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protocols, we identified two key issues for such mixtures. The first issue is related to 
experiment reproducibility. Most protocols use the drop-deposition method which produces 
lipid films of nonuniform thickness, resulting in lower experiment reproducibility and 
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crystals during lipid film drying, resulting in an artifactual decrease of cholesterol concentration 
in GUVs compared to the initial lipid mixture. To deal with the first problem, we first tested 
electroformation from such mixtures with replacement of the drop-deposition step by spin-
coating. Optimizing this process improved the GUV size and yield, but the cholesterol 
demixing issue remained. To address this issue, we developed a new protocol which combines 
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ABSTRACT 
 
Giant unilamellar vesicles (GUVs) are widely used as artificial cell membrane models. 
Chol concentrations of around 30 - 40 mol% are most commonly experimented with, 
since most biological membranes do not exceed this level. Our work concentrates on 
membrane models with cholesterol content reaching and surpassing the Chol saturation 
threshold which correspond to a Chol concentration of approximately 50 mol% in 
phospholipid membranes. After the saturation threshold is reached, the excess Chol is 
incorporated into pure Chol bilayer domains up to a solubility threshold after which 
Chol crystals are formed outside the membrane. Membrane models with such high 
Chol content are of special interest to researchers investigating the fiber cell plasma 
membranes of the eye lens or the role of Chol in the development of atherosclerosis. In 
the case of fiber cells of eye lenses, the Chol/phospholipid molar ratios can be up to 2 in 
the lens cortex and up to 4 in the nucleus. 
 Electroformation is the most commonly used method for production of GUVs. 
The method depends on multiple parameters, so reproducible production of high 
quality GUVs can be challenging, especially when working with lipid mixtures 
containing cholesterol (Chol) concentrations reaching and surpassing the bilayer 
saturation threshold. After analyzing existing electroformation protocols, we identified 
two key issues for such mixtures. The first issue is related to experiment reproducibility. 
Traditional protocols use the drop-deposition method which produces lipid films of 
nonuniform thickness, resulting in lower experiment reproducibility and efficiency of 
GUV formation. The second is Chol demixing in the form of anhydrous crystals during 
lipid film drying, resulting in an artifactual decrease of Chol concentration in GUVs 
compared to the initial lipid mixture. 
 To deal with the first problem, we tested electroformation from binary 
phosphatidlcholine/Chol and ternary phosphatidylcholine/sphingomyelin/Chol 
mixtures with high Chol concentrations. Replacement of the drop-deposition step by 
spin-coating and optimization of the electrical parameters improved the GUV size and 
yield. The optimal film thickness was found to be ~ 30 nm, and the results were 
obtained for frequency–voltage combinations in the range of 2–6 V and 10–100 Hz.
 However, the Chol demixing issue remained. To address this issue, we 
developed a new protocol which combines the rapid solvent exchange, plasma cleaning 
and spin-coating techniques to produce GUVs through electroformation from damp 
lipid films. We believe that this new improved electroformation protocol will enable 
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successful studies of models of eye lens fiber cell membranes with their very high Chol 
content. Furthermore, both using aqueous solutions and treating the electrodes with 
plasma have been proven beneficial for electroformation efficiency, allowing for 
production of GUVs with charged lipids and solutions containing high ion 
concentrations. Since it avoids organic solvents and lipid film drying, the protocol could 
also be adapted for protein reconstitution into GUVs. 
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1 INTRODUCTION 

1.1 Plasma membranes with a high cholesterol content 
 

The plasma membrane is a complex structure separating the cell interior from its 
environment. It consists of various different lipids, mostly phospholipids, sphingolipids 
and cholesterol (Chol), but also membrane proteins and carbohydrates [1,2]. 
Phospholipids differ with respect to the headgroup, hydrocarbon chain length and 
degree of unsaturation. Physical properties of the membrane change depending on its 
phospholipid composition and differences in Chol content [3]. Chol concentration 
influences the membrane thickness and rigidity [4,5], domain formation [6], and cell 
signaling [7]. The Chol molecule consists of a polar head, a rigid steroid ring structure 
and a nonpolar hydrocarbon tail. It is positioned with its head among the polar heads of 
other phospholipids and the rigid ring structure alongside the acyl chain region of 
lipids. Consequently, the Chol molecule can regulate the lateral organization and 
physical properties of the membrane.  

Artificial vesicles are often grown from single phospholipid species. Aside from 
phospholipids, Chol and/or sphingomyelin are most frequently incorporated into 
vesicles since they are the other two most abundant eukaryotic plasma membrane 
components [8–10]. Chol concentrations of up to ~50 mol% are most commonly 
experimented with, since most biological membranes do not exceed this level [8,11], 
and the maximum solubility limit of Chol in phospholipid membranes seems to be 
around 66 mol% [12,13]. 

Our work concentrates on membrane models with Chol content reaching and 
surpassing the Chol saturation threshold which correspond to a Chol concentration of 
approximately 50 mol% in phospholipid membranes. After the saturation threshold is 
reached, the excess Chol is incorporated into pure Chol bilayer domains (CBDs) up to a 
solubility threshold after which Chol crystals are formed outside the membrane [14,15]. 
Membranes with such high Chol content are of special interest to researchers 
investigating the fiber cell plasma membranes of the eye lens [14,16–21] or the role of 
Chol in the development of atherosclerosis [22,23]. The fiber cells of eye lenses exhibit 
Chol/phospholipid molar ratios of up to 2 in the lens cortex and up to 4 in its nucleus 
[24,25]. Such high Chol contents are thought to be crucial for maintaining lens 
transparency by enabling the formation of CBDs which ensure that the surrounding 
phospholipid bilayer is saturated with Chol. High Chol content is a sign of pathology in 
most tissues and organs [11,23]. Eye lenses are the only system in which such high Chol 
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concentrations and CBDs are needed to maintain fiber cell membranes, fiber cells, and 
whole lens homeostasis.  

 

1.2 Liposomes as artifical membrane models 
 

Artificial vesicles have become an important research tool due to their similarity to 
biological membranes [26–31]. Being lab-created, they enable the study of membrane 
properties under controlled conditions. Based on their structure, we classify vesicles 
into unilamellar, multilamellar (MLVs) and oligolamellar vesicles (Figure 1). 
Unilamellar vesicles only have a single outer bilayer, multilamellar vesicles contain 
multiple bilayers arranged in concentric circles, and oligolamellar vesicles enclose 
smaller vesicles inside. Unilamellar vesicles are further sorted by size into small (SUVs, 
< 100 nm), large (LUVs, 100 nm – 1 µm), and giant unilamellar vesicles (GUVs, > 1 µm) 
(Figure 1). Small and large unilamellar vesicles are more often studied in the context of 
drug delivery applications [32–34] and GUVs are more interesting to researchers 
studying membrane properties and organization because of similarity in size to 
eukaryotic cells. An additional advantage of GUV size is the possibility to observe them 
using light microscopy techniques. 

 

 

Figure 1. Different types of lipid vesicles based on their size and structure. Reproduced from [35]. 
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1.3 Traditional electroformation protocol 
 
One of the earliest attempts at forming GUVs was the natural swelling method 
introduced by Reeves and Dowben in 1969 [28]. There, a lipid solution is deposited on a 
surface and dried to form a lipid film. The lipid film is then rehydrated, and the 
obtained solution gently stirred to form vesicles. The vesicles are formed mainly due to 
the osmotic pressure driving the aqueous solution in between the stacked lipid bilayers. 
Exposing the hydrophobic portion of the bilayer to aqueous solutions is unfavourable 
and causes them to close up into vesicles. However, the proportion of GUVs that can be 
generated using this method is small as most of them are either multilamellar or display 
other types of defects [36]. In their efforts to devise a protocol that reliably produces a 
high proportion of cell-sized unilamellar vesicles, Angelova and Dimitrov applied an 
external electric field during lipid swelling and thus invented the electroformation 
method [37]. Although the exact theoretical mechanism behind the method is not yet 
completely understood, it is believed that the electric field affects lipid swelling through 
direct electrostatic interactions, redistribution of counterions, changes in membrane 
surface and line tension and electroosmotic flow effects [38–41]. 

Although Angelova and Dimitrov used platinum wires for electroformation, 
indium tin oxide (ITO) electrodes are most commonly used nowadays. The only 
difference between these two protocols is the electroformation chamber layout. The 
protocol starts with droplets of lipids dissolved in an organic solvent being deposited 
onto the electrode (Figure 2a). In addition to lipids, fluorescent dyes are present in the 
mixture in small quantities to enable the usage of fluorescent microscopy later on. The 
solvent is evaporated under vacuum or a stream of inert gas (Figure 2b). A spacer is 
attached to the electrode using vacuum grease (Figure 2c). Another electrode is then 
attached to the spacer with its conductive side facing inward. Following that, the 
chamber is filled with an internal solution of choice and connected to a voltage source 
while maintaining a temperature higher than the phase transition temperature of 
deposited lipids. Copper tape is often attached to the electrodes to provide better 
contact with the alternating current function generator (Figure 2d). The combination of 
the electric field and lipid film hydration leads to creation of lipid vesicles that can be 
observed under a microscope (Figure 2e).  
 



Boban, Ph.D. thesis, 2023 
 

6 
 

 
 
Figure 2. (a) Deposition of lipid droplets onto the electrode surface. (b) Evaporation of organic solvent 
under vacuum. (c) Construction of the electroformation chamber. (d) Electroformation chamber filled 
with an internal solution and connected to an alternating current function generator. (e) An image of 
fluorescently labeled giant unilamellar vesicles (GUVs) obtained using fluorescence microscopy. The 
scale bar denotes 50 µm. Reproduced from [42]. 

 

1.4 Modifications of the traditional protocol 

1.4.1 Electrode material and cleaning 
 

Alongside platinum electrodes, ITO-coated glass slides are most commonly used 
nowadays. In comparison to platinum electrodes, ITO electrodes provide a larger and 
flatter surface, so a higher GUV yield can be obtained. Also, owing to their 
transparency, microscopic techniques are easier to apply.  

Compared to ITO electrodes, platinum electrode aging seems to affect the average 
diameter of vesicles less, but the proportion of GUVs (i.e., the proportion of defect-free 
unilamellar vesicles) also drops. Steel syringe and copper electrodes also have been 
suggested as cost-friendly alternatives [43,44]. Furthermore, titanium electrodes have 
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been advocated by some groups since their usage seems to decrease lipid peroxidation 
when compared to ITO electrodes [45–48]. 
In order to remove contaminants from the electrode surface, researchers use a variety of 
cleaning protocols. In general, they consist of cleaning the electrodes using organic 
solvents and then drying them. Of course, there are a lot of variations of these general 
steps, and some articles do not even include the cleaning protocol [49–51]. Variations 
include sonication in conjunction with organic solvents [41,52–54], repeated rinsing 
with organic solvents [55] and swabbing electrodes using lint-free wipes [56–59]. 
Electrodes are either dried under a stream of inert gas [41,52,54,56] or just wiped and air 
dried [57]. Plasma cleaning has also been tested on ITO glass [41,52] and has proved to 
be very effective, since it both cleans the surface and makes it more hydrophilic. 
Moreover, plasma cleaning could aid hydration of the solid lipid film and formation of 
lipid bilayers [41]. 
 

1.4.2 Lipid film deposition 
 

The traditional electroformation protocol contains a step in which the lipids 
dissolved in chloroform or other organic solvents are deposited onto the electrodes 
simply by dropping the solution and evaporating the solvent later [37,60] (Figure 3a). In 
order to efficiently produce GUVs, the lipid film is suggested to be around 5–10 bilayers 
thick (around 30–60 nm) [37,54,61]. When using drop deposition, regions of different 
thicknesses will form. Although this means that at least some portion of the deposited 
film will be suitable for electroformation at given parameters, other regions will 
inevitably be too thin or too thick. These nonuniformities result in lack of 
reproducibility. 

In order to make the deposition process more efficient and reproducible, other 
approaches were investigated as well. Some groups used needles or thin rods to smear 
the solution after dropping it in order to increase the film homogeneity [41,59,62,63] 
(Figure 3b). Others tried to create non-overlapping snakelike patterns of the lipid film 
using a Hamilton syringe [56]. A more systematic approach was tested by stamping the 
lipid solution onto the ITO electrode using a customized polydimethylsiloxane (PDMS) 
stamp [64] (Figure 3c). This approach resulted in GUVs of a size similar to the width of 
the gaps in the PDMS stamp. However, the authors report that the thickness of the lipid 
film was not uniform over the lipid patches in the gaps. Dip coating (immersing the ITO 
electrode in the lipid solution and holding it vertically to dry) was explored as well, but 
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due to different rates of solvent evaporation across the glass, the film proved to be 
inhomogeneous [54]. 

 

 

Figure 3. (a) Droplet deposition. (b) Droplet deposition with smearing afterward to better spread the 
lipid film. (c) Deposition of lipids by pressing a patterned silicon stamp on the electrode surface. (d) Spin-
coating of lipid solution by fast rotation of the electrode immediately after the deposition. Reproduced 
from [42]. 

Reproducibly controllable lipid film thickness was achieved by Estes and Mayer 
using the spin-coating method. The lipid solution is dropped onto the flat electrode 
surface, which is subsequently rotated very fast in order to create a homogenous lipid 
film [54] (Figure 3d). The uniformity of films and method reproducibility were 
confirmed using ellipsometry and atomic force microscopy techniques. The method was 
proven to be effective by several groups using a wide range of lipid compositions 
[54,55,57]. The only disadvantage is that it requires a much larger amount of lipids 
compared to traditional methods, since much of the solution is washed away during 
electrode spinning [54]. 

Another attempt at achieving uniform lipid films was tested by Le Berre et al. [65]. 
They drag-dropped an organic solution of lipids on a solid substrate. Constant substrate 
velocity and temperature were maintained while simultaneously controlling the vapor 
aspiration. Reproducible results with variations of ± 5 nm were obtained, but the 
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method has not been widely adopted, probably due to the device used being relatively 
complicated. 

Oropeza-Guzman et al. suggested an approach utilizing the coffee ring effect to 
address this issue [66]. The effect describes a process during which most lipid material 
in a drying droplet is being deposited on the periphery of the droplet, forming a ring-
like stain. They took advantage of the effect by consecutively depositing progressively 
larger droplets on top of one another. Adding more material created rings of 
progressively larger diameters. Each consecutive ring would smear and flatten the ring 
from the previous droplet, thus leaving an area of uniform lipid thickness inside. 
Although the method has not resulted in an increase of the mean diameter of vesicle 
populations when compared to the single droplet deposition, the multi-droplet 
preparations displayed a much lower percentage of defects and nonunilamellar 
vesicles. 

Before chamber construction, the organic solvent needs to be removed from the 
deposited lipid solution. This is most commonly achieved by placing the electrodes 
under vacuum. Alternatively, drying can be performed by placing the electrode with 
the lipid solution under a stream of an inert gas such as nitrogen or argon. More rarely 
encountered, lyophilization can also be used to eliminate traces of the organic solvent 
[12,67].  

Some researchers went in another direction and instead of trying to improve the 
existing approach, replaced the organic solution of lipids with aqueous liposome 
suspensions (SUVs, LUVs, or multilamellar vesicles) [29,50,53,66,68–70]. Using this 
approach, Pott et al. concluded that GUV formation was better when using aqueous 
liposome solutions than when using organic lipid solutions [29]. They attribute this to 
the ability of such dispersions to produce well-oriented membrane stacks immediately 
after evaporation of water. Although they have completely removed any excess water 
from the deposits, an alternative approach was suggested in which the deposits would 
be only partially dehydrated prior to internal solution addition. The effect of using 
damp lipid films on GUV properties was explored in more detail by Baykal-Caglar et al. 
[50]. By measuring their miscibility transition temperature, they have shown that such 
an approach produces more compositionally uniform populations of GUVs. This result 
is explained by reduction in lipid demixing—a common artifact appearing when drying 
the lipid solution completely. The artifact is especially pronounced when using 
mixtures with a Chol content near to or over the maximum solubility threshold for that 
mixture [12]. 
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Furthermore, avoiding the dry phase and use of organic solvents benefits protocols 
aimed at protein incorporation into GUVs, since these steps damage the protein 
structure. The first proof of successful protein reconstitution using this approach came 
from Girard et al. [70] and the most recent protocol is described by Witkowska et al. 
[53]. 

1.4.3 Electrical parameters 
 

Most studies are not concerned with electroformation parameters giving the best 
GUV yield, but only require a certain number of stable vesicles for further research. It is 
no wonder then that most of them choose established voltage and frequency values 
from common references such as Angelova et al. or Veatch where peak-to-peak voltage 
is usually kept between 1 and 10 V and frequency around 10 Hz [37,59,71]. 

Of course, since the property of interest here is the electric field and not the voltage 
by itself, the voltage values should always be accompanied by electrode separation in 
order to provide some context for the field strength. Common interelectrode 
separations range from 0.5 to 3 mm. Most often, a separation value from this interval is 
used without special explanation, and the voltage is modified accordingly. In 
combination with ITO electrodes, the separation is achieved through the use of spacers 
usually made from silicon (PDMS) [27,37,40,54–56,60] or teflon (polytetrafluoroethylen) 
[45,57,72,73]. Another alternative is specifiying the electric field strength instead of the 
voltage from the beginning [29,55,57]. 

Significant deviations from conventional parameters are usually explored only in 
studies specifically trying to improve a certain aspect of the electroformation protocol. 
GUVs were obtained using egg phosphatidylcholine or DOPA (1,2-dioleoyl-sn-glycero-
3-phosphate) using electric field values of up to 40 V/mm and frequencies up to 1 MHz 
[55]. Another study used a mixture of phosphatidylcholine and cholesterol and found 
the optimal values to be 5 V/mm and 10 kHz [40]. Considering such large differences 
depending on the specific lipid composition and experimental setup, it is prudent to 
optimize the electrical parameters every time a different lipid composition (or one not 
yet explored by other researchers) is used. However, using electric field strengths up to 
a couple V/mm and frequencies of 10–100 Hz seems to give satisfying results for many 
different lipid compositions (positive, negative and zwitterionic lipids compositions 
were tested) when deionized water is used as an internal solution [62]. 

If physiological salt concentration buffers are used as the internal solution, higher 
frequencies tend to be needed [29,41,58,74]. Pott et al., Montes et al. and Lefrancois et al. 
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all had success forming vesicles at physiological conditions using a frequency of 500 Hz 
[29,49,74]. Li et al. did a systematic frequency-voltage sweep for three lipid compostions 
(two zwitterionic and one negatively charged lipid species) and found the ideal 
frequency to be in the range of 100–1000 Hz as well [41]. The preference for higher 
frequencies is attributed to disruption of the electric double layer under those 
conditions [41,55,58,75]. 

Some groups alter the voltage values during electroformation 
[29,43,49,53,63,70,72,74]. The reasoning behind such protocols is well described by Pott 
et al. [29]. First, the electric field is progressively being increased up to a maximum 
value at a fixed frequency in order to maintain a sphere-like shape of growing vesicles. 
Second, depending on the chamber solution and the duration of the first step, the 
electric field is kept constant in order to allow an increase in size through swelling. An 
additional step can be included in which the electric field remains the same as in the 
previous step, but the frequency is reduced in order to promote vesicle fusion and 
detachment from the electrodes. 

Drabik et al. compared the approach of increasing the voltage by 1 V every hour 
from 1 to 4 V with a constant 2.5 V applied for 4 h. The obtained vesicles were bigger 
when using the sequential voltage approach, but both the amount of lipids used for 
electroformation and the ratio of unilamellar to oligolamellar vesicles remained 
unchanged [72]. It is important to note that this research only used a zwitterionic 
monounsaturated phospholipid, so the results might differ when using different lipids 
or more complex compositions. Breton et al. utilized a protocol involving an initial 
stepwise increase in voltage up to a maximum value that was then maintained for a 
certain amount of time [76]. Using three lipid species with different levels of 
unsaturation, they have shown that even at relatively low electric field values (< 1 
V/mm), lipid oxidation occurs for moderately and highly oxidizable lipids (two double 
bonds or more). This is in agreement with a previous study on the oxidative effect of 
electric field on lipids from Zhou et al. [47]. The increase in maximum voltage did not 
change the rate of oxidation for monounsaturated lipid species [76]. The size of the 
vesicles increased up to an oxidation level of 25 % after which it started to decrease [76]. 
The fact that oxidation of 25 % will be reached at different voltages for different lipid 
species again underlines the necessity of optimizing the protocol for each different lipid 
composition used. 
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1.5 Chol demixing issue 
 

In order to investigate the properties of CBDs in a controlled environment, GUVs of 
adequate compositions should be produced.  However, because of the high Chol 
content, preparation of such GUVs is problematic using the traditional electroformation 
protocol due to the lipid film drying step. During lipid film drying, some Chol demixes 
and forms anhydrous Chol crystals [17,50,77]. Once the film is rehydrated, these 
crystals do not participate in the formation of the lipid bilayer, resulting in an artifactual 
decrease of Chol concentration in the bilayer compared to the initial mixing ratio in the 
lipid solution. 

A good example of Chol demixing was provided in a study utilizing confocal 
microscopy to detect CBDs in GUVs formed from a mixture of Chol and POPC (1-
palmitoyl-2-oleoyl-glycero-3-phosphocholine) using the traditional electroformation 
method (with the dry lipid film step) [17]. CBDs were observed only for Chol content 
greater than the Chol saturation limit and Chol solubility threshold, at about 75 mol% 
of Chol (Chol/POPC mixing ratio of 3/1), and not as expected at 50 mol%.  

 

 
 
Figure 4. Schematic depiction of the rapid solvent exchange method. A) Organic solvent (blue) containing 
lipids (red) is mixed with an aqueous solution, and removal is achieved by vortexing the solution under 
vacuum. The process can be made more efficient by adding a flow of inert gas (green) pushing the 
organic solvent vapors out. B) MLVs start to form. The vacuum pressure is set below the organic solvent 
evaporation point, but higher than the evaporation point of water. C) Exchange is finished when all the 
organic solution is evaporated and only aqueous solution containing formed MLVs is left. D) When 
MLVs are formed vortex is turned off, and vacuum and gas flow pipes are closed. Reproduced from [35]. 
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A method called the rapid solvent exchange (RSE) can be utilized to bypass the dry 
phase [78]. During the procedure, chloroform dissolved lipids are first mixed with an 
aqueous medium and then the chloroform is rapidly evaporated, leaving behind an 
aqueous suspension of vesicles (Figure 4) [78].  

The method has been proven effective against the Chol demixing artifact [14,50,77]. 
However, it results in formation of smaller multilamellar vesicles (MLVs), not GUVs. By 
performing electron paramagnetic resonance measurements on MLVs produced using 
the RSE method, it was shown that CBDs start to form at 50 mol% of Chol (at a 
Chol/phospholipid molar ratio of 1/1) [14,15]. The difference in amount of Chol in the 
initial lipid mixture needed for detection of CBDs attests to the severity of Chol 
demixing during the lipid film drying step. 
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2 AIMS AND SCOPES OF THE THESIS 
 

The research presented in this thesis was motivated by studies on the fiber cell 
plasma membranes of the eye lens which contain Chol in concentrations reaching and 
surpassing the Chol saturation threshold. In order to better understand the properties 
of such systems, we optimized and advanced the electroformation of GUVs made from 
mixtures containing different phospholipids and high Chol concentrations. After trying 
out the traditional electroformation protocol, several issues arose. The reproducibility of 
the method was quite low and GUV populations with a wide size distribution were 
produced. Additionally, since the traditional protocol uses lipids dissolved in an 
organic solvent during the film deposition step, the traces of the solvent have to be 
removed after deposition in order to not harm the GUV formation process. When large 
amounts of Chol are incorporated to the lipid mixture, the complete drying of the film 
leads to Chol precipitation in the form of anhydrous crystals. These crystals do not 
participate in subsequent bilayer formation, resulting in an artifactual decrease of Chol 
concentration in the bilayer compared to the initial lipid mixture. 

We addressed the first issue by improving the layout of the electroformation 
chamber and modifying the lipid film deposition step. Instead of using the drop-
deposition technique of the traditional protocol, we opted for the spin-coating method. 
Using this modified protocol, we produced lipid films with different Chol 
concentrations from binary POPC/Chol [57] and ternary POPC/sphingomyelin/Chol 
[79] lipid mixtures. Ternary phospholipid/sphingomyelin/Chol mixtures are of interest 
to researchers studying the properties of lipid rafts [80–82]. The thickness and 
uniformity of the lipid film were quantified using atomic force microscopy, X-ray 
reflectometry and fluorescence microscopy. The optimal thickness was determined to 
be around 30 - 35 nm. However, it should be noted that the best lipid film thickness will 
always depend on the specific lipid composition, so optimization should be carried out 
for each mixture for which there are no previous measurements on scientific record. 
The lipid film thickness showed a linear dependance on the amount of lipids, so it could 
be reproducibly controlled by altering the total lipid concentration. 

Since lipid mixtures with such high Chol concentrations were rarely experimented 
with before, in order to successfully produce GUVs and maximize their yield and size 
uniformity, we also had to test various frequency-voltage combinations to find the one 
that produced the best results. The amount of defects, and size distribution of the GUV 
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population were assessed using fluorescence microscopy. The best results were 
obtained for frequency–voltage combinations in the range of 2–6 V and 10–100 Hz. 

Even after all these modifications, the Chol demixing artifact remained. In order to 
resolve this issue, the dry film step should be bypassed. A study by Baykal-Caglar et al. 
managed to produce GUVs from damp lipid films after incomplete drying of an RSE 
produced aqueous liposome suspension on the surface [50]. However, their protocol 
lasted very long since they had to wait for approximately 24 hours for the film to 
become sufficiently dry. 

In the final article incorporated into the thesis, we proposed a novel improved 
protocol which combines the plasma-cleaning, RSE, and spin-coating techniques for 
production of GUVs from aqueous damp lipid films obtained through vesicle fusion 
[83]. Our approach was inspired by the vesicle fusion method which is often used for 
preparation of supported bilayer membranes [84]. The method involves the deposition 
of an aqueous suspension of vesicles on a hydrophilized surface. The interaction of the 
hydrophilic surface with the vesicles causes them to rupture, creating a surface bilayer. 
 
The protocol consists of 6 main steps: 
1. The lipid solution is prepared from chloroform dissolved lipid stocks 
2. The obtained solution is mixed with deionized water and RSE is then used to obtain 

the MLV suspension (Figure 5a) 
3. MLVs are extruded by passing the solution through a polycarbonate filter in order 

to produce a homogeneous LUV solution (Figure 5b, c) 
4. The ITO electrodes which were stored in deionized water are cleaned by swabbing 

with ethanol moistened wipes and then plasma cleaned for additional cleaning and 
surface hydrophilization (Figure 6a) 

5. The LUV suspension is deposited onto the hydrophilic ITO electrode surface and 
spin-coated to produce a lipid film. The film is created due to vesicles rupturing in 
contact with the hydrophilic surface (Figure 6b) 

6. The coated electrode is used in construction of the electroformation chamber which 
is subsequently connected to an alternatincg current source in order to produce 
GUVs (Figure 6c) 
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Figure 5. Preparation of the LUV solution. (a) MLVs are first prepared using the RSE method by rapidly 
evaporating chloroform from the mixture. (b) MLVs are passed through a polycarbonate filter an uneven 
number of times in order to obtain LUVs. (c) The obtained LUV solution is stored for later use in 
preparation of the damp lipid film. Reproduced from [83]. 
 

 

 
 
Figure 6. Electroformation from a damp lipid film. (a) The ITO electrode is hydrophilized using a plasma 
cleaner. (b) The LUV suspension is deposited onto a plasma cleaned ITO coated glass and spin-coated to 
obtain a damp lipid film. (c) The coated electrode is used to assemble the electroformation chamber. 
Reproduced from [83]. 
 

The successful removal of the organic solvent and film dampness were confirmed 
using attenuated total reflection Fourier transform infrared spectroscopy.  The duration 
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of the protocol was significantly reduced - from 24 hours of drying to a couple of 
minutes of spin-coating. Moreover, compared to protocols that include the dry film 
step, the sizes and quality of vesicles determined from fluorescence microscopy images 
were similar or better, confirming the benefits of our protocol in that regard as well. 

The proposed protocol should help reduce the Chol demixing artifact and improve 
the ability to produce high quality GUV populations under different conditions and 
from different lipid mixtures. However, a tradeoff seems to be involved. On one hand, 
in order to increase the certainty that Chol will not crystallize, the lipid film should 
remain as wet as possible. On the other hand, we have shown that shorter drying times 
result in lower yields and smaller average GUV diameters. If the lipid mixture contains 
no Chol, or small quantities of Chol, there is no reason not to dry the lipid film. 
However, if that is not the case, since the gentle hydration protocol also involves a lipid 
film drying step, the Chol demixing will certainly be an issue. The RSE technique is 
included to assure that the Chol concentration in MLVs is the same as the concentration 
of Chol in the initial mixture of lipids dissolved in an organic solvent. 

We believe that this new improved electroformation protocol will allow us to 
successfully study models of eye lens fiber cell membranes with their very high Chol 
content. Furthermore, both using aqueous solutions and treating the electrodes with 
plasma have been proven beneficial for electroformation efficiency, allowing for 
production of GUVs with charged lipids and solutions containing high ion 
concentrations. Since it avoids organic solvents and lipid film drying, the protocol could 
also be adapted for protein reconstitution into GUVs. 
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Abstract
Giant unilamellar vesicles (GUVs) are used extensively as models that mimic cell membranes. The cholesterol (Chol)
content in the fiber cell plasma membranes of the eye lens is extremely high, exceeding the solubility threshold in the lenses
of old humans. Thus, a methodological paper pertaining to preparations of model lipid bilayer membranes with high Chol
content would significantly help the study of properties of these membranes. Lipid solutions containing 1-palmitoyl-2-
oleoyl-glycero-3-phosphocholine (POPC) and Chol were fluorescently labeled with phospholipid analog 1,1′-dioctadecyl-
3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiIC18(3)) and spin-coated to produce thin lipid films. GUVs were
formed from these films using the electroformation method and the results were obtained using fluorescent microscopy.
Electroformation outcomes were examined for different electrical parameters and different Chol concentrations. A wide
range of field frequency–field strength (ff–fs) combinations was explored: 10–10,000 Hz and 0.625–9.375 V/mm peak-to-
peak. Optimal values for GUVs preparation were found to be 10–100 Hz and 1.25–6.25 V/mm, with largest vesicles
occurring for 10 Hz and 3.75 V/mm. Chol:POPC mixing ratios (expressed as a molar ratio) ranged from 0 to 3.5. We show
that increasing the Chol concentration decreases the GUVs size, but this effect can be reduced by choosing the appropriate
ff–fs combination.

Keywords GUVs ● Cholesterol ● Phospholipids ● Electroformation ● Frequency ● Field strength

Introduction

Giant unilamellar vesicles (GUVs) have been an important
topic of research lately due to their similarity to biological
membranes [1–6] and their potential as drug carriers [7–9].
Preparation methods for GUVs are still being perfected in

order to obtain the best result, which in turn depends on the
selected application of lipid vesicles [10]. One of the first
methods used for GUVs formation was controlled hydration
(known also as gentle hydration, natural swelling, or
spontaneous swelling), developed by Reeves and Dowben,
which includes spontaneous swelling of phospholipids in
aqueous solution of nonelectrolytes [11]. An advancement
in preparation of GUVs came from Angelova and Dimitrov
[12] who introduced liposome electroformation as an
alternative to the traditional swelling method. The initial
procedure was further improved by involving alternating
current (AC) instead of direct current (DC) electric fields
[13]. Electroformation features that made it the most com-
monly used method [14] are high percentage of formed
unilamellar vesicles [15, 16], homogeneous size distribution
[17], simple manipulation, and short preparation time [16].

Since then, effects of many parameters have been exam-
ined in order to improve the yield, size, and homogeneity of
the obtained GUVs. Most notable parameters include the AC-
field frequency and strength, lipid composition, electro-
formation duration, temperature, and thickness of the lipid
films. However, the interplay of these parameters has not yet
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been fully explored. For instance, most studies used fre-
quencies of about 10 Hz and electric fields of about 1 V/mm
[13, 18–21]. Conversely, when exploring the field
frequency–field strength (ff–fs) combinations effect on elec-
troformation efficiency, some groups reported higher fre-
quencies and AC-field strengths than those used before [22–
24]. Li et al. found the optimal combination to be 11,000Hz
and 5 V/mm. For 10 V/mm best results were also obtained
using a 11,000Hz frequency, but some irregular vesicles
appeared [23]. Similar results were obtained by Wang et al.
[24]. Politano et al. [22] showed that electroformation can be
successful at frequencies as high as 10,000 Hz (at field values
of 0.212–2.12 V/mm) and field strengths of up to 20 V/mm
(for frequencies 1–100 Hz).

One of the reasons for optimization of electroformation
parameters is their strong dependance on the lipid composi-
tion in preparation mixtures [22]. Because of its biological
significance [25, 26], cholesterol (Chol) was often added to
different phospholipid mixtures. However, because the Chol
proportion in most mammalian cell membranes is lower than
50% [27], Chol:Phospholipid (PL) ratio used in these studies
was usually lower than 1:1 [13, 14, 18, 22–24, 28, 29].
Examples of systems with high Chol content are fiber cell
plasma membranes of the eye-lenses [30–33] and athero-
sclerotic smooth muscle cells [25]. Within the human eye
lens, the Chol:PL molar ratio of the fiber cell membrane
ranges from 1 to 2 in the lens cortex and from 3 to 4 in the
lens nucleus [30, 31]. Chol is hypothesized to be crucial for
maintaining lens transparency by creating Chol bilayer
domains (CBDs), which ensure that the surrounding phos-
pholipid bilayer is saturated with Chol. This keeps the bulk
physical properties of the membrane consistent and unaf-
fected by phospholipid composition changes [34–43]. In
contrast, cholesterol bilayer enrichment is related to negative
effects during the development of atherosclerosis.

In order to cover the range of Chol concentrations
mentioned above, here we will compare samples with Chol:
POPC mixing ratios ranging from 0 to 3.5. Throughout the
text, we will use the term mixing ratio to define the molar
concentration ratio before evaporating the solvent. The need
for differentiation between mixing ratios and molar ratios in
investigated membranes of GUVs arises due to possible
demixing of Chol during sample preparation. This process
can lead to a decreased Chol:POPC molar ratio in the

bilayer when compared with the mixing ratio. The highest
molar ratio was determined from the maximum solubility
limit observed previously to be around 66 mol% [44, 45].

This issue could be addressed by using preparation
methods that avoid those stages, such as rapid solvent
exchange (RSE) [46]. A study using RSE and electroforma-
tion to create vesicles with phospholipids and Chol was
already conducted [29]. However, the lipid composition was
chosen to achieve a coexisting liquid ordered-liquid dis-
ordered phase in the membrane (the highest Chol con-
centration was 46mol%), while we are aiming for lipid
compositions with Chol content higher than 50mol%. At this
high Chol content, CBDs are embedded into the surrounding
PL bilayer saturated with Chol forming a structured (or dis-
persed) liquid ordered phase. Consequently, the Chol:PL ratio
used was too low to provide insight into systems such as the
eye lens cortex and nucleus. Also, the electroformation field
frequency and strength used in the study were kept constant
at around 0.5 V/mm and 10 Hz, and in our experiment we
explored a much broader range of electrical parameters.

Other electroformation studies mainly focused on pro-
viding the best electroformation parameters for different
phospholipid compositions while keeping the Chol level
constant. Here, however, we determined the optimal elec-
troformation parameters for lipid membranes with Chol:PL
ratios suitable for modeling the cortical and nuclear fiber
cell plasma membranes of the human eye lens.

Materials and Methods

Materials

One-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC)
and cholesterol (Chol) were obtained from Avanti Polar
Lipids Inc. (Alabaster, AL). Fluorescent dye 1,1′-dioctade-
cyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate
(DiIC18(3)) was purchased from Invitrogen, Thermo Fisher
Scientific (Waltham, MA). When not used, the lipids were
stored at −20 °C. Chemical structures and their approximate
locations in the membrane bilayer are presented in Fig. 1.
Other chemicals of at least reagent grade were obtained from
Sigma-Aldrich (St. Louis, MO). Indium-tin oxide coated
glass (ITO, CG-90 INS 115) was purchased from Delta
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Fig. 1 Chemical structures of
lipids and fluorescent dye and
their approximate locations in
the lipid bilayer membrane
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Technologies (Loveland, LO). Glass dimensions were 25 ×
75 × 1.1 mm. New ITO glass was used for each preparation
in order to prevent coating deterioration. Mili-Q deionized
water was used as a chamber solution.

Deposition of the Lipid Film

A common concern in electroformation protocols is uniform
lipid film deposition on the electrode surface. Deposition is
traditionally done by dropping the lipid solution on the ITO
electrode and letting it dry [13]. This method can be further
improved by spreading the film using a small object (e.g., a
glass pipette or rod) before the solvent has a chance to eva-
porate [18, 47, 48]. Although this does increase the film
thickness homogeneity, the method is not precise enough to
guarantee reproducibility since film thickness cannot be
accurately controlled. This issue was addressed using the
spin-coating method as described by Estes and Mayer, where
a lipid film is spread over the electrode surface by spinning
the electrode at very large angular velocities [19]. Here, prior
to spin-coating, the glass was immersed in deionized water
for at least 45min before being wiped four times with 70%
ethanol moistened wipes. Properties of samples with Chol:
POPC mixing ratios ranging from 0 to 3.5 were compared.
The POPC:DiIC18(3) molar ratio was always kept at 1:0.002.
Consequently, for different Chol:POPC ratio used here, the
dye:lipid concentration ratios ranged from 0.002:1 (for sam-
ple without Chol) to 0.0004:1 (for highest Chol content). A
mixture containing 3.75mg/mL of lipids in 95% chloroform,
5% acetonitrile solution was prepared [19]. The solution
(350 µL) was deposited onto the ITO surface and a thin lipid
layer was created using a spin-coater (Sawatec SM-150). The
glass was spun for 4 min at 600 rpm. The final velocity was
reached in 1 s. After coating, the lipid film was placed under
vacuum for 30min to evaporate any remaining solvent.

Electroformation Chamber

The electroformation chamber consisted of two 25 × 37.5 mm
ITO coated glass electrodes separated by a 1.6mm thick
teflon spacer. Electrodes were made by cutting a 25 × 75mm
ITO glass slide using a diamond pen cutter. After one of the

electrodes was lipid-coated, the chamber was assembled by
attaching the spacer to the electrodes using vacuum grease
(Fig. 2a). The opening inside the spacer is square shaped with
rounded corners so air bubbles are less likely to be trapped.
The entrance to the chamber was blocked using a teflon
stopper (Fig. 2b). The stopper is rectangularly shaped and a
bit narrower than the neck of the gap in the spacer. This small
difference in width allowed for ejection of remaining air
bubbles along with the surplus of fluid from the chamber.
Upon insertion, the stopper was also sealed with vacuum
grease. This way, there was no contact between the grease and
the lipid solution inside, so the probability of contamination
was decreased. After sealing, the chamber was attached to a
voltage source (UNI-T UTG9005C pulse generator) and
placed inside an incubator at a temperature of 60 °C. In order
to assure good contact between conductor wires and the
electrodes, the outer edges of the chamber were covered with
copper tape (Fig. 2a). After 2 h, the voltage was turned off and
the chamber was kept in the incubator for another hour.

Image and Data Analysis

In order to search the entire volume of the chamber, we
scanned 13 points on the chamber surface at three different
depths as indicated in Fig. 2b. Images were obtained using a
fluorescence microscope (Zeiss Axio—imager M1 or
Olympus BX51). Vesicle diameters were measured using
the line tool in Fiji software [49] and data analysis was
performed using R programming language [50].

Sample distribution normality was tested through qq-plots
and Shapiro–Wilk test. If the normality assumption was violated,
appropriate nonparametric tests were used. Goodness of linear fit
was estimated using the coefficient of determination R2.

Results and Discussion

GUVs Formation for Different Field Frequency–Field
Strength Combinations

Electroformation successfulness averaged over the whole
sample depends on a variety of parameters as listed in the
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Fig. 2 Experimental setup.
a Illustration of the
electroformation chamber.
b Positions on the chamber
surface at which microscope
images were taken. All numeric
values are expressed in mm

Cell Biochemistry and Biophysics (2020) 78:157–164 159



introduction, one of which is film thickness [12, 19, 24].
Even though the spin-coating method creates macro-
scopically homogeneous lipid films, there are microscopic
differences in thickness over the sample [19]. In addition,
the ITO layer is not perfectly smooth, so it can contribute to
variations in thickness as well (Supplementary Fig. S1).

Depending on those differences, we can have varying
degrees of electroformation successfulness throughout the
sample. Consequentially, averaging over the whole sample
can decrease our ability to identify the best possible ff–fs
combination. Therefore, we compared only the best frames
in each sample. To reduce the influence of local variations
in film thickness, we used a small magnification objective
(10×) to make the quantification area as large as possible.

Electroformation outcomes were described using the
mean and standard deviation (sd) of GUVs diameters and
the number of GUVs. Even though the vesicle number is
indicative of electroformation successfulness, it can be
misleading when interpreted by itself because the maximum
number of vesicles that can fit inside a limited area is
dependent on their diameter (Supplementary Fig. S2).

This is why, alongside the GUVs number, we also calcu-
lated the coverage N/Nmax for each sample, where Nmax is the
maximum number of vesicles that could fit inside the
observed region. Nmax is derived assuming all vesicles are
spherical and have a diameter equal to the average diameter
measured in that sample. Therefore, it is calculated solely
from geometrical considerations as explained in the Supple-
mentary. Obviously, coverage should be a positive value
ranging from zero to one. An additional benefit of using
coverage is the ability to compare results when using different
microscope magnifications, which cannot be said for com-
paring the number of vesicles. Figure 3a shows that electro-
formation seems to be most successful for ff–fs combinations
of 10–100 Hz and 1.25–6.25 V/mm. Increasing the frequency
further leads to a decrease in successfulness for both Chol:
POPC ratios (1:2, 2:1), so after setting the frequency at
10,000 Hz, electroformation efficacy dropped to zero. Com-
paring the means between all pairs for two different Chol:
POPC ratios confirms the assumption that very high Chol
contents reduce the electroformed GUVs diameter (mean ±
standard error (sem)= 14 ± 5 µm, p= 0.01, Student’s paired
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t-test) (Fig. 3b). Although not statistically significant,
increasing Chol concentration seems to also decrease the
coverage of the observed region (mean ± sem= 0.12 ± 0.06,
p= 0.09, Wilcoxon signed-rank test) (Fig. 3b, Supplementary
Fig. S3). We have also observed vesicle diameter distribution
becoming narrower with decreasing average vesicle size
(Fig. 4). Although such a behavior has been noted before [22],
here we show that there seems to be a linear dependence
between the two parameters.

Effect of Cholesterol Concentration on GUVs
Formation

Here we show how Chol concentration impacts GUVs
formation at 10 and 100 Hz for field strengths covering the
optimal electroformation region—1.25, 3.75, and 6.25 V/
mm (Fig. 5). Increasing Chol concentration shifted vesicle
diameter distributions toward lower values. The phenom-
enon is probably due to Chol changing the elasticity of the
lipid bilayer, thus making the bending required for GUVs
formation much harder. Interestingly though, the change of
Chol concentration impacts GUVs formation differently
depending on the electric field parameters.

As mentioned earlier, the shift in size is accompanied by
narrower distributions with an almost identical regression
line slope (Figs. 4, 5a, Supplementary Fig. S4). Also, GUVs
formed at higher frequencies have smaller or similar aver-
age diameters than their lower frequency counterparts (Fig. 5).
This is especially visible at low voltages. The effect could
possibly be explained from the lipid vibration amplitude
formula derived by Dimitrov and Angelova [15]. The
general form of the expression is A ¼ U

af 1þbfð Þ, where A, U,
and f are the vibration amplitude, voltage, and frequency,
and a, b constants describing other system properties. The
formula predicts smaller amplitudes for lower voltages and
higher frequencies. Therefore, it is possible that higher
frequencies in combination with lower voltages prevent the
formation of very large GUVs by decreasing the vibration

amplitude too much. Although the same formula predicts a
higher amplitude (and therefore possibly a larger GUVs
diameter), the GUVs diameter seems to grow as we increase
the voltage and then drops as the voltage gets too high. The
decrease might be caused by an overly high mechanical
stress or by excessive oxidation of lipid molecules [51].

One of the authors (Witold Karol Subczynski), using the
RSE method to prepare POPC multilamellar liposomes,
shows that the formation of pure CBDs in POPC membranes
starts at a Chol:POPC molar ratio of 1:1 [52]. However, as
we demonstrated in our recent paper, in GUVs CBDs started
to be observed only at Chol:POPC mixing ratios greater than
2:1 [53]. In that investigation, GUVs were prepared using the
electroformation method from the lipid film formed using the
film deposition method. This indicates that the demixing of
Chol in the form of Chol crystals during the preparation
using the film deposition method significantly decreases the
true Chol:POPC molar ratio in membranes of GUVs. Such
high cholesterol concentrations affect electroformed GUVs
diameters the least for the field strength of 3.75 V/mm (Fig. 5).
However, between the two explored frequencies (10 and
100 Hz), the 10 Hz frequency led to a more stable mean
diameter–Chol concentration dependence. Consequently,
the 10 Hz–3.75 V/mm ff–fs combination seems to be the
best when creating model membranes containing CBDs.

Summary

Due to their role as biological membrane models, GUVs
have been extensively studied lately. Nowadays, the most
popular method for their creation is electroformation.
Consequently, optimization of electroformation parameters
for GUVs formation is very important. In our experiment,
electroformation of GUVs containing varying Chol:POPC
mixing ratios was conducted (from 0 to 3.5). Electro-
formation was characterized by calculating the vesicles
diameter mean value and sd, vesicle number and coverage.
Coverage was added to the characterization because the
number of vesicles by itself can lead to effectiveness mis-
interpretation due to not taking into account the diameter
dependance. A wide range of ff–fs combinations was
explored: 10–10,000 Hz and 0.625–9.375 V/mm peak-to-
peak, with average vesicle diameters ranging approximately
from 5 to 60 µm. The optimal ff–fs combinations for
investigated lipid compositions are around 10–100 Hz and
1.25–6.25 V/mm. The upper electroformation limit is
around 1,000 Hz for frequency and around 9.375 V/mm
peak-to-peak for field strength. Comparing pairwise differ-
ences in mean diameters between two Chol:POPC ratios
(1:2 and 2:1) for multiple ff–fs combinations, we deter-
mined that there is a significant difference between the two
Chol concentrations (p= 0.01, Student’s t-test). Although
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not enough to be statistically significant, vesicle coverage
also seems to be negatively affected by increasing Chol
concentration (p= 0.09, Wilcoxon signed-rank test).

In order to further inspect the impact of Chol con-
centration, we observed the change in GUVs formation for
five different Chol concentrations and three different field
strengths covering the optimal electroformation region
(1.25, 3.75, and 6.25 V/mm). The conclusions were in line
with our initial hypothesis. High Chol concentrations
decreased the average GUVs diameters, although the effect
strength varied depending on the ff–fs combination. High
Chol concentrations affected electroformed GUVs dia-
meters the least in the case of 10 Hz–3.75 V/mm ff–fs
combination. Consequently, that combination seems to be
the best one when dealing with model membranes con-
taining very large amounts of Chol.

Because of the large number of variables included in the
electroformation process, there is still room for improve-
ment. For instance, incubation temperature and duration,
chamber dimensions and lipid film thickness could be
altered in order to get better results. Also, this study used
deionized water as a chamber solution. The effects of using
physiological solutions under these Chol concentrations
remain to be tested. When using film deposition methods,
another problem to be tackled is the potential artifactual
solid-state demixing of Chol during sample preparation.
The problem could be solved by using preparation methods
that avoid those stages, such as RSE.
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Supplementary

If we consider a rectangular area covered completely by vesicles of same diameter so that

there are m vesicles in each column and n columns, we can calculate the number of vesicles

in that area by knowing lengths a and b of the rectangle sides. Looking at Supp. Fig. S1a,

we can see that b = (2m+ 1) ·∆y = (2m+ 1) · r. Since all vesicles are of equal size, ∆x

is equal to the height of an equilateral triangle with sides equal to the vesicles diameter. It

follows that a = (n− 1) ·∆x+ 2r = (n− 1) · 2r
√
3

2
+ 2r = ((n− 1)

√
3 + 2) · r. Once we

have m and n, we can multiply them to obtain the maximum possible number of vesicles

Nmax = m · n. This number is obviously heavily dependent on vesicle diameter as shown

in Supp. Fig. S1b.

Fig. S1 Derivation of coverage parameter. a Densest vesicle layout. b Maximum number
of vesicles with varying vesicle diameters for coverage = 1. Region size is set at the same
area as the one observed under the microscope

1



Fig. S2 AC-field frequency-strength diagram for GUV electroformation. Scale bar in the
bottom right corner denotes 50 µm. The images are zoomed in compared to original
microscope images so that vesicles are more discernible
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Zvonimir Boban 1,2 , Ivan Mardešić 1,2 , Witold Karol Subczynski 3 and Marija Raguz 1,*

����������
�������

Citation: Boban, Z.; Mardešić, I.;
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Abstract: Since its inception more than thirty years ago, electroformation has become the most
commonly used method for growing giant unilamellar vesicles (GUVs). Although the method
seems quite straightforward at first, researchers must consider the interplay of a large number of
parameters, different lipid compositions, and internal solutions in order to avoid artifactual results
or reproducibility problems. These issues motivated us to write a short review of the most recent
methodological developments and possible pitfalls. Additionally, since traditional manual analysis
can lead to biased results, we have included a discussion on methods for automatic analysis of GUVs.
Finally, we discuss possible improvements in the preparation of GUVs containing high cholesterol
contents in order to avoid the formation of artifactual cholesterol crystals. We intend this review to
be a reference for those trying to decide what parameters to use as well as an overview providing
insight into problems not yet addressed or solved.

Keywords: electroformation; GUVs; cholesterol; lipid composition; lipid deposition; electrical
parameters; temperature; electroformation duration; internal solution; quantitative analysis

1. Introduction

Artificial vesicles have become an important research tool due to their similarity
to biological membranes [1–6]. Being lab-created, they enable the study of membrane
properties under controlled conditions. When mimicking the biological membrane, we
are interested mainly in unilamellar vesicles (only one outer bilayer), but multilamellar
(bilayers arranged in concentric circles) and oligolamellar vesicles (containing smaller ones
inside) can also be created. Depending on their size, unilamellar vesicles are commonly
divided into three groups: small (SUVs, <100 nm), large (LUVs, 100 nm–1 µm), and giant
unilamellar vesicles (GUVs, >1 µm). SUVs and LUVs are more often studied in the context
of drug delivery applications [7–9]. GUVs are more useful as artificial cell models for
eukaryotic cells due to similarity in size. Additionally, their size enables observation of
membrane domain structure using light microscopy.

Here, we will focus on the electroformation method in the context of GUV formation.
Although other reviews have covered similar topics, they are either not up to date [10],
focus on just one segment of a specific method [11,12], or cover a much broader range of
topics/methods, thus not exploring any particular approach in enough detail [13–16].

Due to a large number of electroformation parameters, it is easy to overlook some of
them or underestimate the importance of a seemingly trivial step in the protocol. This moti-
vated us to collectively analyze their impact on GUV growth in order to better understand
their importance and interplay. Special emphasis is placed on GUVs with cholesterol (Chol)
contents exceeding their membrane saturation limits. Membranes with such high Chol
contents are of special interest to researchers investigating the involvement of Chol in the
development of atherosclerosis [17,18] or to those, like our group, who investigate fiber cell
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plasma membranes of the eye lens [19–25]. High Chol and formation of pure cholesterol
bilayer domains (CBDs) are signs of pathology in most tissues and organs [18,26]. Eye
lenses are the only system in which such high Chol concentrations and CBDs are needed to
maintain fiber cell membranes, fiber cells, and whole lens homeostasis. However, because
of the high Chol content, preparation of such GUVs is problematic due to Chol demixing
resulting in the formation of Chol crystals [20,27–29]. These crystals do not participate in
further membrane formation, which leads to a real membrane Chol content that is lower
than the Chol mixing ratio. We have faced these problems in our work [20] and will discuss
possible ways to solve them.

The review starts by defining the classic protocol steps and then goes through each of
those steps, exploring developed variations and commenting on related artifacts. Addi-
tionally, methods for quantifying the size and count of obtained vesicles are discussed. The
final section goes over conclusions from the review and discusses possible improvements
in the preparation of GUVs with high cholesterol contents.

2. Classic Electroformation Protocol

One of the earliest attempts at forming GUVs was the natural swelling method intro-
duced by Reeves and Dowben in 1969 [3]. According to this method, a lipid solution is
deposited on a surface and dried to form a lipid film. The lipid film is then rehydrated and
the obtained solution gently stirred to form vesicles. The vesicles are formed mainly due to
the osmotic pressure driving the aqueous solution in between the stacked lipid bilayers.
Exposing the hydrophobic portion of the bilayer to aqueous solutions is unfavourable
and causes them to close up into vesicles. However, the proportion of GUVs that can be
generated using this method is small, as most of them are either multilamellar or display
other types of defects [30]. In their efforts to devise a protocol that reliably produces a high
proportion of cell-sized unilamellar vesicles, Angelova and Dimitrov applied an external
electric field during lipid swelling and thus invented the electroformation method [31]. Al-
though the exact mechanism of the method is not yet completely understood, it is believed
that the electric field affects lipid swelling through direct electrostatic interactions, redistri-
bution of counterions, changes in membrane surface and line tension, and electroosmotic
flow effects [32]. More detailed theoretical discussions on the electroformation mechanism
can be found elsewhere [33–35]; here we focus mainly on exploring the optimal parameters
and artifacts appearing when performing experimental work using this method.

Although Angelova and Dimitrov used platinum wires for electroformation, indium
tin oxide (ITO) electrodes are most commonly used nowadays, so we utilize them in our
description of the basic protocol. The only difference between these two protocols is the
electroformation chamber layout. The protocol starts with droplets of lipids dissolved in
an organic solvent being deposited onto the electrode (Figure 1a). In addition to lipids,
fluorescent dyes are present in the mixture in small quantities to enable the usage of
fluorescent microscopy later on.

The solvent is evaporated under vacuum or a stream of inert gas (Figure 1b). A
spacer is attached to the electrode using vacuum grease (Figure 1c). Another electrode is
then attached to the spacer with its conductive side facing inward. Following that, the
chamber is filled with an internal solution of choice and connected to a voltage source
while maintaining a temperature higher than the phase transition temperature of deposited
lipids. Copper tape is often attached to the electrodes to provide better contact with the
alternating current function generator (Figure 1d). The combination of the electric field
and lipid film hydration leads to the creation of lipid vesicles which can be observed under
a microscope (Figure 1e).
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Figure 1. (a) Deposition of lipid droplets onto the electrode surface. (b) Evaporation of organic solvent under vacuum.
(c) Construction of the electroformation chamber. (d) Electroformation chamber filled with an internal solution and
connected to an alternating current function generator. (e) An image of fluorescently labeled giant unilamellar vesicles
(GUVs) obtained using fluorescence microscopy. The scale bar denotes 50 µm.

At first, direct current was used, but water electrolysis led to formation of bubbles [31],
so a transition to alternating currents was made [31,32]. Alternating currents also introduce
electroosmotic motion of the fluid, which facilitates the destabilization of the lipid film,
thus promoting the formation of vesicles [32,36]. Over the years, the initial protocol has
been modified in order to increase the yield, homogeneity, and compositional uniformity
of the vesicles or to enable preparation of GUVs from previously incompatible lipids and
buffers. In the following sections, we will systematically discuss the advancement of each
segment of the electroformation method.

3. Electrode Materials and Cleaning

Alongside platinum electrodes, ITO-coated glass slides are most commonly used
nowadays. In comparison to platinum electrodes, ITO electrodes provide a larger and
flatter surface, so a higher GUV yield can be obtained. Also, owing to their transparency,
microscopic techniques are easier to apply. It is recommended to periodically replace ITO
electrodes since they were proven to have limited reusability. Using the same ITO glass
more than three times has been shown to decrease the average GUV diameter and their
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quality. The effect seems to be less pronounced for zwitterionic and negatively charged
lipids. Furthermore, the degradation seems to be reversible through annealing at high
temperatures [37].

Compared with ITO electrodes, platinum electrode aging seems to affect the average
diameter of vesicles less, but the proportion of GUVs (i.e., the proportion of defect-free
unilamellar vesicles) also drops. Electrode replacement or annealing is recommended after
approximately five experiments [38]. Steel syringes and copper electrodes have also been
suggested as cost-friendly alternatives [39,40]. Furthermore, titanium electrodes have been
advocated by some groups since their usage seems to decrease lipid peroxidation when
compared to ITO electrodes [11,41–43].

In addition to changing the electrode material completely, various modifications to
the existing electrode layouts were tested. Okumura and Sugiyama confirmed that GUVs
can form on non-electroconductive materials, such as polymer meshes placed onto ITO
electrodes and filled with lipid solutions [44,45]. Lefrançois et al. experimented with
an asymmetrical ITO electrode layout (top electrode with a smaller surface area than the
bottom one) [46] (Figure 2a). This layout proved to be more efficient when physiological salt
concentrations were combined with interelectrode separations smaller than 2 mm. Small
interelectrode separation did not cause problems when the same parameters were set, but
deionized water was used as an internal solution. The effect appears because alternating-
current electroosmosis assisted flow does not occur in the symmetrical configuration.
However, since both symmetrical and asymmetrical layouts were tested under the same
electrical parameters, it is not clear whether GUVs could be grown under physiological
conditions for smaller electrode separations just by altering the electrical parameters and
retaining the symmetrical ITO chamber layout. Bi et al. abandoned the principle of parallel
opposing electrodes altogether and have shown that GUVs can be grown using coplanar
interdigitated ITO electrodes [47] (Figure 2b).
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Figure 2. (a) Asymmetrical electrodes layout. The top indium tin oxide (ITO) electrode has a smaller surface than the
bottom one, so it has to be surrounded by glass coverslips in order to close off the chamber. (b) Electroformation chamber
with a coplanar interdigitated ITO electrode.

In order to remove contaminants from the electrode surface, researchers use a variety
of cleaning protocols. In general, these consist of cleaning the electrodes using organic
solvents and then drying them. Of course, there are many variations of these general steps,
and some articles do not even include the cleaning protocol [29,46,48]. Variations include
sonication in conjunction with organic solvents [35,47,49,50], repeated rinsing with organic
solvents [51], and swabbing electrodes using lint-free wipes [10,12,28,37]. Electrodes are
either dried under a stream of inert gas [35,37,47,50] or just wiped and air dried [28]. Plasma
cleaning has also been tested on ITO glass [35,47] and has proved to be very effective, since
it both cleans the surface and makes it more hydrophilic. Moreover, plasma cleaning could
aid hydration of the solid lipid film and the formation of lipid bilayers [35].
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4. Deposition of the Lipid Solution and Removal of the Solvent

In the early days of electroformation, the lipids dissolved in chloroform or other
organic solvents were deposited onto the electrodes simply by dropping the solution and
evaporating the solvent later [31,52] (Figure 3a). In order to efficiently produce GUVs, the
lipid film is suggested to be around 5–10 bilayers thick (around 30–60 nm) [31,50]. When
using drop deposition, regions of different thicknesses will be formed. Although this means
that at least some portion of the deposited film will be suitable for electroformation at given
parameters, other regions will inevitably be too thin or too thick. These nonuniformities
lead to lack of reproducibility.
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In order to make the deposition process more efficient and reproducible, different
approaches were investigated as well. Some groups used needles or thin rods to smear
the solution after dropping it in order to increase the homogeneity of the film [10,35,53,54]
(Figure 3b). Others used a Hamilton syringe to deposit non-overlapping snakelike patterns
of lipids [37]. A more systematic approach was tested by stamping the lipid solution onto
the ITO electrode using a customized polydimethylsiloxane (PDMS) stamp [55] (Figure 3c).
This approach resulted in GUVs of a size similar to the width of the gaps in the PDMS
stamp. However, the authors reported that the thickness of the lipid film was not uniform
over the lipid patches in the gaps. Dip coating (immersing the ITO electrode in the lipid
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solution and holding it vertically to dry) was explored as well, but due to different rates of
solvent evaporation across the glass, the film proved to be inhomogeneous [50].

Reproducibly controllable lipid film thickness was achieved by Estes and Mayer using
the spin-coating method. The lipid solution is dropped onto the flat electrode surface,
which is subsequently rotated very fast ( ω ∼ 600 rpm) in order to achieve a homogenous
film [50] (Figure 3d). The uniformity of films and method reproducibility were confirmed
using ellipsometry and atomic force microscopy techniques. The method was proven to
be effective by several groups using a wide range of lipid compositions [28,50,51]. There
are, however, disadvantages as well. First, it requires a much larger amount of lipids
compared with traditional methods, since much of the solution is washed away during
electrode rotation [50]. Second, it involves a spin-coater, which is not a standard device in
labs investigating biological membranes.

Another attempt at achieving uniform lipid films was made by Le Berre et al. [56].
They drag-dropped an organic solution of lipids on a solid substrate. Constant substrate
velocity and temperature were maintained while simultaneously controlling the vapor
aspiration. Reproducible results with variations of ±5 nm were obtained, but the method
has not been widely adopted, probably due to the device used being relatively complicated.

Before chamber construction, the organic solvent needs to be removed from the
deposited lipid solution. This is most commonly achieved by placing the electrodes under
a vacuum [4,10,28,35,37,50,53]. Depending on the research group, the vacuum duration can
range from just 5 min [53] to 2 h [35]. Alternatively, drying can be performed by placing the
electrode with the lipid solution under a stream of an inert gas, such as nitrogen [31,51,52]
or argon [41]. More rarely encountered, lyophilization can also be used to eliminate traces
of the organic solvent [27,57].

Some researchers went in another direction and instead of trying to improve the exist-
ing approach, replaced the organic solution of lipids with aqueous liposome suspensions
(SUVs, LUVs, or multilamellar vesicles) [4,29,49,58–61]. Using this approach, Pott et al.
concluded that GUV formation was better when using aqueous liposome solutions than
when using organic lipid solutions [4]. They attribute this to the ability of such dispersions
to produce well-oriented membrane stacks immediately after the evaporation of water.
Although any excess water was completely removed from the deposits, an alternative
approach was suggested in which the deposits would be only partially dehydrated prior
to internal solution addition. The effect of using damp lipid films on GUV properties
was explored in more detail by Baykal-Caglar et al. [29]. By measuring their miscibility
transition temperature, they have shown that such an approach produces more compo-
sitionally uniform populations of GUVs. This result is explained by a reduction in lipid
demixing—a common artifact appearing when drying the lipid solution completely. The
artifact is especially pronounced when using mixtures with a cholesterol content near to or
above the maximum solubility threshold for that mixture [27].

Furthermore, avoiding the dry phase and use of organic solvents benefits protocols
aimed at protein incorporation into GUVs, since these steps damage the protein struc-
ture. The first proof of successful protein reconstitution using this approach came from
Girard et al. [61] and the most recent protocol is described by Witkowska et al. [49].

Since the deposition of aqueous liposome suspensions was a significant deviation
from the classic protocol by itself, until recently, no one addressed the still existing problem
of nonuniform film thickness. In 2019, Oropeza-Guzman et al. suggested using the coffee
ring effect to solve this issue [59]. The effect describes a phenomenon in which a drying
droplet deposits most of its material on the periphery, forming a ring-like stain. The group
used the effect to their advantage by consecutively depositing progressively larger droplets
on top of one another. Since a larger droplet has more material, it will create a larger
diameter ring and, in the process, will smear and flatten the ring from the previous droplet,
thus leaving an area of uniform lipid thickness inside (Figure 4). Although the mean
diameter of vesicle populations hasn’t significantly changed when compared to the single
droplet deposition, the multi-droplet preparations displayed a much lower percentage
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of nonunilamellar vesicles. These results combined with the low lipid mass used and a
relatively simple experimental setup make the method a promising option for reproducible
and uniform lipid deposition.
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periphery and a ring-like stain is formed. This is known as the coffee-ring effect. By depositing progressively larger droplets,
the ring from the previous droplets gets smeared and flattened, thus leaving behind an area of uniform lipid film thickness.

5. Lipid Compositions and Internal Solutions

Artificial vesicles are often grown from single phospholipid species. Vesicles made
of different phospholipids [15,50] and hybrid phospholipid/polymer vesicles have been
produced through electroformation [62–64]. Details about lipid/polymer vesicle electro-
formation can be found elsewhere [65]; here we will mainly focus on lipid composition.
Among lipid mixtures, Chol and/or sphingomyelin are the most frequently employed
since they are the other two most abundant eukaryotic plasma membrane components [66].
Chol concentrations of up to ~50 mol% are most commonly experimented with, since most
biological membranes do not exceed this level [26,66], and the maximum solubility limit
of Chol in phospholipid membranes seems to be around 66 mol% [27,67]. Nevertheless,
biological systems, such as the fiber cells of eye lenses, exhibit Chol:phospholipid molar
ratios of up to two in the lens cortex and up to four in the nucleus [68,69]. Excess Chol is
incorporated into CBDs up to a solubility threshold after which cholesterol crystals are
formed outside the membrane [22,70]. Modeling these systems requires GUVs of appropri-
ate lipid composition, but they are not often used in experiments and additional obstacles,
such as the previously mentioned demixing artifact, become more pronounced [20,27].
Phospholipid/sphingomyelin/Chol ternary mixtures have been more intensely researched
of late, since these constituents are involved in the formation of lipid rafts [71].

For a long time, electroformation was deemed inappropriate for the growth of vesicles
in a medium with physiological salt concentrations [72]. These difficulties have recently
been linked to tighter lipid packing and decreased water permeability. Additionally,
the electrohydrodynamic force decreases when using solutions with high ion concentra-
tions [73,74]. Successful protocols for GUV electroformation under physiological conditions
started appearing around 15 years ago [4,12,29,35,46,75,76]. Pott et al. successfully formed
GUVs from a single lipid species in a 100–250 mM NaCl solution [4]. At their suggestion,
using a similar protocol, Montes et al. also succeeded in forming GUVs from native mem-



Membranes 2021, 11, 860 8 of 17

branes or organic lipid mixtures at physiological conditions (25 mM HEPES + 150 mM NaCl
pH 7.2) [76]. Using plasma cleaned ITO electrodes, Li et al. extended the concentration of
NaCl up to 2 M and noticed that the diameters of GUVs increased in the 0–200 mM range
and then decreased for 200 mM–2 M. Furthermore, they successfully formed GUVs in a
PBS (phosphate buffered saline) and PCR (polymerase chain reaction) buffer [35]. Two
years later, another protocol focusing solely on GUV growth in a PBS buffer was published.
The same article also includes a discussion on microinjection of material into grown GUVs
and concludes that the highest success rate is obtained when their mechanical stability is
increased through the addition of 20 mol% of cholesterol to the mixture [46].

In addition to high salt concentrations, nonneutral lipid charge also seems to affect
GUV growth [35,37,53,77,78]. Estes and Mayer successfully formed GUVs from neutrally
and negatively charged lipids. However, they noticed that using high concentrations of
negatively charged lipids resulted in an approximately 30% increase in the thickness of the
coated lipid layer [50]. Ghellab et al. and Li et al. experimented with both negatively and
positively charged lipid mixtures and were able to grow GUVs using all of the combina-
tions [35,53]. Nevertheless, the average diameter of GUVs containing higher concentrations
of charged lipids was much smaller. As a possible explanation for this effect, they mention
the formation of an electric double layer due to the high concentrations of counter ions
near the electrode.

Alongside water and physiological buffer, GUVs are sometimes grown in sucrose
and then resuspended in glucose or a physiological buffer, resulting in their sinking to the
bottom of the chamber [10,12,38,41]. This makes microscopy easier since all GUVs are in
the same plane. Using sugars, such as sucrose, also seems to promote GUV formation by
enhancing the hydrodynamic force on the lipids through an increase in interfacial viscosity
between the solution and the lipid membrane [79].

Internal solution pH is also important since it is strongly linked with lipid hydrolysis.
A study using partially hydrogenated egg yolk phosphatidylcholine showed that the
hydrolysis rate is lowest at around pH 6.5–7 and then increases in both directions as the
pH changes [80]. This is fortunate since physiological conditions assume near-neutral pH,
so those values are desirable for cell mimicking experiments.

The most common method for observation of GUVs and their domains is fluorescence
microscopy. However, the user has to be careful since production of peroxides due to
excitation of the fluorescent dyes leads to light-induced lipid oxidation and subsequently to
light-induced domains [10,11,41,48,81]. Zhao et al. compared two dye concentrations and
found that it took more time for the light-induced domains to appear for the smaller con-
centration (10–20 s after illumination with a mercury lamp) [48]. On top of that, fluorescent
probes can change the phase behavior of membranes with a miscibility transition [10,82].
Taking the above two effects into account, it is always best to use the smallest possible
amount of lipid probe while still obtaining a good signal for microscopy. Additionally, when
multiple fluorescent probes are used simultaneously (for some probes even in amounts
as small as 0.05 mol%), their preferential partitioning can change when compared with a
single fluorescent probe scenario [82].

6. Electrical Parameters

Most studies are not concerned with electroformation parameters giving the best
GUV yield but only require a certain number of stable vesicles for further research. It is
no wonder then that most studies choose established voltage and frequency values from
common references, such as Angelova et al. or Veatch, where peak-to-peak voltage is
usually kept between 1 and 10 V and frequency around 10 Hz [10,31,36].

Of course, since the property of interest here is the electric field and not the voltage
by itself, the voltage values should always be accompanied by electrode separation in
order to provide some context for the field strength. Common interelectrode separations
range from 0.5 to 3 mm. Most often, a separation value from this interval is used with-
out special explanation, and the voltage is modified accordingly. In combination with
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ITO electrodes, the separation is achieved through the use of spacers usually made from
silicon (PDMS) [2,31,34,37,50–52] or Teflon (polytetrafluoroethylene) [28,38,41,83]. An-
other alternative is specifying the electric field strength instead of the voltage from the
beginning [4,28,51].

Significant deviations from conventional parameters are usually explored only in
studies specifically trying to improve a certain aspect of the electroformation protocol.
GUVs were obtained using egg phosphatidylcholine or DOPA (1,2-dioleoyl-sn-glycero-3-
phosphate) using electric field values of up to 40 V/mm and frequencies up to 1 MHz [51].
Another study used a mixture of phosphatidylcholine and cholesterol and found the opti-
mal values to be 5 V/mm and 10 kHz [34]. Considering such large differences depending
on the specific lipid composition and experimental setup, it is prudent to optimize the
electrical parameters every time a different lipid composition (or one not yet explored by
other researchers) is used. However, using electric field strengths up to a couple V/mm
and frequencies of 10–100 Hz seems to give satisfying results for many different lipid
compositions (positive, negative, and zwitterionic lipids compositions were tested) when
deionized water is used as an internal solution [53].

If physiological salt concentration buffers are used as the internal solution, higher fre-
quencies tend to be needed [4,12,35,76]. Pott et al., Montes et al., and Lefrancois et al. all had
success forming vesicles at physiological conditions using a frequency of 500 Hz [4,46,76].
Li et al. performed a systematic frequency-voltage sweep for three lipid compostions (two
zwitterionic and one negatively charged lipid species) and found the ideal frequency to be
in the range of 100–1000 Hz as well [35]. The preference for higher frequencies is attributed
to disruption of the electric double layer under those conditions [12,35,51,84].

Some groups alter the voltage values during electroformation [4,38,39,46,49,54,61,76].
The reasoning behind such protocols is well described by Pott et al. [4]. First, the electric
field is progressively being increased up to a maximum value at a fixed frequency in order
to maintain a sphere-like shape of growing vesicles. Second, depending on the chamber
solution and the duration of the first step, the electric field is kept constant in order to
allow an increase in size through swelling. An additional step can be included in which
the electric field remains the same as in the previous step, but the frequency is reduced in
order to promote vesicle fusion and detachment from the electrodes.

Drabik et al. compared the approach of increasing the voltage by 1 V every hour from
1 to 4 V with a constant 2.5 V applied for 4 h. The vesicles obtained using the sequential
voltage approach were bigger, but both the amount of lipids used for electroformation and
the ratio of unilamellar to oligolamellar vesicles remained unchanged [38]. It is important
to note that this research only used a zwitterionic monounsaturated phospholipid, so the
results might differ when using different lipids or more complex compositions. Breton et al.
utilized a protocol involving an initial stepwise increase in voltage up to a maximum value
that was then maintained for a certain amount of time [85]. Using three lipid species with
different levels of unsaturation, they have shown that even at relatively low electric field
values (<1 V/mm), lipid oxidation occurs for moderately and highly oxidizable lipids
(two double bonds or more). This is in agreement with a previous study on the oxidative
effect of electric field on lipids from Zhou et al. [42]. The increase in maximum voltage did
not change the rate of oxidation for monounsaturated lipid species [85]. The size of the
vesicles increased up to an oxidation level of 25%, after which it started to decrease [85].
The fact that oxidation of 25% will be reached at different voltages for different lipid
species again underlines the necessity of optimizing the protocol for each different lipid
composition used.

7. Temperature and Electroformation Duration

Temperature is an important parameter in electroformation protocols since it governs
the bilayer gel to liquid phase transition (melt/transition temperature). Moreover, a
continuous increase in temperature (as opposed to a thresholding effect of the transition
temperature) seems to be accompanied by an increase in the final diameter of produced
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GUVs [35,47,53]. A probable explanation is that the temperature enhances the permeability
of the membrane to the solvent through an increase in membrane fluidity [86]. Although
increasing the GUV diameter is a desirable property, there is a disadvantage to increasing
the temperature too much since prolonged exposure to high temperatures leads to increased
lipid breakdown [10].

In order for the bilayer to be in the liquid phase and adequate mixing of components
to be achieved, the electroformation temperature is usually kept above the transition tem-
perature of the lipid with the highest transition temperature in the mixture. In some cases,
the miscibility transition temperature can even exceed this highest transition temperature,
so an even higher value is sometimes needed [10]. However, high temperatures can be
harmful in scenarios such as those involving protein reconstitution. Regarding this issue,
a study using a DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine)/sphingomyelin/Chol
(2:2:1 molar mixture) compared the properties of GUVs grown at room temperature and
65 ◦C [83]. The proportion of liquid ordered–liquid disordered (Lo + Ld) phase separated
vesicles was higher in the higher temperature batch. Nevertheless, the physical properties
of vesicles that were phase separated were similar for both temperatures.

The rate of sample cooling after electroformation plays a significant role in the phase
separation of membrane domains. First, sudden changes in temperature can break some
vesicles [10]. Second, if cooled too quickly from a fluid one-phase region to the gel–fluid
phase, the vesicles seem to be caught in a nonequilibrium state where phase separation
has not yet been achieved [87,88]. On the other hand, in situations where the Ld phase
is present in small amounts, cooling too slowly can lead to an artifactual decrease in the
amount of Lo + Ld phase due to the Ld phase pinching off the parent GUV [11].

The duration of electroformation is variable between research groups as well and
usually ranges from 0.5 to 7 h, though it can last up to 24 h in some cases [38]. The ef-
fect of prolonged electroformation duration (4–24 h) has been tested using fluorescence
microscopy, flow cytometry, spectrofluorimetry, and colorimetric analysis to measure the
diameter of vesicles, the proportion of oligolamellar vesicles, and the amount of lipid
molecules in the GUV suspension after electroformation [38]. Prolonged electroformation
duration did not significantly impact any of these parameters. However, the study only
used a monounsaturated phospholipid, which is poorly oxidizable. Another study involv-
ing three lipids with different degrees of unsaturation was also conducted [85]. Using
mass spectrometry and flow cytometry, a longer electroformation duration (5 vs. 20 h) was
shown to induce lipid oxidation in more oxidizable lipids (two double bonds or more).

8. Vesicles Population Count and Size
8.1. Manual Analysis

Electroformation results are usually presented through the number and size of ana-
lyzed vesicles. The most common approaches use microscopic techniques and then count
the vesicles and measure the diameters or intensities manually. Of course, since the number
of GUVs in a chamber can be very high, it is not feasible to analyze every vesicle, so usually,
a predetermined number of GUVs is selected. Unfortunately, this process is highly subjec-
tive and can lead to problems, such as biased selection or different criteria for selection.
Consequently, there has been a recent surge in the development of automatic methods for
GUV analysis. Based on the operating principle, methods for automated GUV detection
and analysis can be divided into three larger groups: conventional microscopy aided by
automatic detection algorithms, light scattering methods, and methods based on analysis
of electrical impedance.

8.2. Automated Microscopy Analysis

Compared with manual analysis, automatic analysis can save a lot of time and reduce
the possibility of bias while tracking the vesicle features. Nevertheless, many research
groups still default to manual analysis, so studies using automated approaches do not
appear often and are generally published within last 10 years. Numerous different ap-
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proaches were used, such as circle detection using discrete differential evolution [89],
Markov random field [90], and circular Hough transform [91]. The latest additions are
offered as ImageJ [92] macros using (amongst others) techniques such as polar transforma-
tions [93,94] or a series of steps sometimes utilizing existing ImageJ functionalities [95,96].

3D reconstruction algorithms based on confocal microscopy stacks are available as
well [97]. Although a 3D reconstruction is visually the best approach, we can never display
the whole surface at once. In order to gain a complete information, we have to use multiple
viewing angles. This problem can be solved by creating 2D projections from 3D image
stacks through unfolding of the 3D surface (like projecting Earth’s surface on a cartographic
map) [98]. Additionally, since the 2D projection displays the whole surface at once, it is
much easier to track the surface dynamics. Maybe the best approach would be to use
these two methods together, since they complement each other; one gives us a familiar
and visually appealing 3D representation and the other a possibility to monitor the whole
surface at once.

8.3. Light Scattering Methods

Light scattering methods are a popular tool for determining the average diameter of
particles suspended in a solution. For particles up to a diameter of around 1 µm, methods
such as dynamic light scattering can be used to easily obtain the average diameter value [99].
Since GUVs fall out of this size category, the most commonly used light scattering method
is flow cytometry [38,85,100–104]. Studies have been performed to confirm the correlation
between the forward scatter (FSC) and side scatter (SSC) signal intensity and particle
size. For example, the correlation for smaller particles (∼1 µm) has been confirmed using
dynamic light scattering measurements [99] and for larger ones (∼10 µm) by observing
liposomes under a microscope after fluorescence-activated cell sorting [101]. Consequently,
to obtain the average liposome diameter, sample FSC and/or SSC signals are measured
and compared with those of calibration beads (usually polystyrene or silica) of known size.

The problem with this approach is that the FSC and SSC signals depend on the internal
structure of the particles as well as their refractive indices, giving rise to a certain amount
of error in obtained diameters [99,105]. Usually, researchers are content with obtained
relative sizing but comment on the possibility of error due to the refractive index mismatch.
Possible solutions have been offered to account for the difference. One study first obtained
the average refractive index of particles of interest and then corrected the calibration
beads measurements using the Mie scattering theory [105]. Another study took a more
direct approach and proposed artificial liposomes as calibrators instead of polystyrene
beads [100]. An additional detail which is easily missed is that all of the articles above use
FSC and/or SSC to extract the dimensions of the particles. However, when particles are
approximately the same size as the height of the laser beam (as is the case for most GUVs),
pulse width sizing is probably a better approach for determining the size of vesicles as
it does not depend on many of the factors plaguing light scattering approaches for size
measurements [106,107].

Recently, imaging flow cytometry devices started being used for GUV quantifica-
tion [103]. This unites the best of both worlds by combining the rapid analysis of thousands
of particles using flow cytometry with the capability of image-based approaches to identify
the results.

8.4. Electrical Impedance-Based Analysis

Coulter counters detect particles suspended in an electrolyte based on the change
of impedance due to the passing of a particle through an aperture between the two elec-
trodes [108]. In terms of potential for analysis of GUVs, the method has an advantage of
being able to detect the size of particles as well as their number.

With this possibility in mind, it is surprising that this device is not used more in GUV
studies, so it is probably due to the device not being widely accessible. We were able to
find only one recent GUV study using this method [109]. Even there, however, not a classic
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Coulter counter but a handheld version was used. Although combining the principle
with a handheld device is convenient, the drawback is that it can only be used to analyze
particles ranging from 6 to 36 µm in diameter. However, depending on the aperture size, a
classic Coulter counter can be adjusted to analyze objects as large as 1600 µm [108].

9. Final Conclusions and Future Directions

This section summarizes the most important modifications of the electroformation
method and discusses future improvements regarding the formation of GUVs with a high
Chol content.

Concerning electrodes, ITO and platinum remain the most common choices, but the
same electrodes should not be used for too long due to the negative impact of electrode
aging on GUV quality [37,38]. Traditional drop-deposition methods have been superseded
due to their not being able to attain reproducibly uniform lipid films. The best alternatives
seem to be the spin-coating method of Estes and Mayer [50] and deposition using the
coffee-ring effect [59]. Of these two, the coffee-ring method offers the additional advantage
of requiring fewer lipids. Replacing the organic solution of lipids with an aqueous liposome
suspension during the deposition step has also been shown to improve GUV formation [4].
Bypassing the dry phase altogether by using damp lipid films for electroformation has been
tested as well and shown to produce more compositionally uniform GUV populations [29].
The effect is attributed to a reduction in the lipid demixing artifact that occurs when the
lipid film is dried completely.

In order to better emulate cell conditions, solutions with physiological pH and ion
concentrations have to be used instead of deionized water. Using plasma cleaned ITO
electrodes and higher electroformation frequencies (~500 Hz) seems to be beneficial for
GUV growth in such environments [4,35,46,76]. Depending on the degree of unsaturation
of used lipids, the voltage should be kept low enough to prevent oxidation. For highly
oxidizable lipids, oxidation occurs even at relatively low field values such as 1 V/mm [85].
Overly long electroformation durations should also be avoided since they too increase lipid
oxidation for polyunsaturated lipids [85].

Electroformation temperature should be kept well above the transition temperature of
the lipid with the highest transition temperature in the mixture. Increasing the temperature
has been shown to lead to an increase in final GUV diameter [35,47,53]. Nevertheless,
temperature should not be set too high since prolonged exposure to high temperatures
leads to increased lipid breakdown [10]. The rate of cooling should be monitored as
well. Cooling too quickly can lead to vesicle rupture [10] and vesicles being caught in a
nonequilibrium state [87,88]. However, if cooling occurs too slowly in situations where
Lo + Ld phases are present, the Ld phase can pinch off the parent GUV, leading to artifactual
results as well.

The most common method of quantifying vesicle yield is fluorescence microscopy
followed by manual vesicle analysis. However, this approach can be highly subjective,
leading to biased results. Consequently, numerous automated algorithms for GUV detec-
tion have recently been developed and implemented [89–91,93–95]. Aside from traditional
image-based analysis, flow cytometry and impedance-based methods have also been used
to assess the GUV yield. Flow cytometry provides information on both the size and struc-
ture of the analyzed population. However, the size measurements may be incorrect due
to the cytometry signal dependance on the particle structure and refractive index [99,105].
Impedance-based analysis offers much more precise size measurements but lacks the addi-
tional information flow cytometry offers. Recently, imaging flow cytometry was applied to
GUV analysis, combining the rapid population analysis of flow cytometry with the ability
to identify the results through their images [103].

Applying classic electroformation protocols to produce GUVs from lipid mixtures
containing high Chol concentrations leads to artifacts caused by Chol demixing and for-
mation of Chol crystals. We faced these problems using confocal microscopy to confirm
that pure CBDs are formed in GUVs made of a Chol/PL mixture [20]. We were able to
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observe CBDs but only when the Chol/PL mixing ratio was equal or greater than 2.5 for
DSPC (distearoylphosphatidylcholine) and 3 for POPC (1-palmitoyl-2-oleoyl-glycero-3-
phosphocholine). We previously showed that for these phospholipids CBDs start to form
at 50 mol% Chol concentration in lipid bilayer membranes of multilamellar liposomes (at
a Chol/PL molar ratio of 1) [22,70]. At a membrane Chol content of 66 mol% (i.e., at a
Chol/PL molar ratio of 2), Chol crystals start to form [22,70]. Thus, the real Chol content in
the membranes of GUVs was significantly lower than the Chol/PL mixing ratio in the chlo-
roform solution used for GUV preparation. The multilamellar liposomes were prepared
using the rapid solvent exchange method [22,70], which protects against the demixing
of Chol in the form of Chol crystals. Classic electroformation protocols contain steps of
the film deposition method (see Section 2). During membrane preparation, using the film
deposition method, the lipid mixture passes through the solid-state intermediate at which
solid-state demixing of Chol in the form of Chol crystals take place. Chol crystals do not
participate in the further membrane formation, resulting in a real membrane Chol content
lower than the Chol mixing ratio [27]. This problem in the formation of GUVs could be
solved by replacing the organic solutions of lipids with aqueous suspensions of composi-
tionally uniform liposomes formed using the rapid solvent exchange method [22,110,111].
These liposome suspensions can then be used to form damp lipid films for electroformation.
Baykal-Caglar et al. tested this approach, but only for liposome suspensions with lower
Chol concentrations (up to ~40 mol%) [29]. We think that this approach can be extended to
higher Chol contents reaching Chol saturation limits and Chol solubility thresholds.
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Abstract: Artificial vesicles are important tools in membrane research because they enable studying
membrane properties in controlled conditions. Giant unilamellar vesicles (GUVs) are specially inter-
esting due to their similarity in size to eukaryotic cells. We focus on optimization of GUV production
from phosphatidylcholine/sphingomyelin/cholesterol mixtures using the electroformation method.
This mixture has been extensively researched lately due to its relevance for the formation of lipid rafts.
We measured the effect of voltage, frequency, lipid film thickness, and cholesterol (Chol) concentration
on electroformation successfulness using spin-coating for reproducible lipid film deposition. Special
attention is given to the effect of Chol concentrations above the phospholipid bilayer saturation
threshold. Such high concentrations are of interest to groups studying the role of Chol in the fiber
cell plasma membranes of the eye lens or development of atherosclerosis. Utilizing atomic force and
fluorescence microscopy, we found the optimal lipid film thickness to be around 30 nm, and the best
frequency–voltage combinations in the range of 2–6 V and 10–100 Hz. Increasing the Chol content,
we observed a decrease in GUV yield and size. However, the effect was much less pronounced
when the optimal lipid film thickness was used. The results underline the need for simultaneous
optimization of both electrical parameters and thickness in order to produce high-quality GUVs for
experimental research.

Keywords: GUVs; electroformation; cholesterol; sphingomyelin; phosphatidylcholine; film thickness;
frequency; voltage; AFM

1. Introduction

Membrane bilayers are crucial for the proper functioning of biological cells. However,
due to their complexity, it is often hard to evaluate a specific property while controlling for
all other properties that also might influence the measurement. This is why many studies
concerned with specific membrane properties use artificial vesicles. Giant unilamellar
vesicles (GUVs) are of special importance since their size in the range of 5–100 µm is
comparable to the size of eukaryotic cells. Additionally, this size range is optimal for
studies utilizing light microscopy.

The most commonly used method for growth of GUVs is electroformation. It was
developed by Angelova and Dimitrov in 1986 [1] and has constantly been perfected and
updated since. The method consists of depositing a lipid mixture of choice on a conductive
substrate. The dried film is then hydrated, and an alternating current applied to detach
the lipid film from the surface and form GUVs. Although quite simple at first glance,
the method is influenced by many parameters, requiring optimization depending on the
experimental setup [2]. We focus on the effect of lipid composition, lipid film thickness,
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and electrical parameters (frequency and voltage) using a ternary mixture of 1-palmitoyl-2-
oleoyl-glycero-3-phosphocholine/sphingomyelin/cholesterol (POPC/SM/Chol) (Figure 1).
This mixture was chosen since these three type of lipids are the most abundant in biological
membranes [3–5]. Of special interest currently is the state of liquid order–liquid disorder
(Lo–Ld) phase separation which is important for the formation of lipid rafts [6]. Although
substantial research has been conducted using GUVs of such compositions, we are aware of
no study systematically dealing with optimization of the manufacturing process for those
compositions using electroformation.
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In addition to frequency and voltage, lipid film thickness is an important electro-
formation parameter whose importance is often overlooked. Some studies dealing with
electroformation optimization focused solely on optimizing the electrical parameters. This
limits the usefulness of the results, since lipid film thickness inevitably affects the electric
field and consequent membrane fluctuation [7,8]. Consequently, using different lipid thick-
nesses with the same electrical parameters should provide different results. Additionally,
the traditional electroformation protocol uses drop deposition in which the lipids are simply
dropped on the surface and the solvent is evaporated afterward. This leaves a lipid film of
uneven thickness, reducing the homogeneity of obtained GUVs and reproducibility of the
experiment. Several methods have been suggested for achieving reproducible lipid film
thicknesses [9–11]. Here, we use the spin-coating method in which lipids are deposited onto
the electrode and then spun at a high angular velocity in order to obtain a homogeneous
lipid film for electroformation [9].

The effect of different Chol concentrations, including those exceeding its membrane sat-
uration limits, is also explored. Such high Chol concentrations are interesting to researchers
investigating the role of Chol in fiber cell plasma membranes of the eye lens [12–17] or the
development of atherosclerosis [18,19]. Within the human eye lens, the Chol/phospholipid
(Chol/PL) molar ratio is in the range of 1–2 in the lens cortex and 3–4 in the lens nu-
cleus [20,21]. Such high Chol contents are thought to be crucial for maintaining lens
transparency by enabling the formation of Chol bilayer domains (CBDs) which ensure that
the surrounding phospholipid bilayer is saturated with Chol.

Applying traditional electroformation protocols for production of GUVs from mixtures
containing large quantities of Chol leads to Chol demixing artefacts and formation of Chol
crystals [13,22,23]. These issues were encountered when we tried to confirm the existence
of CBDs in Chol/POPC GUVs using confocal microscopy [13]. We were able to observe
CBDs, but only when the Chol/POPC mixing ratio was equal to or greater than 3. This
was in contrast with our earlier studies showing that CBDs start to appear at a Chol/PL
ratio of 1/1 (50 mol.% Chol) in multilamellar vesicles [15,24]. However, when producing
multilamellar vesicles, the rapid solvent exchange method can be used [25,26], which has
been shown to be effective at protecting against the Chol demixing artefact. This confirms
the significant effect of Chol demixing during the drying phase of the protocol, resulting in
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different lipid ratios inside the GUV membranes (molar ratios) compared to the initial ratios
in the lipid mixture (mixing ratios). Consequently, in order to cover the Chol concentrations
needed for CBD formation, we used mixing ratios of Chol/(POPC + SM) in the range
of 0–3.5.

2. Materials and Methods
2.1. Materials

POPC, egg SM, and Chol were obtained from Avanti Polar Lipids Inc. (Alabaster,
AL, USA). The fluorescent dye 1,1′-dioctade-cyl-3,3,3′,3′-tetramethylindocarbocyanine
Perchlorate (DiIC18(3)) (Figure 1) was purchased from Invitrogen, Thermo Fisher Scientific
(Waltham, MA, USA). When not used, the lipids were stored at −20 ◦C. Other chemicals of
at least reagent grade were obtained from Sigma-Aldrich (St. Louis, MO, USA). Indium tin
oxide-coated glass (ITO, CG-90 INS 115) was purchased from Delta Technologies (Loveland,
CO, USA). ITO glass dimensions were 25 mm × 75 mm × 1.1 mm. New ITO glass was
used for each preparation in order to prevent coating deterioration [27]. Mili-Q deionized
water was used as the internal chamber solution.

2.2. Deposition of the Lipid Film

The spin-coating method was used for lipid film deposition [9]. Prior to spin-coating,
the glass was immersed in deionized water for at least 45 min before being wiped four times
with 70% ethanol moistened lint-free wipes. Properties of samples with Chol/(POPC + SM)
mixing ratios in the range of 0–3.5 were compared (0–77.8 mol.% Chol in the mixture).
The POPC/DiIC18(3) molar ratio was always kept at 1/0.002. The POPC/SM mixing
ratio is fixed at 1/1. Lipid mixtures were prepared in 95% chloroform and 5% acetonitrile
solution [9]. The solution (350 µL) was deposited onto the ITO surface, and a thin lipid
layer was created using a Sawatec SM-150 spin-coater (Sawatec, Sax, Switzerland). The
glass was spun for 4 min at 600 rpm with the final velocity reached in 1 s. After coating, the
lipid film was placed under vacuum for 30 min to evaporate any remaining solvent.

2.3. Electroformation Chamber

The electroformation chamber was made of two 25 mm × 37.5 mm ITO-coated glass
electrodes separated by a 1.6 mm thick Teflon spacer (Figure 2). The electrodes were made
by cutting a 25 mm × 75 mm ITO glass slide in half using a diamond pen cutter. After
spin-coating lipids on one of the electrodes, the chamber was assembled by attaching the
spacer to the electrodes using vacuum grease. Upon insertion, the stopper was also sealed
with vacuum grease. In this way, contact between the grease and the internal solution was
avoided, minimizing the possibility of harmful effects due to grease contamination [28].
Finally, the chamber was attached to a voltage source (UNI-T UTG9005C, Chengdu, China
pulse generator or a Joy-IT PSG 9080, Neukirchen-Vluyn, Germany signal generator) and
placed inside an incubator at a temperature of 60 ◦C. In order to assure good contact
between the conductor wires and the electrodes, the outer edges of the electrodes were
covered with copper tape. After 2 h, the voltage was turned off and the chamber was kept
in an incubator for another hour. When examining the effect of Chol concentration on
average GUV diameter, electroformation was performed simultaneously on six samples by
connecting the chambers in parallel.

2.4. Thickness Measurements

Atomic force microscopy (AFM) images were obtained using a JPK NanoWizard
4 system (JPK/Bruker, Berlin, Germany). Imaging was carried out in tapping mode. The
image resolution was 512 pixels per line. Analysis was performed using the Gwyddion
2.60 software. In order to obtain the thicknesses, a cut was made on the lipid film deposited
on ITO glass. The depth of the cut was assessed by calculating the height difference between
the bottom of the trough and the height of the plateau next to the cut (far away enough
from the edge of the cut ensuring that the measurements represent the unperturbed lipid
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film). Final thickness was an average obtained from measurements of five height profiles
perpendicular to the cut. In order to confirm the flatness of the ITO layer prior to film
deposition, we performed AFM measurements on clean ITO slides and found the surface
roughness to be in the range of couple nanometers, in accordance with the results presented
by Herold et al. [27].
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The X-ray reflectivity (XRR) experiments were performed using an Empyrean X-ray
diffraction system (Malvern PANalytical, Malvern, UK) with a programmable xy-platform
and z-adjustment at the position of the sample holder. The instrument was equipped with a
copper X-ray tube (CuKα = 1.541 Å), multicore optics iCore/dCore, and PIXcel3D detector
with Medipix-3 technology. The X-ray beam was parallelized using iCore optics and XRR
curves were recorded under the following operating conditions: 45 kV anode voltage and
40 mA anode current. Scans were made using an Omega-2Theta scan with a step size of
0.002◦ and a scanning angle in the range of −0.021◦ to 6◦.

2.5. Fluorescence Imaging

In order to search the entire volume of the chamber, we collected images from 13 re-
gions on the sample. If possible, up to 50 vesicles were tracked from each image. In order
to reduce measurer’s bias, the computer randomly chose 30 vesicles out of these 50. If the
image did not contain 30 vesicles, all of the tracked vesicles from that image were counted.
Images were obtained using an Olympus BX51 (Olympus, Tokyo, Japan) fluorescence
microscope. Vesicle diameters were measured using the line tool in Fiji software [29].

2.6. Data Analysis

If not stated otherwise, numerical results are expressed as the mean ± standard error.
Sample distribution normality was tested using the Shapiro–Wilk test. Difference of means
for two groups was tested using Student’s t-test. Goodness of linear fit was estimated using
the coefficient of determination R2. Data analysis and visualization were performed using
the R programming language [30].

3. Results and Discussion
3.1. Effect of Electrical Parameters

In order to determine the optimal electrical parameters, we tested 25 frequency–voltage
combinations with frequencies ranging from 1 to 1000 Hz and peak-to-peak voltages
ranging from 0.5 to 20 V. A 3.75 mg/mL concentrated POPC/SM/Chol 1/1/1 mixture was
used. Such a mixture should create GUVs in the Lo–Ld phase [31], which is important for
studies of lipid rafts [6].

Electroformation successfulness was estimated from fluorescence images, taking into
account the GUV population homogeneity, yield, and size, as well as the amount of defects.
It is denoted in Figure 3 by circles, where a fuller circle indicates better successfulness.
Empty circles represent conditions for which GUV formation did not occur or was sporadic.



Membranes 2022, 12, 525 5 of 11

The results indicate that the best frequency–voltage combinations were in the range of
10–100 Hz and 2–6 V (Figure 3a). For these combinations, the GUVs yield was high with
sizes up to ~50 µm (Figure 3b). GUVs formation was observed for other combinations as
well, but the successfulness was lower. It can also be noted that, in order to grow GUVs
at higher voltages, higher frequencies were required. Such behavior can be explained
through the effect of electrical parameters on lipid film fluctuations and lipid oxidation.
Too strong electric fields can induce lipid oxidation [32,33] and tear the lipid film off the
surface prematurely [34], negatively affecting GUV formation. Lipid film oscillations are
important because they are responsible for lipid film bending and separation. These oscilla-
tions have been shown to rise with increasing electric fields and decrease with increasing
frequencies [7,8,35]. This could explain why an increase in frequency is required in order
to create GUVs at higher voltages. Increasing the frequency simultaneously with volt-
age keeps the oscillations in the optimal interval, ensuring that membrane fluctuations
appear, but preventing an overly fast bilayer detachment. Furthermore, decreasing the
voltage too much or overly increasing the frequency leads to too small membrane fluc-
tuations, preventing the swelling required for GUV formation [36]. POPC and SM are
monounsaturated lipids, and it has been shown that such lipids are not affected strongly
by voltage-induced oxidation [33,37]. Consequently, the dominant effect here is probably
related to oscillations intensity.
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Figure 3. (a) Electroformation successfulness dependence on frequency–voltage combinations for a
1/1/1 POPC/SM/Chol mixture and a lipid concentration of 3.75 mg/mL. Successfulness takes into
account the population homogeneity, yield, and size of GUVs, as well as the amount of defects. It is
displayed here through circle fullness, where a fuller circle indicates better successfulness. Empty
circles denote that no GUVs were formed or their number was negligible. (b) Fluorescence microscopy
image of electroformed GUVs for a 10 Hz–2 V frequency–voltage combination. The scale bar in the
bottom right corner denotes 50 µm.

3.2. Effect of Lipid Film Thickness

Along with voltage and frequency, lipid film thickness is also a crucial electroformation
parameter, but studies optimizing lipid thickness are scarce. The reason is probably mostly
historical, since researchers often use the traditional drop-deposition protocol, in which film
thickness can only be crudely estimated from the mass of deposited lipids and the deposi-
tion area. Furthermore, both measuring the thickness and using alternative protocols which
enable reproducible film deposition require special equipment, again making it harder to
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conduct such experiments. Here, we utilized spin-coating [9] in order to test the effect of
lipid film thickness on GUV electroformation from a ternary POPC/SM/Chol mixture.

We spin-coated the lipid solutions using four different lipid concentrations: 0.5, 2,
3.75, and 6 mg/mL. Two Chol/(POPC + SM) mixing ratios of 0.5 and 2 were inspected, giv-
ing a total of eight different parameter combinations tested. Measurements were performed
three times for each different combination.

The lipid surface was imaged using AFM, and thicknesses were determined from
height profiles of the cut in the film (Figure 4a). The depth of the cut was assessed from
the height profiles by calculating the difference between the bottom of the trough and the
height of the plateau next to the cut (Figure 4b). The plateau measurements were taken
far away enough from the edge of the cut so we could be certain that the measurements
represent the unperturbed lipid film. Obtained thicknesses displayed a linear dependence
on lipid concentration for both mixtures (Figure 4c).
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Figure 4. (a) 3D (left) and 2D (right) AFM images of a cut on a lipid film made from a
1/1/1 POPC/SM/Chol mixture with a lipid concentration of 3.75 mg/mL. The material buildup on the
edge of the trough (yellow hill on the image) is cut off in order to better visualize the rest of the sample.
The gray line on the 2D image shows the height profile position. The arrow points to a schematic
representation of the height profile used for thickness measurements. (b) Representative AFM height
profiles for a 1/1/1 POPC/SM/Chol mixture at different lipid concentrations. (c) Thickness of the
lipid film for two POPC/SM/Chol mixtures depending on the concentration of lipids in the solution
used for spin-coating. R2 = 0.98 and 0.83 for Chol/(POPC + SM) mixing ratios of 0.5 and 2, respectively.

In addition to AFM, we performed XRR measurements for different lipid concen-
trations at the same Chol/(POPC + SM) mixing ratio (Figure S1). The measurements on
uncoated ITO glass yielded thicknesses similar to those stated by the manufacturer (~25 nm)
(Figure S1a). Using the XRR method on lipid films gave more than one value of thickness,
which suggests some film inhomogeneity over larger scales. However, the results displayed
a thickness trend corresponding to that obtained by AFM (Figure S1b).

Figure 5 shows the results of experiments performed using six lipid concentrations
and two different Chol/(POPC + SM) mixing ratios. Measurements were repeated three
times for every combination. All of the experiments were performed using a frequency–
voltage combination of 10 Hz–2 V. At the top of the panels in Figure 5a, the average
number of tracked vesicles per sample is displayed. Electroformation successfulness is
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displayed at the bottom using the convention explained for Figure 3a. The trend was
quite similar for both Chol/(POPC + SM) mixing ratios used. When we tested the lowest
concentration of 0.5 mg/mL, practically no vesicles were observed due to a too small
thickness of the film (~10 nm). The successfulness improved with increase in the lipid
concentration, peaking at 2.75 mg/mL (film thickness ~30 nm) which seemed to be optimal
for our mixtures. A decrease in successfulness then appeared as we moved on to the
3.75 and 6 mg/mL concentrations.
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Figure 5. (a) GUV size depending on the thickness of the lipid film and Chol/(POPC + SM) mixing
ratio. All of the experiments were performed using a frequency–voltage combination of 10 Hz–2 V. At
the top of the panels, the average number of tracked vesicles per sample is displayed. Electroformation
successfulness is displayed at the bottom of the panels. Successfulness takes into account the yield and
size of GUVs and the amount of defects. It is displayed here through circle fullness, where a fuller circle
indicates better successfulness. Empty circles denote that no GUVs were formed or electroformation
efficiency was very low. (b) Representative fluorescence microscopy images for conditions displayed
in the panels above. The scale bar in the bottom right of the images denotes 50 µm.

Observing Figure 5b, we can see that using the optimal lipid film thickness not only
increases the yield and size of vesicles, but also contributes to a lower amount of defects in
the sample. This was especially visible for the mixture with a higher concentration of Chol,
where only the 2.75 mg/mL concentration seemed to provide the conditions for growth of
dominantly defect-free vesicles.

3.3. Effect of Cholesterol Concentration

In order to see how electroformation results changed with varying Chol content, we
inspected Chol/(POPC + SM) mixing ratios in the range of 0–3.5 (0–77.8 mol.%). The
Chol/(POPC + SM) mixing ratios were chosen so that, above the mixture transition tem-
perature, GUVs with all possible bilayer phase domains could be grown (Ld, Lo–Ld, Lo,
and CBDs). In order to assess the effects of both lipid film thickness and voltage, the
experiments were performed for lipid concentrations of 2.75 and 3.75 mg/mL and voltages
of 2 and 6 V. A frequency of 10 Hz was used for all experiments, and each parameter
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combination was tested three times. All three sets indicated a decrease in electroformation
successfulness with increasing Chol content, with decreases in both GUV size and quality
(Figure 6a,b). This is in agreement with our previous results using binary POPC/Chol
mixtures [38], and it is probably due to large Chol concentrations increasing the rigidity of
the lipid bilayer, causing more difficult bending during electroformation. Chol also has a
condensing effect on the membrane, leading to smaller phospholipid surface coverage and
thicker membranes [39].
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Figure 6. (a) GUVs sizes for different Chol concentrations, lipid concentrations (lipid film thicknesses),
and voltages. All experiments were performed using a 1/1/1 POPC/SM/Chol mixture and a
frequency of 10 Hz. At the top of the panels, the average number of tracked vesicles per sample is
displayed. Electroformation successfulness is displayed at the bottom of the panels. Successfulness
takes into account the yield and size of GUVs and the amount of defects. It is displayed here through
circle fullness, where a fuller circle indicates better successfulness. Empty circles denote that no GUVs
were formed or electroformation efficiency was very low. (b) Representative fluorescence microscopy
images for conditions displayed in the panels above. The scale bar in the bottom right of the images
denotes 50 µm.

Interestingly, even though a concentration of 3.75 mg/mL yielded poor results with the
POPC/SM/Chol mixture, our earlier experiments using POPC/Chol binary mixtures were
quite successful at that concentration [35]. A comparison of thicknesses of 2/1 POPC/Chol
and 1/1/1 POPC/SM/Chol mixtures at 3.75 mg/mL showed a slight increase after addition
of SM (33.2 ± 0.3 vs. 39 ± 1 nm, respectively, p = 0.009). A recent molecular simulation
study found that introduction of SM to POPC/Chol bilayers increases hydrocarbon chain
order, condenses the bilayer, and reduces water permeability [40]. The effect of SM is, thus,
similar to the effect of Chol. Consequently, the decrease in electroformation successfulness
when SM is added to the mixture can be explained through the effects of SM on bilayer
properties and the difference in lipid film thickness.

In accordance with the results for different film thicknesses, the results for the 2.75 mg/mL
concentration were superior to other combinations. The difference was most prominent at
higher Chol concentrations, where different combinations showed very poor GUV quality.
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Moreover, after the Chol/(POPC + SM) mixing ratio reached 2.75, crystal-like patterns started
appearing over the lipid-deposited surface. These probably represent Chol crystals forming
due to the Chol demixing artefact (Figure 6b) [13,22,23]. Comparing the results between
two different voltages for a lipid concentration of 3.75 mg/mL, we can see that using the
optimal electrical parameters of 10 Hz–2 V as determined above did somewhat improve
the quality of GUV preparations. However, successfulness for Chol/(POPC + SM) mixing
ratios higher than 2 was still unsatisfactory, with low GUV yields and a large amount of
defects. The 2.75 mg/mL concentration proved to be superior in this aspect as well, allowing
the formation of a large number of GUVs with a much lower amount of defects. These
findings show that optimizing the lipid film thickness is at least as important as optimizing
the electrical parameters and should be performed for every new mixture used in order to
maximize electroformation successfulness.

4. Conclusions

Combining spin-coating with the electroformation method, we investigated the effect
of electrical parameters, film thickness, and Chol concentration on GUV production. The
best frequency–voltage combinations were in the ranges 2–6 V and 10–100 Hz. Using
AFM, we found the optimal film thickness to be approximately 30 nm. This thickness
was achieved for a lipid solution concentration of 2.75 mg/mL at 600 rpm. Compared to
binary POPC/Chol mixtures, SM seemed to make it harder for GUVs to form. Additionally,
increasing the Chol concentration also led to lower-quality GUVs and a larger amount of
defects. However, the effect was much less pronounced when the optimal film thickness
was used during electroformation. At very high Chol concentrations (above a Chol/(POPC
+ SM) mixing ratio of 2.75), needle-like shapes started showing up on fluorescence mi-
croscopy images of lipid film surfaces. These most likely appeared due to Chol demixing
during lipid film drying. Alternative protocols bypassing the dry lipid film state, such as
those laid out by Baykal-Caglar et al. [23], could be applied to such mixtures. On the basis
of their results for mixtures with lower Chol concentrations, we think that the protocol
could be extended to concentrations exceeding the Chol saturation threshold.

In conclusion, the article presented the optimal values of several key electroformation
parameters. The results confirm the need to optimize the protocol for every new mixture
used and underlines the importance of lipid film thickness in the process.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/membranes12050525/s1: Figure S1: XRR analysis of spin-coated
lipid films thicknesses. The right column shows the raw data, and the left one the normalized Fourier
transform intensity. (a) Measurements for an ITO sample. (b) Measurements for different lipid
concentrations using a Chol/(POPC+SM) mixing ratio of 0.75.
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Abstract: Giant unilamellar vesicles (GUVs) are artificial membrane models which are of special
interest to researchers because of their similarity in size to eukaryotic cells. The most commonly
used method for GUVs production is electroformation. However, the traditional electroformation
protocol involves a step in which the organic solvent is completely evaporated, leaving behind a
dry lipid film. This leads to artifactual demixing of cholesterol (Chol) in the form of anhydrous
crystals. These crystals do not participate in the formation of the lipid bilayer, resulting in a decrease
of Chol concentration in the bilayer compared to the initial lipid solution. We propose a novel
electroformation protocol which addresses this issue by combining the rapid solvent exchange,
plasma cleaning and spin-coating techniques to produce GUVs from damp lipid films in a fast and
reproducible manner. We have tested the protocol efficiency using 1/1 phosphatidylcholine/Chol
and 1/1/1 phosphatidylcholine/sphingomyelin/Chol lipid mixtures and managed to produce a
GUV population of an average diameter around 40 µm, with many GUVs being larger than 100 µm.
Additionally, compared to protocols that include the dry film step, the sizes and quality of vesicles
determined from fluorescence microscopy images were similar or better, confirming the benefits of
our protocol in that regard as well.

Keywords: GUV; electroformation; cholesterol; damp lipid film; rapid solvent exchange; plasma
cleaning; cholesterol crystals; vesicle fusion

1. Introduction

Liposomes are commonly used by researchers investigating membrane properties in
a controlled environment. Based on their structure, we classify vesicles into unilamellar,
multilamellar, and oligolamellar vesicles. Unilamellar vesicles only have a single outer
bilayer, multilamellar vesicles contain multiple bilayers arranged in concentric circles,
and oligolamellar vesicles enclose smaller ones inside. Unilamellar vesicles are further
sorted by size into small (<100 nm), large (100 nm–1 µm), and giant unilamellar vesicles
(GUVs, >1 µm). Small and large unilamellar vesicles are more often studied in the context
of drug delivery applications and GUVs are more interesting to researchers studying
membrane properties and organization because of the similarity in size to eukaryotic
cells [1]. An additional advantage of GUV size is the possibility to observe them using light
microscopy techniques.

Historically, GUVs were first produced using the natural swelling method introduced
by Reeves and Dowben in 1969 [2]. Using this method, the vesicles are formed primarily
due to osmotic pressure driving the aqueous solution in between the stacked lipid bilayers,
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causing them to close up into vesicles. However, the proportion of GUVs that can be
generated using this method is small, as most of them are either multilamellar or display
other types of defects [3].

Nowadays, one of the most commonly used methods for production of GUVs is
electroformation, which facilitates the production of vesicles by applying an electric field
to the lipid film [4]. Briefly, the lipids dissolved in an organic solvent are deposited onto
the electrode. The organic solvent evaporates, and the remaining traces are vacuumed
away, leaving a dry lipid film on the electrode surface. The coated electrode is used to
construct a chamber which is then filled with an internal solution of choice and connected
to an alternating current generator. Film hydration aided by the influence of an external
electric field detaches the lipids from the surface, producing vesicles which can be observed
under a microscope [5]. Compared to vesicles grown using the gentle hydration method,
the electroformation method reduces the compositional heterogeneity of the vesicles [6]
and increases the proportion of unilamellar vesicles [3]. The method has evolved signifi-
cantly over the years, with many potential pitfalls identified and protocol modifications
tested [7–9]. The most important issues are related to the use of organic solvents during
lipid film deposition, reproducibility of the conventional film deposition technique, and
the step in which the lipid film is completely dried.

Researchers tried to replace the organic solvent with an aqueous solution during
the film deposition step [10,11]. They concluded that using aqueous solutions improved
the efficiency of GUV formation in water as well as in buffers at physiologically relevant
concentrations [10,12]. This was attributed to the ability of aqueous dispersions to produce
well-oriented membrane stacks on the electrode [10]. Additionally, removal of organic sol-
vents from the process should be beneficial for protocols dealing with protein reconstitution
into GUVs due to reduced protein denaturation [12–16].

Regarding the lipid film deposition step, most electroformation protocols still use the
drop-deposition method for preparation of the lipid film [4,8]. However, that approach
results in films of nonuniform thickness [17]. Consequently, GUVs with a wide size
distribution and different compositions are created and the experiment reproducibility is
very low. Over the years, multiple attempts have been made to address this issue [8,17–20].
One of these was a study by Estes and Mayer who tested lipid film deposition using
the spin-coating method [17]. The lipid solution is dropped onto a flat indium-tin oxide
(ITO) coated glass surface, which is subsequently spun at a large angular velocity in
order to obtain a film of uniform thickness. The uniformity of the lipid film and method
reproducibility were validated by ellipsometry and atomic force microscopy. The method
has been accepted by several groups using a wide range of lipid compositions to produce
GUVs [17,21–24].

Another issue is the dry film step of the traditional protocol. This step creates a
problem when working with lipid solutions containing high amounts of cholesterol (Chol).
In such situations, some Chol demixes and forms anhydrous Chol crystals [11,25,26]. Once
the film is rehydrated, these crystals do not participate in the formation of the lipid bilayer,
resulting in an artifactual decrease of Chol concentration in the bilayer compared to the
initial mixing ratio in the lipid solution. An example of Chol demixing was described
in a study which utilized confocal microscopy to detect pure Chol bilayer domains in
GUVs formed from a mixture of Chol and 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
(POPC) using the traditional electroformation method (with the dry lipid film step) [26].
Chol bilayer domains were observed only for about 75 mol% of Chol in the initial mixture
(Chol/POPC mixing ratio of 3/1), and not at 50 mol% as expected.

A method called the rapid solvent exchange (RSE) can be utilized to bypass the
dry phase. During the procedure, chloroform-dissolved lipids are first mixed with an
aqueous medium and the chloroform is then rapidly evaporated from the mixture [27].
The method has proven effective against the Chol demixing artifact [11,25,28]. However, it
results in the formation of smaller multilamellar vesicles (MLVs), not GUVs. Paramagnetic
resonance measurements on MLVs produced using the RSE method showed that pure Chol
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bilayer domains start to form at 50 mol% of Chol (at a Chol/phospholipid molar ratio
of 1/1) [28,29]. Comparison of the amount of Chol in the initial lipid mixture needed for
detection of Chol bilayer domains in RSE MLVs and GUVs produced with the conventional
electroformation protocol attests to the severity of Chol demixing during the lipid film
drying step.

Baykal-Caglar et al. have attempted electroformation from damp lipid films obtained
by depositing an aqueous RSE-produced solution of MLVs onto the electrode and then
slowly drying it under high-humidity conditions [11]. Their results show a decrease in the
average transition temperature of GUVs made from damp compared to dry lipid films,
implying a higher Chol concentration in GUVs made from the damp film. The main disad-
vantage of their approach is the long preparation time due to prolonged drying (22–25 h)
in high-humidity conditions. Additionally, the obtained lipid film would inevitably dis-
play nonuniformities due to using the drop-deposition technique for the deposition of the
suspension of MLVs.

Advancements to the traditional protocol have been proposed regarding the electrode-
cleaning approaches as well. Traditionally, electrodes are cleaned prior to film deposition
by applying organic solvents and then drying them. Plasma cleaning has also been tried
out on ITO glass as an alternative and has proved to be very effective [30]. Moreover,
treating the electrodes with plasma has enabled researchers to efficiently produce GUVs
containing buffers with physiological levels of charged particles, which was very hard to
achieve using conventional protocols [30]. The improvement has been attributed to easier
hydration of the lipid film and subsequent formation of lipid bilayers [30]. However, this
experiment used plasma treatments only as a method for electrode cleaning, and traditional
film deposition which uses organic solvents was used in the protocol.

In this article, we introduce a novel electroformation protocol which includes the most
useful modifications to the traditional protocol and combines them in a novel way in order
to bypass the dry film phase. As far as we know, no one before tried to produce lipid
films by depositing an aqueous suspension of liposomes on plasma-cleaned surfaces. Our
approach was inspired by the vesicle fusion method which is often used for preparation
of supported bilayer membranes [31]. The method involves the deposition of an aqueous
suspension of vesicles on a hydrophilized surface. The interaction of the hydrophilic
surface with the vesicles causes them to rupture, creating a surface bilayer.

Compared to the approach used by Baykal-Caglar et al., the new protocol significantly
reduces the preparation time and increases the experiment reproducibility. Consequently,
amongst other benefits, the protocol improves the electroformation of GUVs with higher
Chol concentrations. Such GUVs are interesting to researchers investigating the role
of Chol in fiber cell plasma membranes of the eye lens [26,32,33] or the development
of atherosclerosis [34,35]. Moreover, bypassing the dry state results in a protocol more
compatible with protein insertion into GUVs [13]. The advantage of such protocols is
reduced protein denaturation, which occurs when preparing GUVs from lipids dissolved
in an organic solvent or during film drying.

2. Materials and Methods
2.1. Materials

1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC), egg sphingomyelin (SM), and
Chol were obtained from Avanti Polar Lipids Inc. (Alabaster, AL, USA). The fluorescent
dye 1,1-dioctade-cyl-3,3,3,3-tetramethylindocarbocyanine Perchlorate (DiIC18(3)) was pur-
chased from Invitrogen, Thermo Fisher Scientific (Waltham, MA, USA). When not used,
the lipids were stored at −20 ◦C. The purity of chloroform (BDH Prolabo) was greater
than 99.8%. ITO glass (ICG-90 INS 115, resistance 70–100 Ω) was purchased from Delta
Technologies (Loveland, LO, USA). ITO glass dimensions were 25 × 75 × 1.1 mm. New
ITO glass was used for each preparation in order to prevent coating deterioration [36].
Mili-Q (Merck, Rahway, NJ, USA) deionized water preheated to 60 ◦C was used as the
internal chamber solution.
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2.2. Preparation of the Suspension of Large Unilamellar Vesicles

MLVs were first prepared using a home-built RSE device to bypass the dry phase
and the Chol demixing artifact. The chloroform dissolved lipid mixture was produced
from 25 mg/mL POPC, 25 mg/mL SM, 20 mg/mL Chol, and 1 mg/mL DiIC18(3) stocks.
The POPC/Chol molar ratio was 1/1 and the POPC/SM/Chol ratio 1/1/1. The molar
ratio of the fluorescent probe with respect to POPC was 1/500. The total lipid mass was
2.1 mg. This resulted in an organic solution of lipids with a volume of 94.4 µL for the
POPC/Chol mixture and 90.4 µL for the POPC/SM/Chol mixture. A volume of 400 µL
Mili-Q deionized water was then added to the solution and the resulting mixture was
vortexed (Vortex IR, Star Lab, Blakelands, UK) at a velocity of 2200 rpm. After initiating
the vortexing, the pressure was slowly decreased to a approximately 0.05 bar using a
vacuum pump (HiScroll 6, Pfeiffer Vacuum, Asslar, Germany). After reaching the desired
pressure, the vortexed sample was kept under vacuum for an additional 90 s. The obtained
suspension of MLVs was extruded using an Avanti Mini Extruder (Avanti Polar Lipids, Inc,
Alabaster, AL.). The suspension was passed through a 100 nm polycarbonate (Nuclepore
Track-Etch Membrane, Whatman, UK) filter 15 times in order to obtain a homogeneous
large unilamellar vesicle (LUV) suspension. In order to prevent the loss of lipids during the
initial wetting of the filtering segment, before extruding the suspension, deionized water
was passed through the filter to pre-wet the extruder parts. Finally, extra water was added
in order to achieve a final lipid concentration of 3.5 mg/mL.

2.3. Preparation of the Damp Lipid Film

Prior to spin-coating, the ITO glass was immersed in deionized water for at least
45 min before being wiped four times with 70% ethanol moistened lint-free wipes. The
glass was then plasma-cleaned with oxygen for 1 min using a plasma cleaner (PDC-002-
HPCE with the PLASMAFLO PDC-FMG-2 attachment, Harrick Plasma, Ithaca, NY, USA)
attached to a vacuum pump (HiScroll 6, Pfeiffer Vacuum, Assler, Germany).

Following that, 550 µL of the LUV suspension was deposited onto the electrode and
spin-coated using a spin-coater (SM-150, Sawatec, Sax, Switzerland) to obtain the damp
lipid film. The glass was spun at 600 rpm with the final velocity reached in 1 s. In order to
prevent any unwanted evaporation, following spin-coating, the coated ITO glass was placed
in a Petri dish and immediately used for the assembly of an electroformation chamber.

2.4. Electroformation Protocol

The electroformation chamber is made of two 25 × 37.5 mm ITO-coated glass elec-
trodes separated by a 1.6 mm thick teflon spacer. The electrodes were made by cutting a
25 × 75 mm ITO glass slide in half using a diamond pen cutter. After lipid deposition, the
chamber was assembled by attaching the spacer to the electrodes using vacuum grease.
Upon insertion, the stopper was also sealed with vacuum grease. This way, contact be-
tween the grease and the internal solution is avoided, minimizing the possibility of harmful
effects due to grease contamination [28]. The structure of the chamber is further secured by
binding clips attached at three points on the electrodes—two next to the stopper, and one at
the opposite side. Finally, the chamber was attached to a pulse generator (UTG9005C, UNI-
T, Dongguan City, China or PSG 9080, Joy-IT, Neukirchen-Vluyn, Germany) and placed
inside an incubator at a temperature of 60 ◦C. In order to assure good contact between the
conductor wires and the electrodes, the outer edges of the electrodes were covered with
copper tape. Based on experience from our previous electroformation studies [21,22], the
electrical parameters were set to 2 V and 10 Hz. After 2 h, the voltage was turned off and
the chamber was kept in the incubator for another hour.

2.5. Fourier Transform Infrared Spectroscopy

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) was
used to obtain spectra of solutions before and after the RSE procedure, and spectra of glass
slides before and after spin-coating. We used the Spectrum Two (Perkin-Elmer, Waltham,
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MA, USA) spectrometer.. The scans were performed for wavenumbers ranging from 4000 to
450 cm−1 at a resolution of 4 cm−1 in 5 scans at 25 ◦C. A diamond was used as the reflection
crystal. The obtained spectra were compared with each other and with the reference spectra
in the Spectrum IR library to confirm the composition of the samples.

2.6. Fluorescence Imaging and Data Analysis

In order to search the entire volume of the chamber, we collected images from
13 regions on the sample. One hundred vesicles were randomly chosen from the im-
ages. If the images did not contain 100 vesicles, all observed vesicles were tracked. Images
were obtained using a fluorescence microscope (Olympus BX51, Olympus, Tokyo, Japan).
Vesicle diameters were measured using the line tool in the Fiji software [37].

2.7. Dynamic Light Scattering

The measurement of the hydrodynamic diameter and polydispersity index of liposome
suspensions was performed using dynamic light scattering (Litesizer 500, Anton Paar, Graz,
Austria). For the measurements, 100 µL of the liposome suspension was mixed with 900 µL
of phosphate buffer.

2.8. Data Analysis

If not explicitly stated otherwise, numerical results are expressed as mean ± standard
deviation. Sample distribution normality was assessed visually through histograms and
formally by using the Shapiro–Wilk test. Depending on whether or not the normality
assumption was violated, the difference of means for two groups was tested using the
Student’s t-test or the Wilcoxon rank sum test. All data analysis and visualization was
performed using the R programming language [38].

3. Results and Discussion
3.1. The New Protocol

We present a novel protocol for production of GUVs from damp lipid films. In order
to bypass the dry phase, an aqueous suspension of MLVs is obtained using the RSE method
(Figure 1a) and then passed through an extruder in order to obtain a population of large
unilamellar vesicles (LUVs) (Figure 1b,c).

The LUV suspension is deposited onto an indium tin oxide (ITO) coated glass which
was previously plasma-cleaned, making the surface hydrophilic (Figure 2a,b). The inter-
action of the vesicle bilayers with the hydrophilic surface causes them to rupture during
spin-coating, leaving behind a thin damp lipid film on the electrode. This electrode is then
used in construction of the electroformation chamber which is subsequently placed in an
incubator and connected to an alternating current source in order to form GUVs (Figure 2c).

We have confirmed that chloroform has successfully been removed from the solution
using ATR-FTIR spectroscopy (Figure 3a). Compared to the solution containing chloro-
form, after applying the RSE method, there are no absorption peaks at around 700 and
1200 cm−1 due to CCl3-stretching and CH-bending in the fingerprint region of the spectrum
(Figure 3a,b), respectively. The remaining signal corresponds to the water spectrum from
the database (Figure 3c), with characteristic peaks around 3400 and 1650 cm−1.

In order to prove that the film remained damp after spin-coating, we have also com-
pared ATR-FTIR spectra of glass before and after spin-coating (Figure 4). The blue curve,
representing the sample after spin-coating, displays an additional broad peak around
3400 cm−1 due to the O-H stretching vibrations and another one around 1650 cm−1 cor-
responding to absorption due to H-O-H bending, confirming the presence of water. Both
curves display multiple peaks between 2300 and 1900 cm−1 representing the absorption
bands of diamond. In this region, diamond does not have full transmission capability, and
the bands from the ATR reflection crystal are visible. The downward slope in the region
from 2000 to 1500 cm−1 appears due to the glass on which the coating was performed.
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Figure 2. Electroformation from a damp lipid film. (a) The ITO electrode is hydrophilized using
a plasma cleaner. (b) The LUV suspension is deposited onto a plasma cleaned ITO coated glass
and spin-coated to obtain a damp lipid film. (c) The coated electrode is used to assemble the
electroformation chamber.

This confirms that our approach avoids the dry film phase just like that of Baykal-
Caglar et al., so it should also result in increased compositional homogeneity of the GUVs
and reduction of the demixing artefact [11]. The great advantage of our protocol is a
significant decrease in preparation time (22–25 h of drying compared to spin-coating, which
lasts up to a couple of minutes) and the potential to create more homogeneous lipid films.
Furthermore, aside from inducing vesicle rupture, treating the electrodes with plasma
has also been proven beneficial for electroformation efficiency, enabling the production of
GUVs with charged lipids and solutions containing high ion concentrations. The effect
has been attributed to easier hydration of the lipid film and subsequent formation of lipid
bilayers [30].
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3.2. The Effect of Spin-Coating Duration

To demonstrate the efficiency of the new protocol, we produced GUVs from a 1/1
POPC/Chol molar ratio lipid mixture. The hydrodynamic diameter of the RSE-produced
MLVs was 1401.2 nm with a polydispersity index of 0.3. After extrusion, the diameter of
obtained LUVs was 136 nm with a polydispersity index of 0.11. The observation that the
average size of LUVs is larger than the 100 nm pore size of the polycarbonate filter can be
attributed to elastic deformations of LUVs [39].

Using different durations of spin-coating, ranging from 0 s to 3 min, we tested the
effect of spin-coating duration on the efficiency of GUV formation (Figure 5a). The 0 s
case involves no spin-coating, but the LUV suspension is instead simply dropped onto
the plasma-cleaned electrode and the excess liquid is shaken off after 10 s. We performed
three experiments for every duration of spin-coating. The obtained mean size and standard
deviation ranged from 21 ± 16 m to 48 ± 20 m for the 0 s and 3 min groups of samples,
respectively (Figure 5a). The average size shows a clear dependence on spin-coating
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duration with longer drying being more favorable for production of GUV populations with
larger size and yield.

Compared to previous research from our group which dealt with optimization of GUV
electroformation from a dry lipid film [21,22], the sizes and quality of vesicles determined
using fluorescence microscopy images were similar or better for both durations of spin-
coating, confirming the benefits of our protocol in that regard as well (Figure 5b).
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Figure 5. Size distribution densities of GUVs produced using the new protocol. (a) Comparison
of size distributions for five spin-coating durations ranging from 0 s to 3 min. Each distribution
represents 300 randomly selected vesicles from three independent samples (100 vesicles per sample).
If the sample did not contain 100 vesicles, all vesicles from that sample were taken into account.
(b) Fluorescence microscopy image of GUVs produced using the new protocol with 3 min of spin
coating. The scale bar represents 50 m.

3.3. GUVs Grown from Different Lipid Mixtures

Aside from the binary 1/1 POPC/Chol mixture, we have also produced GUVs from
a ternary 1/1/1 POPC/SM/Chol mixture which is important for researchers studying
lipid rafts [40–42]. The hydrodynamic diameter of SM-containing LUVs was measured at
136 nm with a polydispersity index of 0.11. Using a spin-coating duration of 1 min, we have
successfully produced GUVs from this mixture as well. We obtained an average diameter
of 35 ± 21 . Comparing this to the corresponding result for the POPC/Chol mixture of
42 ± 19 m, we can see that the vesicles were smaller after inclusion of SM (p = 2) (Figure 6).
This is consistent with our previous research, showing that inclusion of SM in the lipid
mixture makes it harder to produce GUVs with large average size and yield [21,22]. The
average size of the SM-containing GUV population is also on par with the best results
obtained using the conventional lipid film deposition methods [21].

We observed no lateral phase separation in GUVs produced from the ternary POPC/SM/
Chol mixture (Figure 6b). Depending on the membrane model type and method used, differ-
ent phase diagrams have been reported for similar mixtures [41–43]. A study performed on
GUVs produced from a 1/1/1 mixture of POPC/palmitoyl sphingomyelin/Chol showed
that they should undergo phase separation at a transition temperature of approximately
20 ◦C [42]. Therefore, the temperature at which the GUV microscopy was performed
might have been too high to observe the separation. Moreover, they used palmitoyl
sphingomyelin and not egg sphingomyelin, so that could also affect the expected phase
behavior. Additionally, all mentioned studies used a protocol which contained a dry film
step [41–43], so the Chol content specified in the diagrams might have actually been lower
due to demixing.
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Figure 6. (a) Comparison of size distribution densities for GUVs produced from 1/1 POPC/Chol and
1/1/1 POPC/SM/Chol mixtures with a spin-coating duration of 1 min. (b) Fluorescence microscopy
images of GUVs for the POPC/SM/Chol mixture. The scale bar represents 50 µm.

The proposed protocol should help reduce the Chol demixing artifact and improve
the ability to produce high quality GUV populations under different conditions and from
different lipid mixtures. However, a tradeoff seems to be involved. On one hand, in order
to increase the certainty that Chol will not crystallize, the lipid film should remain as wet
as possible. On the other hand, we have shown that shorter drying times result in lower
yields and smaller average GUV diameters. If the lipid mixture contains no Chol, or small
quantities of Chol, there is no reason not to dry the lipid film. However, if that is not the
case, Chol demixing will certainly be an issue. The RSE technique is included to prevent
Chol demixing during preparation of the MLV suspension, and keeping the lipid film damp
should prevent Chol demixing during lipid film deposition. It should be noted that we
have not quantified the exact Chol content in produced GUVs. However, to address this
in the future, we plan to perform confocal fluorescence microscopy experiments using
two fluorescent dyes—a phospholipid and a Chol analogue. Comparison of fluorescence
intensity profiles between GUVs grown using the conventional and our newly developed
protocol should reveal the level of demixing. Moreover, if our protocol reduced the
demixing artifact, pure Chol bilayer domains should form between 50 and 66 mol% of Chol
in the initial lipid mixture.

We have also successfully produced high quality POPC GUVs by eliminating the RSE
step of the protocol and using the gentle hydration approach to produce MLVs instead
(Supplementary Figure S1). Additionally, in the previous subsection, we have shown
that spin-coating can be avoided as well by simply dropping the LUV suspension on
the plasma-cleaned electrode and shaking off the excess liquid after 10 s. Alternatively,
the LUV suspension could simply be directly deposited into a chamber with a plasma-
cleaned electrode. However, this approach hampers subsequent microscopy due to a strong
signal from LUVs that remain in the solution. Therefore, sample dilution or an additional
purification step are required to adequately visualize the results. Both approaches reduce
the yield and size of the obtained GUV population.

We believe that this new improved electroformation protocol will allow us to suc-
cessfully study models of eye lens fiber cell membranes with their very high Chol con-
tent [32,33,44–46]. Furthermore, both using aqueous solutions and treating the electrodes
with plasma have proven beneficial for electroformation efficiency, allowing for production
of GUVs with charged lipids and solutions containing high ion concentrations [10,30]. Since
it avoids organic solvents and lipid film drying, the protocol could also be adapted for
protein reconstitution into GUVs.
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4. Conclusions

We introduced a new improved electroformation protocol which bypasses the dry
lipid film phase of the traditional approach by combining the plasma-cleaning, RSE, and
spin-coating techniques. The protocol consists of 6 main steps:

1. The lipid solution is prepared from chloroform dissolved lipid stocks.
2. The obtained solution is mixed with deionized water and RSE is then used to obtain

the MLV suspension.
3. MLVs are extruded by passing the solution through a polycarbonate filter in order to

produce a homogeneous LUV solution.
4. The ITO electrodes which were stored in deionized water are cleaned by swabbing

with ethanol moistened wipes and then plasma cleaned for additional cleaning and
surface hydrophilization.

5. The LUV suspension is deposited onto the hydrophilic ITO electrode surface and
spin-coated to produce a lipid film. The film is created due to vesicles rupturing in
contact with the hydrophilic surface.

6. The coated electrode is used in construction of the electroformation chamber which is
subsequently connected to an alternatincg current source in order to produce GUVs.

Previous studies have shown that electroformation from damp lipid films increases
the compositional uniformity of the resulting GUV population and reduces the artifactual
Chol demixing. Compared to the earlier damp lipid film protocol, our method significantly
decreases the preparation time by eliminating the 24 h high-humidity drying phase and
replacing it with a short duration of spin-coating. Furthermore, compared to the drop-
deposition method, spin-coating can lead to higher experiment reproducibility. We believe
that this new improved electroformation protocol will allow us to successfully study the
physical properties, lateral organization and domain function of cell membranes with
very high Chol such as the eye lens fiber cell membranes [32,33,44–46]. Additionally, both
using aqueous solutions and treating the electrodes with plasma have proven beneficial
for electroformation efficiency, allowing for production of GUVs with charged lipids and
solutions containing high ion concentrations The protocol could also be adapted for protein
insertion into GUVs with reduced protein denaturation due to the avoidance of organic
solvents and lipid film drying.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/membranes13030352/s1, Figure S1: Size distribution density
for GUVs produced from POPC with a spin-coating duration of 2 min. The lipid concentration was
3 mg/mL.
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Supplementary Figure S1 shows the size density distribution of GUVs produced from POPC. Instead 
of RSE, the gentle hydration method was used to produce MLVs. All other steps were the same as in 
other experiments. The average GUV diameter (mean ± sd) was 55 ± 31 µm, with many GUVs larger 
than 100 µm and even as large as 300 µm being produced. There is no need to use the RSE method if 
no Chol, or small amount of Chol is present in the mixture. However, if that is not the case, since the 
gentle hydration protocol also involves a lipid film drying step, the Chol demixing will certainly be 
an issue. The RSE technique is included to assure that the Chol concentration in initial MLVs is the 
same as the concentration of Chol in the initial mixture of lipids dissolved in an organic solvent. 

 

 

Figure S1. Size distribution density for GUVs produced from POPC with a spin-coating duration of 2 
min. The lipid concentration was 3 mg/mL. 
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8 CONCLUSIONS AND OUTLOOKS 

 

We have performed experiments in order to optimize and advance the 

electroformation of GUVs containing different phospholipids and Chol concentrations 

reaching and surpassing the Chol saturation threshold. The traditional electroformation 

protocol has low reproducibility and yields GUV populations with a wide size 

distribution. After upgrading the electroformation chamber and replacing the 

traditional drop-deposition method with spin-coating, we optimized the electrical 

parameters to produce GUVs from binary POPC/Chol and ternary 

POPC/sphingomyelin/Chol mixtures with high Chol concentrations. Analyzing 

fluorescence microscopy images of obtained samples, we found the optimal electrical 

parameters to be 10 Hz and 2 V. Lipid film thickness for which best results were 

achieved was estimated at approximately 30 nm from atomic force microscopy and X-

ray reflectometry measurements. 

However, these modifications could not address the issue of Chol demixing during 

the dry lipid film step of the protocol. Consequently, we proposed a new protocol 

which bypasses this phase by combining plasma-cleaning, RSE, and spin-coating 

techniques for production of GUVs from aqueous damp lipid films. We believe that this 

new improved electroformation protocol will enable successful studies of physical 

properties, lateral organization and domain function of cell membranes with very high 

Chol such as the eye lens fiber cell membranes. Additionally, both using aqueous 

solutions and treating the electrodes with plasma have been proven beneficial for 

electroformation efficiency, allowing for production of GUVs with charged lipids and 

solutions containing high ion concentrations. The protocol could also be adapted for 

protein insertion into GUVs with reduced protein denaturation due to the avoidance of 

organic solvents and lipid film drying. 
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