.227686
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227686; this version posted July 31, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

©)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

available under aCC-BY-NC-ND 4.0 International license.

Curvature, Mechanics, and Electrical Properties. Annu. Rev. Biophys. 2019, 48, 93—119.

Veatch, S. L.; Keller, S. L. Separation of liquid phases in giant vesicles of ternary

mixtures of phospholipids and cholesterol. Biophys. J. 2003, 85, 3074-3083.

Fujioka, Y.; Alam, J. M.; Noshiro, D.; Mouri, K.; Ando, T.; Okada, Y.; May, A. I.; Knorr,
R. L.; Suzuki, K.; Ohsumi, Y.; et al. Phase separation organizes the site of autophagosome

formation. Nature 2020, 578, 301-305.

Loiseau, E.; Schneider, J. A. M.; Keber, F. C.; Pelzl, C.; Massiera, G.; Salbreux, G.;
Bausch, A. R. Shape remodeling and blebbing of active cytoskeletal vesicles. Sci. Adv.

2016, 2, €1500465.

Kurihara, K.; Tamura, M.; Shohda, K.; Toyota, T.; Suzuki, K.; Sugawara, T. Self-
reproduction of supramolecular giant vesicles combined with the amplification of

encapsulated DNA. Nat. Chem. 2011, 3, 775-781.

Pavlin, M. R.; Yan, S.; Righini, M.; Lee, I.; Carlson, L.; Bahrami, A. H.; Goldman, D. H.;
Ren, X.; Hummer, G.; Bustamante, C.; et al. ATP-dependent force generation and

membrane scission by ESCRT-III and Vps4. Science 2018, 362, 1423—1428.

Osawa, M.; Erickson, H. P. Liposome division by a simple bacterial division machinery.

Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 11000-11004.

Steinkiihler, J.; Knorr, R. L.; Zhao, Z.; Bhatia, T.; Bartelt, S. M.; Wegner, S.; Dimova, R.;
Lipowsky, R. Controlled division of cell-sized vesicles by low densities of membrane-

bound proteins. Nat. Commun. 2020, 11, 1-11.

Zong, W.; Ma, S.; Zhang, X.; Wang, X.; Li, Q.; Han, X. A Fissionable Artificial

22


https://doi.org/10.1101/2020.07.29.227686
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227686; this version posted July 31, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

(17)

(18)

(19)

(20)

21

(22)

(23)

(24)

available under aCC-BY-NC-ND 4.0 International license.

Eukaryote-like Cell Model. J. Am. Chem. Soc. 2017, 139, 9955-9960.

Barba-Bon, A.; Pan, Y. C.; Biedermann, F.; Guo, D. S.; Nau, W. M.; Hennig, A.
Fluorescence Monitoring of Peptide Transport Pathways into Large and Giant Vesicles by

Supramolecular Host-Dye Reporter Pairs. J. Am. Chem. Soc. 2019, 141,20137-20145.

Muraoka, T.; Umetsu, K.; Tabata, K. V.; Hamada, T.; Noji, H.; Yamashita, T.; Kinbara,
K. Mechano-Sensitive Synthetic lon Channels. J. Am. Chem. Soc. 2017, 139, 18016—

18023.

Garten, M.; Mosgaard, L. D.; Bassereau, P.; Toombes, G. E. S. Whole-GUV patch-

clamping. Proc Natl Acad Sci U S 42017, 114, 328-333.

Gopfrich, K.; Platzman, 1.; Spatz, J. P. Mastering Complexity : Towards Bottom-up
Construction of Multifunctional Eukaryotic Synthetic Cells. Trends Biotechnol. 2018, 36,

938-951.

Parolini, L.; Mognetti, B. M.; Kotar, J.; Eiser, E.; Cicuta, P.; Michele, L. Di. Volume and
porosity thermal regulation in lipid mesophases by coupling mobile ligands to soft

membranes. Nat. Commun. 2015, 6.

Kiichler, A.; Yoshimoto, M.; Luginbiihl, S.; Mavelli, F.; Walde, P. Enzymatic reactions in

confined environments. Nat. Nanotechnol. 2016, 11, 409-420.

Mantri, S.; Sapra, K. T. Evolving protocells to prototissues : rational design of a missing

link. Biochem. Soc. Trans 2013, 41, 1159-1165.

Li, Q.; Li, S.; Zhang, X.; Xu, W.; Han, X. Programmed magnetic manipulation of vesicles

into spatially coded prototissue architectures arrays. Nat. Commun. 2020, 11, 1-9.

23


https://doi.org/10.1101/2020.07.29.227686
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227686; this version posted July 31, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

(25)

(26)

27

(28)

(29)

(30)

€2))

(32)

available under aCC-BY-NC-ND 4.0 International license.

Krinsky, N.; Kaduri, M.; Zinger, A.; Shainsky-Roitman, J.; Goldfeder, M.; Benhar, [.;
Hershkovitz, D.; Schroeder, A. Synthetic Cells Synthesize Therapeutic Proteins inside

Tumors. Adv. Healthc. Mater. 2018, 7, 1-10.

Dhand, C.; Prabhakaran, M. P.; Beuerman, R. W.; Lakshminarayanan, R.; Dwivedi, N.;
Ramakrisha, S. Role of size of drug delivery carriers for pulmonary and intravenous

administration with emphasis on cancer therapeutics and lung-targeted drug delivery. RSC

Adv. 2014, 4, 32673-32689.

Reeves, J. P.; Dowben, R. M. Formation and properties of thin-walled phospholipid

vesicles. J. Cell. Physiol. 1969, 73, 49-60.

Bangham, A. D.; Standish, M. M.; Watkins, J. C. Diffusion of univalent ions across the

lamellae of swollen phospholipids. J. Mol. Biol. 1965, 13, 238-252.

Dimitrov, D. S.; Angelova, M. L. Lipid swelling and liposome formation mediated by

electric fields. Bioelectrochemistry Bioenerg. 1988, 253, 323-336.

Pereno, V.; Carugo, D.; Bau, L.; Sezgin, E.; Bernardino De La Serna, J.; Eggeling, C.;
Stride, E. Electroformation of Giant Unilamellar Vesicles on Stainless Steel Electrodes.

ACS Omega 2017, 2, 994-1002.

Horger, K. S.; Estes, D. J.; Capone, R.; Mayer, M. Films of agarose enable rapid
formation of giant liposomes in solutions of physiologic ionic strength. J. Am. Chem. Soc.

2009, /31, 1810-1819.

Weinberger, A.; Tsai, F. C.; Koenderink, G. H.; Schmidt, T. F.; Itri, R.; Meier, W_;

Schmatko, T.; Schrdoder, A.; Marques, C. Gel-assisted formation of giant unilamellar

24


https://doi.org/10.1101/2020.07.29.227686
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227686; this version posted July 31, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

available under aCC-BY-NC-ND 4.0 International license.

vesicles. Biophys. J. 2013, 105, 154—-164.

Kresse, K. M.; Xu, M.; Pazzi, J.; Garcia-Ojeda, M.; Subramaniam, A. B. Novel
Application of Cellulose Paper As a Platform for the Macromolecular Self-Assembly of

Biomimetic Giant Liposomes. ACS Appl. Mater. Interfaces 2016, 8, 32102-32107.

Girish, V.; Pazzi, J.; Li, A.; Subramaniam, A. B. Fabrics of Diverse Chemistries Promote
the Formation of Giant Vesicles from Phospholipids and Amphiphilic Block Copolymers.

Langmuir 2019, 35, 9264-9273.

Lopez Mora, N.; Hansen, J. S.; Gao, Y.; Ronald, A. A.; Kieltyka, R.; Malmstadt, N.; Kros,
A. Preparation of size tunable giant vesicles from cross-linked dextran(ethylene glycol)

hydrogels. Chem. Commun. 2014, 50, 1953—1955.

Stein, H.; Spindler, S.; Bonakdar, N.; Wang, C.; Sandoghdar, V. Production of isolated

giant unilamellar vesicles under high salt concentrations. Front. Physiol. 2017, 8, 1-16.

France, K. De; Zeng, Z.; Wu, T.; Nystrom, G. Functional Materials from Nanocellulose :
Utilizing Structure — Property Relationships in Bottom-Up Fabrication. Adv. Mater. 2020,

2000657 .

Trache, D.; Tarchoun, A. F.; Derradji, M.; Hamidon, T. S. Nanocellulose : From

Fundamentals to Advanced Applications. Front. Chem. 2020, 8, 392.

Smook, G. Handbook for Pulp and Paper Technologists, 4th ed.; TAPPI Press: Peachtree

Corners, 2016.

Glavan, A. C.; Martinez, R. V.; Subramaniam, A. B.; Yoon, H. J.; Nunes, R. M. D.;

Lange, H.; Thuo, M. M.; Whitesides, G. M. Omniphobic “rF paper” produced by

25


https://doi.org/10.1101/2020.07.29.227686
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227686; this version posted July 31, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

available under aCC-BY-NC-ND 4.0 International license.

silanization of paper with fluoroalkyltrichlorosilanes. Adv. Funct. Mater. 2014, 24, 60-70.

Pazzi, J.; Xu, M.; Subramaniam, A. B. A. B. Size distributions and yields of giant vesicles

assembled on cellulose papers and cotton fabric. Langmuir 2018, 35, 7798-7804.

Robert L. Mason, Richard F. Gunst, J. L. H. Statistical Design and Analysis of
Experiments: With Applications to Engineering and Science, Second.; Wiley-Interscience:

Hoboken, New Jersey, 2003.

Lasic, D. D. The spontaneous formation of unilamellar vesiscles. J. Colloid Interface Sci.

1988, 124, 428-435.

Hishida, M.; Seto, H.; Yamada, N. L.; Yoshikawa, K. Hydration process of multi-stacked

phospholipid bilayers to form giant vesicles. Chem. Phys. Lett. 2008, 455, 297-302.

Yamada, N. L.; Hishida, M.; Seto, H.; Tsumoto, K.; Yoshimura, T. Unbinding of lipid
bilayers induced by osmotic pressure in relation to unilamellar vesicle formation. EPL

2007, 80.

Israelachvili, J. N. Intermolecular and Surface Forces, 3rd ed.; Academic Press: Waltham,

MA, 2011.

Helfrich, W. Elastic Porperties of Lipid Bilayers: Theory and Possible Experiments. Z.

Naturforsch 1973, 28¢, 693—703.

Helfrich, W.; Servuss, R. M. Undulations, steric interaction and cohesion of fluid

membranes. Nuovo Cim. D 1984, 3, 137-151.

Seifert, U.; Lipowsky, R. Adhesion of vesicles. Phys. Rev. A 1990, 42, 4768—4771.

Dharmavaram, S.; She, S. B.; Lazaro, G.; Hagan, M. F.; Bruinsma, R. Gaussian curvature

26


https://doi.org/10.1101/2020.07.29.227686
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227686; this version posted July 31, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

and the budding kinetics of enveloped viruses. PLoS Comput. Biol. 2019, 15, 1-22.

(51) Helm, C. A.; Israelachvili, J. N.; McGuiggan, P. Role of Hydrophobic Forces in Bilayer

Adhesion and Fusion. Biochemistry 1992, 31, 1794—-1805.

(52) Riess, J. G.; Cells, R. B. Oxygen carriers (“blood substitutes”) - Raison d’etre, chemistry,

and some physiology. Chem. Rev. 2001, 101, 2797-2919.

(53) Tao, Z.; Ghoroghchian, P. P. Microparticle, nanoparticle, and stem cell-based oxygen

carriers as advanced blood substitutes. Trends Biotechnol. 2014, 32, 466—473.

(54) Bartels, P. C.; Helleman, P. W.; Soons, J. B. J. Investigation of red cell size distribution
histograms of normal male and female subjects. Scand. J. Clin. Lab. Invest. 1989, 49,

225-231.

27


https://doi.org/10.1101/2020.07.29.227686
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227686; this version posted July 31, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

TOC Graphic

28


https://doi.org/10.1101/2020.07.29.227686
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227686; this version posted July 31, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 1. Characterization of the substrates and the assembled giant vesicle buds. (a-d) SEM
images showing the microstructure of, (a) lab-made nanocellulose paper, (b) commercial tracing
paper, c silanized tracing paper, and (d) regenerated cellulose dialysis membranes. (e-h) Confocal
images of the templated lipid film after 2 hours in aqueous solutions on, e nanocellulose paper, (f)
tracing paper, (g) silanized tracing paper, and (h) regenerated cellulose dialysis membranes. Scale

bars: (a-d) 2 um, (e-h) 50 pm.


https://doi.org/10.1101/2020.07.29.227686
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227686; this version posted July 31, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

N=1.1x10°
Median = 3.4 um
Yield =29 %

50 100 150
Diameter (um)

Figure 2. Quantitative analysis of GUVs (a) Cross-sectional schematic showing the large local
differences in bud sizes and bud density on a substrate. The schematic was based on the
experimental images in the bottom row, which are from assembly on a glass surface. Images from
the other surfaces are shown in Supplementary Fig. 1. (b) Schematic showing the procedure for
measuring the distribution of sizes and molar yield of GUVs. (Clockwise) Vesicle buds were
harvested from the substrate and aliquots were introduced into a 6 mm x 6 mm square imaging
chamber. After allowing the vesicles to sediment for 3 hours, we image the whole bottom surface
of the chamber using single plane confocal microscopy. (c) Stitched confocal images of a typical
tilescan of the vesicles in the chamber. The insets show progressive zoomed in views of a single
tile and a region within the tile. Vesicles with diameters from 1 um up to 150 pm are visible. (d)
(Left) Example of processed images. The objects classified as GUVs are false colored red. The

gray objects were not included in the count since they had intensities consistent with being
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multilamellar vesicles. An example of a histogram of GUV diameters obtained from a single repeat
from tracing paper. The counts were normalized by the total mass of the DOPC deposited on the

substrate. Bin widths are 1 um. Note the logarithmic scale on the y-axis. Scale bar: 50 um.


https://doi.org/10.1101/2020.07.29.227686
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227686; this version posted July 31, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

B 1 ym<d <10 um

a [l e b

35 = Al
§zg- - | 545 el
< =) Rl
3 20 ‘a1c) EEj£7ﬂ "
= 150 2
= 10f %5ﬁW§®++m

5} - //’/ CH;-TP

0 ot ]

0 5 10 15 20 25 30 3
Molar Yield (%)

>

:(Q
o oM

Figure 3. Molar yields of GUVs obtained from planar substrates and substrates composed of
cylindrical nanofibers. (a) Stacked bar plots of the molar yields of GUVs obtained from growth on
planar substrates (red) and substrates composed of cylindrical nanofibers (blue). Each bar is an
average of N =5 independent repeats and the error bars are the standard deviation from the mean.
The planar substrates are electroformation on ITO-covered slides (EF), regenerated cellulose
dialysis membranes (RC), glass slides (GS), and silanized glass slides (CH3-GS). The substrates
composed of cylindrical nanofibers are tracing paper (TP), lab-made nanopaper (NP), and
silanized tracing paper (CH3-TP). Each bar is split into three regions corresponding to the fraction
of vesicles with diameter ranges as described in the legend. Statistical significance was determined
using a one-way ANOVA and Tukey’s HSD post-hoc tests. * = p <0.05, ** = p <0.01, *** =p
< 0.001, NS = not significant. (b) Scatter plot showing the yield of GUVs with diameters larger
than 10 pm versus the total molar yield of GUVs. The orange dashed line corresponds to half the

GUVs being larger than 10 um. The x- and y- error bars are the standard deviation from the mean.
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Figure 4. The budding and merging model. (a-d) The schematics show the configuration of the
membrane templated on the surface transitioning to a spherical bud at a constant surface area,
S1 =S,. Plots of the change in free energy as a function of bud size when the membrane
transitions from a plane to a spherical bud when, (a) there is a lipid source, (b) when there is no
lipid source. All energies are relative to the thermal energy scale, kzT, and are significantly above
zero. Plots of isoenergy (AE,; = 0) lines in R,,; — L, phase space when a membrane transitions
to a spherical bud, (c) when there is a lipid source, (d) when there is no lipid source. The red and
black circles in (d) represent the test radius of R.y,; = 20 nm and length L,; = 2000 nm as
described in the main text. The colors of the line denote different adhesion energies as described
in the legend in (d). Note the logarithmic scale for both the x- and y- axes of these plots. e Stills

from a confocal time-lapse of 7 vesicle buds merging over the course of ~ 5 minutes. The first
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image was captured 4 minutes after initial immersion of the lipid-coated paper in water. The white

arrows indicate vesicle walls that merge. Scale bars 10 pm.
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Figure 5. Analysis of costs and scalability. (a) Line plots showing the average cost of the
substrate in US dollars to produce a single vesicle of a given diameter using electroformation (red),
glass slides (green), regenerated cellulose dialysis membranes (orange), and tracing paper (blue).
Note the logarithmic scale on the y-axis. The line shows the mean of N = 5 independent repeats
and the shaded region around the lines are the standard deviation from the mean. Bin widths are 1
um. Electroformation had the highest costs per vesicle and tracing paper had the lowest costs per
vesicle. (b) Stacked bar plot of the molar yield of GUVs harvested 5 times cyclically by reusing a
single piece of tracing paper. (c) Stacked bar plot of the mols of lipid harvested as GUVs using a
48-well plate experiment and a larger-scale whole sheet experiment. Note the logarithmic scale on

the y-axis which compresses the stacks within the bars.
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