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Giant liposomes, or giant unilamellar vesicles (GUVs), are thin, semi-permeable, 

man-made compartments that often serve as models of the cell plasma membrane due to 
their sizes (1−100 𝜇𝜇𝜇𝜇) and molecular composition (composed of lipids). GUVs have 
proven useful for understanding a variety of different biophysical phenomena such as lipid 
membrane organization, membrane protein function, and cytoskeletal mechanics. A variety 
of different formation methods have been developed to try to optimize the populations of 
GUVs produced. However, information that allows for the direct comparison of the sizes 
and yields of the GUVs obtained from the different methods is lacking. In my dissertation, 
I describe my work on the development of a novel confocal microscopy-based technique 
that allows for the characterization of the populations of GUVs produced from the most 
commonly employed surface-assisted assembly methods. Through the development and 
standardization of careful protocols that allow for the quantification of 𝑂𝑂(100,000) 
vesicles per sample, I characterize the surface-assembled populations of GUVs in 
comprehensive sets of experiments. From this work, I show novel discoveries including i) 
the use of nanocellulose paper as a surface to obtain GUVs, ii) the effect of substrate 
properties on the formation of GUVs,  iii) the modulations of ionic strength technique to 
allow high yields of GUVS to be obtained using physiological salts, and iv) the effect of 
osmolytes on the formation of GUVs. The results from these quantitative experiments has 
led to the development of the budding and merging thermodynamic model which describes 
the mechanism of GUV formation. Overall, the discoveries pave the way for the large-
scale production of GUVs for biophysical studies as well as towards more practical 
applications of GUVs such as for compartments for targeted drug delivery or synthetic 
cells.  

 

 

 



1 
 

Chapter 1: Introduction 
1. Motivation and overview of this dissertation  
1.1 Background on the plasma membrane of cells 

Biological membranes serve a vital role as containers for all living organisms and 
have long been a fascinating subject of research1–3. One of the most important biological 
membranes for living organisms, the plasma membrane of the cell, is a selectively 
permeable barrier that provides a protective encasing for all of the components inside the 
cell while also controlling complex tasks such as allowing the transport of important 
nutrients and signals in either direction across the membrane of the cell3. Solving the 
structure of the cell plasma membrane has been an intriguing problem ever since the initial 
discovery of cells in 1665 by Hooke4, and it was not until 1972 when Singer and Nicolson 
presented a fluid mosaic model1, that a proposed structure of the plasma membrane was 
supported by conclusive data2. Although detailed information on the organization of the 
cell plasma membrane is still lacking and new information is continually being 
discovered5,6, the basic proposal of the fluid mosaic model, which states the cell membrane 
is formed from a collection of lipid and protein molecules that are constantly moving as 
fluids1, is still relevant as a starting point for research today2.  

 Lipid molecules are fundamental to the structure of the plasma membrane of cells7. 
Each lipid molecule is amphiphilic which means that one side of the lipid molecule is 
hydrophilic (prefers to be near water) and the other side is hydrophobic (prefers to be away 
from water)8. In aqueous environments, these amphiphilic lipid molecules will self-
assemble and can form bilayer structures to ensure the hydrophobic portions of the lipid 
are not exposed to water9. These bilayer structures are composed of two leaflets of lipids 
where the hydrophobic parts of each leaflet are facing each other and are away from the 
water and the hydrophilic parts of each leaflet are facing outwards and are exposed to the 
water10. Lateral interactions within the leaflets are considered fluid as lipids are free to 
move through diffusion within their leaflet11.  

The composition of the cell plasma membrane is complex and is comprised of 
various different types of molecules12. Even only considering lipids, more than 100 
different species of lipids can be found present with different concentrations across the two 
leaflets of the bilayer membrane in natural plasma membranes12. In eukaryotic cells to 
name a few, the outer leaflet is often composed of a higher amount of phosphatidylcholine 
(PC) and sphingomyelin (SM) lipids whereas the inner leaflet is often composed of a higher 
amount of phosphatidylserine (PS) and phosphatidylethanolamine (PE) lipids13. Along 
with lipids, a complex collection of other molecules can be contained within the lipid 
bilayer including cholesterol, glycolipids (lipids with sugars attached to them), and 
proteins14. Due to the complexity of the composition of the cell plasma membrane, 
advances in the understanding of the interactions and processes controlled by the 
membrane have typically relied on the use of more simple, man-made, model membrane 
systems where specific membrane-related phenomena can be controllably tested using less 
complex membrane compositions15–18.  
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1.2 Liposomes as model systems of the cell membrane 

 Model membranes are simplified systems that mimic the cell membrane and 
typically contain only a few molecular species so that specific interactions can be 
controllably probed19,20. Commonly used model membrane systems include lipid 
monolayers21, solid-supported planar lipid bilayers22, and liposomes23. Of these three 
systems, liposomes, which are spherical vesicles composed from a lipid bilayer24, are of 
particular interest due their spherical shape, which mimics the basic compartmental 
properties of natural cell membranes25, as well as the large range of sizes that can be 
obtained, with diameters ranging from around 20 nm up to 100 𝜇𝜇m26. Liposomes can be 
classified into a variety of different categories that are based on their size and their 
lamellarity (number of lipid bilayers they contain)26. For use as model systems of the 
plasma membrane of the cell, liposomes that are both unilamellar (a single bilayer) and 
that have diameters greater than 1 𝜇𝜇m, are of particular interest since they mimic both the 
size and basic structural properties of the plasma membrane26. These liposomes are termed 
giant unilamellar vesicles (GUVs) and have proven to be extremely useful for experimental 
interrogation27–29 and are the primary focus of the research conducted in this dissertation. 
Their large sizes allow for the straightforward probing of membrane properties through 
optical and fluorescence microscopy30–32 , that has lead to important discoveries such as 
membrane phase separation33–36, membrane protein function37–44, membrane protein 
interactions45–47, membrane fusion48–53, cytoskeletal mechanics54, and membrane 
transport55,56. Advances in the understanding of the properties of the cell membrane may 
also lead to the improvement of the design of GUVs for use in practical applications such 
as drug delivery57–62 and synthetic cells63–70. 

1.3 Overview of work completed in this dissertation  

 Although GUVs have proven to be instrumental models of the cell membrane, the 
most common methods used to assemble GUVs in the field are still limited26,27,71. These 
limitations, which include issues such as low yields of GUVs in physiological salt 
conditions72 or the inefficient protein reconstitution inside GUVs73, are exacerbated due to 
the lack of quantitative data that is available on the populations of GUVs that can be 
obtained from the different assembly methods74. This lack of quantitative data makes it 
difficult to rationally optimize methods, or even develop new methods, that can begin to 
address the current limitations associated with the assembly of GUVs in the field.  

In Chapter 2 of this dissertation, I develop novel confocal microscopy-based 
methods that enable for the first time quantitative data to be obtained from populations of 
GUVs assembled using the most common methods. The chapter includes a review of the 
previous methods used to characterize populations of GUVs, a review of the physics and 
optics of confocal microscopy, and a description of the methods used to obtain the GUVs 
for the confocal microscopy experiments. In the remaining sections, I include the 
experiments conducted to both standardize the assembly of GUVs across different 
techniques as well as to optimize the imaging of the GUVs using the confocal microscope. 
I conclude by reporting the development of an automated image analysis routine that allows 
for the rapid quantification of 𝑂𝑂(100,000) vesicles from each population of GUVs. The 
work I conduct in this chapter has resulted in my contributions in 2 publications75,76.  
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In Chapter 3, I begin with a review of the most commonly used methods to obtain 
GUVs and describe a newly developed concept termed the molar yield77, that allows fair 
comparisons of the populations of GUVs obtained between the techniques. Using the novel 
confocal microscopy-based methods developed in Chapter 2, I conduct a comprehensive 
series of experiments that provide crucial quantitative data on the populations of GUVs 
assembled through the most commonly used techniques. The results of the data lead to a 
wealth of information including highlights such as the novel discovery of the use of 
surfaces composed of nanoscale cylindrical fibers to assemble high yields of GUVs and 
the development of a one-step method that uses the commercially available cellulose 
surface, tracing paper, to overcome current challenges associated with obtaining high 
yields of GUVs in physiological salt conditions. The work I conduct in this chapter has 
resulted in my contribution in 3 publications77–79.  

Lastly, in the appendix I include additional experiments related to the effect of 
osmolytes on the assembly of GUVs as well as experiments that demonstrate novel uses of 
cellulose materials for prospective biosensing applications.  
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Chapter 2 : Confocal Microscopy Based Method for the 
Quantification of Populations of Giant Liposomes 

 
1. Introduction  
Biological membranes serve a vital role as boundaries for all living organisms and have 
long been a fascinating subject of research1–3. Due to their complexity, advances in the 
understanding of biological membranes have typically relied on the use of more simple, 
man-made, model membrane systems where specific membrane-related phenomena can be 
controllably tested4–8. Liposomes, which are one of the most commonly employed model 
membranes systems, are man-made spherical vesicles (sacs) bounded by at least one lipid 
bilayer9. In contrast to the complex composition of biological membranes which often 
contain a variety of different lipids2,10–18, proteins12,16,19–25, and compartmentalized 
substructures26–30, liposomes are commonly prepared from only a few types of membrane 
molecules5,31–36 and encapsulant molecules37–43 (though more complex liposomal systems 
can be obtained if desired44–47) which allows for the fabrication of membrane systems with 
more simple and predictable behavior2,13,48,49. Since interactions within biological systems 
are complex, liposomes are particularly useful for experimental studies on membrane 
interactions in model membrane systems where experimental variables can be tested one 
at a time13,48,50–55 as well as for practical applications as simple compartments in drug 
delivery systems with reproducible properties55–64.  

 Overall, liposomes can be categorized into two main groups i) based on their 
lamellarity (number of bilayers) and ii) based on their size5,65,66. Figure 1 shows a 
schematical representation of the different lamellarity classifications of liposomes 
including i) unilamellar vesicles, which contain only a single lipid bilayer, ii) multilamellar 
vesicles, which contain 2 or more bilayers, and iii) multivesicular vesicles, which contain 
at least one other concentric vesicle within a larger vesicle. Amongst the lamellarity 
classifications, the unilamellar liposome structures occupy a majority of the focus of 
liposome preparation protocols due to their usefulness as models for various membrane 
studies such as phase separation67–71, membrane fusion72–77, protein function78–85 and as 
compartments for use in practical applications such as drug delivery65,86–90 and synthetic 
cells27,44,46,91–96. Unilamellar liposomes can be further classified into three groups based on 
their size including i) small unilamellar vesicles (SUVs) which range from 20 – 100 nm in 
diameter, ii) large unilamellar vesicles (LUVs) which range from 100 – 1000 nm diameter, 
and iii) giant unilamellar vesicles (GUVs) which range from 1 – 200 µm in diameter 
(Figure 1). Of these three size groupings, GUVs are of particular interest for research on 
biological membranes5 due to their size and compositional resemblance to the membranes 
of mammalian cells (~5 – 100 µm)97–100, plant cells (~10 – 100 µm), bacteria cells (~ 1 – 5 
µm)101,102 and other cell organelles with membranes such as the cell nucleus (~ 6 µm)103 
and mitochondria (~2 µm)103 

Due to their larger sizes ( > 1 µm) the interrogation of GUVs is relatively 
straightforward using optical techniques such as light104, fluorescence105, or confocal  
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Figure 1: Classifications of liposomes. Schematical representation of lipid vesicles 
(liposomes) with a different lamellarities including i) unilamellar vesicles (UVs), ii) 
multilamellar vesicles (MLVs) and multivesicular vesicles (MVVs). The typical structure 
of a lipid bilayer is shown to the left with the lipid molecules, composed of a hydrophilic 
head group (red) and two hydrophobic tails (black lines), arranged in a bilayer 
configuration. b Size classifications of unilamellar vesicles including i) small unilamellar 
vesicles (SUVs), ii) large unilamellar vesicles (LUVs), and iii) giant unilamellar vesicles 
(GUVs). Note vesicles are only depictions and not drawn to exact scale.  

 

microsopy106. The size of the smallest GUVs that can be observed depends primarily on 
the optical resolution, or the minimum distance between two points on a specimen that can 
be distinguished107. Since the limit in the lateral resolution of optical techniques is typically 
around 0.2 µm due to the diffraction of light107, observing the GUVs using optical 
microscopy techniques is straightforward.   

1.1 Approach for analysis  

The goal of my dissertation is to characterize the different populations of GUVs that can 
be obtained from the most commonly used methods to assemble them. Current methods to 
characterize the distribution of sizes and yields of GUVs are inadequate to achieve this 
goal. In this chapter, I report the work I conducted to develop a method of characterization 
that allows meaningful comparisons of the GUVs assembled from different techniques. 
The method involves the standardization of the conditions used to assemble the GUVs, to 
harvest the GUVs, to collect images of the GUVs, and to analyze the sizes and yields of 
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the GUVs. I use two thin film hydration techniques, PAPYRUS106 (Paper-Abetted liPid 
hYdRation in aqUeous Solutions) on nanocellulose paper and electroformation to obtain 
GUVs for the results in the chapter. I review the details of the preparation conditions briefly 
in this chapter. A full description of the yields and effects of various conditions are 
provided in Chapter 3. All the experiments were performed using an upright confocal laser 
scanning microscope (Zeiss Upright Confocal Laser Scanning Microscope (LSM) 880 with 
Airyscan). For all images, I used a 488 nm laser to excite the fluorescent lipid probe in the 
GUVs and a GaAsP-PMT detector to collect the emitted photons. Typical image settings, 
unless specified in the sections are a 10× objective with the pinhole fully open, a laser 
power of 4, a gain of 500, a zoom magnification of 1.0, an image size of 850.19 𝜇𝜇𝜇𝜇 × 
850.19 𝜇𝜇𝜇𝜇, and a scanning field size of 3208 pixels × 3208 pixels.  

This chapter is organized as follows. I begin by reviewing methods that have been 
used to characterize GUVs in the literature. I review the physics and optics of confocal 
microscopy in section 1.3. In section 2, I go over the materials and methods used to obtain 
the populations of GUVs used in this work. In section 3.1, I report the results of imaging 
and manually counting GUVs directly on the surface. In section 3.2, I report results of 
attempting to quantify GUVs suspended in solution from z-stacks. I then report results from 
sedimentation and collection of gold-standard images for understanding the effects of 
choice of objectives and imaging settings. In section 4, I report the process and results of 
the automated image analysis code, and in section 5, I report the results from additional 
control experiments. The methods used to obtain the GUVs used for various figures in this 
chapter are shown in Table 1.  

Figure/Table  Formation method 
Fig. 2: Lipid structures (pg. 17) Nanocellulose paper 

Fig. 10: Bud distribution (pg. 29) Glass slides 

Fig. 11: Whole tilescan (pg. 30) Nanocellulose paper 

Fig. 12: Manual quantification (pg. 31) Nanocellulose paper 
Fig. 13: Stratification of buds (pg. 31) Nanocellulose paper 
Fig. 15: Suspended vesicles (pg. 33) Electroformation 
Fig. 18: Slice thickness (pg. 38) Electroformation 
Fig. 20: Diameter size comparison (pg. 
41) 

Nanocellulose paper 

Fig. 21: GUV pixel intensities (pg. 43) Nanocellulose paper 
Fig. 23: Whole tilescan (pg. 45) Nanocellulose paper  
Fig. 26: Grayscale watershed (pg 48) Nanocellulose paper, Electroformation 
Fig. 27: Otsu thresholding (pg. 50) Nanocellulose paper, Electroformation 
Fig. 28: Watershed binary (pg 52) Nanocellulose paper, Electroformation 
Fig. 29: Size accuracy (pg. 54)  Nanocellulose paper 
Fig. 30: Oversegmentation (pg 56) Electroformation 
Fig. 31-36: Image analysis code (pg.57-
60)  

Nanocellulose paper 
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Table 1: Experimental methods used to obtain GUVs in this chapter.  The title of the 
figure in the chapter along with the page number is in the left column with the formation 
method used to obtain the GUVs in the right column.  

   

1.2. Current methods used to characterize GUVs 

1.2.1 Optical microscopy 

Optical microscopy is by far the most common technique used to characterize GUVs. Table 
2 shows a collection of the various optical microscopy techniques used previously to 
characterize populations of GUVs and the different limitations of each technique. The 
columns of the table from left to right show the first author and date the literature was 
published, the method of characterization, whether the GUVs were harvested, whether an 
automated image analysis routine was used, and the limitations associated with each 
method. Since there are many reports that use repetitive methods, I include, to the best of 
my knowledge, the literature with the most quantitative results from each different 
characterization method.    

For optical microscopy techniques, typically, the GUVs are imaged using phase 
contrast or using differential interference contrast (DIC), or the GUVs are fluorescently 
labeled and imaged with fluorescence widefield or confocal microscopy. Most 
characterization is done in a qualitative or semi-quantitative fashion, by manual counting 
of the GUVs and their diameters measured from a limited number of images108–110. To date, 
GUVs are most commonly analyzed in images through manual selection using image 
analysis programs such as ImageJ where one can draw the contour of the GUV and 
determine an equivalent diameter31,35,83,111,112. However, manual counting is tedious and 
could potentially introduce measurement errors, particularly for vesicles with smaller sizes 
that are more difficult to distinguish, making it difficult to realistically measure much more 
than a hundred of GUVs an hour. The consequent characterization of the population relies 
heavily on extrapolation from what is most likely to be a statistically insignificant portion 
of the population. There has been some interest in an automated methods to quantify GUVs 
from images including image analysis routines that use watershed segmentation113, a flood 
fill and erosion sedimentation technique114, and different Hough transform methods 
employed for the detection of vesicles115 as well as bubbles116. However, none of these 
methods were directly applicable to the images of harvested GUVs since the confocal 
objective and pinhole parameters that were optimized in this work provide higher lateral 
and axial resolution images than previously analyzed.  

Fig. 45: Selected GUV images (pg. 68) Nanocellulose paper, electroformation, 
glass slides  

Fig. 46: Size histograms (pg. 69) Nanocellulose paper, elctroformation, glass 
slides 

Fig. 47: Small vesicles (pg. 70) Electroformation 
Fig. 48: Sedimentation (pg. 71) Electroformation 
Fig. 49: Small GUVs in bulk (pg. 72) Electroformation 
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Literature Characterization 
method 

Harvested 
GUVs 

Automated 
analysis Limitations 

Reeves, 
1969117 

Phase contrast 
microscopy No None 

Yields are unclear since 
very few (around 100) 

vesicles analyzed. Sizes 
are unclear since 
images have low 

resolution and vesicles 
are attached to surface 

making boundaries 
unclear. 

Akashi, 
1996118 

Phase contrast 
microscopy Yes None 

Yields are unclear since 
only 10 vesicles are 

counted for each 
harvested chamber 

analyzed. Size 
distributions are unclear 
since images have low 

resolution and low 
counts. 

Montes, 
2006119 

Fluorescence 
microscopy Yes None 

Yields are unclear since 
very few (around 50) 

vesicles analyzed. Sizes 
are more accurate since 

vesicles are 
fluorescently labeled, 

but distribution is 
unclear with low 

counts. 

Politano, 
2006113 

Fluorescence 
microscopy No 

Custom 
segmentation 

routine 

Method assumes all 
detected objects are 
GUVs. Yields are 
unclear since the 
vesicles are not 

harvested. 

Zupanac, 
2014120 

Phase contrast 
(video) 

microscopy 
Yes 

Custom 
segmentation 

routine 

Method assumes all 
detected objects are 

GUVs and the 
resolution of phase 

contrast microscopy is 
more limited than 

confocal. 

Mora, 
2014121 

Confocal 
fluorescence 
microscopy 

Yes None 
Sample size is limited 
to around 2,000 since 
vesicles due to manual 
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counting. Yields are 
unclear since the 

volume of the solutions 
are not considered. 

Li, 2016122 Fluorescence 
microscopy No None 

Yields and sizes are 
unclear since the 
vesicles are not 

harvested and are 
counted manually. 

Fayolle, 
2018123 

Confocal 
fluorescence 
microscopy 

Yes None 
Sample size is limited 
to around 500 due to 

manual counting. 
Table 2: Optical microscopy methods used to characterize GUVs. The author and the 
date of the relevant publication is shown in the first column. The optical microscopy 
method used to characterize GUVs is shown in the second column. Whether the GUVs 
analyzed were harvested or analyzed using an automated detection routine is shown in the 
third and fourth columns. The limitations of the characterization method are written in the 
final column.  

 

1.2.2 Flow focusing techniques 

Flow focusing techniques have also been investigated to quantify GUVs such as flow 
cytometry124–131 and Coulter counting66,132,133. In flow cytometry, fluorescently labeled 
GUVs are counted in a flow cytometer instrument. The sizes of the vesicles are determined 
by focusing the GUVs in a single file line, passing the GUVs through a laser light source, 
and measuring the amount of fluorescence emitted and laser light scattered by the GUVs. 
In Coulter counting, the GUVs are similarly focused in a single file line but passed instead 
through a detector that measures electrical impedance134. The detector determines the sizes 
and counts of the GUVs by measuring the amount of electrical impedance that occurs when 
a GUV passes through the detector134.  

The flow focusing techniques allow for the more rapid counting of a large numbers 
of objects134–136 but do not allow for direct visualization of all of the objects being detected. 
Thus, the methods can be highly inaccurate since it is difficult to differentiate whether 
objects are GUVs, MLVs or other debris130. In addition, unanticipated technical challenges 
often arise when using these techniques due to the large range in sizes, 1 − 150 𝜇𝜇𝜇𝜇 
amongst a typical GUV population. Both flow cytometry and Coulter counting are best 
suited for more narrow ranges of sizes (around 5 − 30 𝜇𝜇𝜇𝜇66,124,125) and due to their reliance 
on flow, issues with multiple liposomes passing a detector134 at the same time and the 
effects of the breakage of liposomes from the shear flow137 can further complicate analysis.  

1.2.3 Other techniques 

Other characterization techniques such as electron microscopy132,138 or atomic force 
microscopy139, which although allow for visualization with a higher resolution, require 
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removal of the GUVs from their native aqueous environments. These removal processes 
can result in alteration in the structure of the vesicles and lead to significant losses in vesicle 
yields and are thus only used to characterize small numbers of GUVs or used to examine 
lamellarity of the GUVs and are not used for population analyses.  

1.3. Microscopy of GUVs  

Currently the most common methods employed to assemble GUVs (thin film rehydration 
techniques) also result in the assembly of a variety of other lipid bilayer structures 
including MLVs, MVVs, lipid nanotubes (LNTs), as well as other lipid debris (Figure 2). 
The accurate characterization of a population of GUVs therefore depends on the ability of 
the characterization method to be able to select out any of the non-GUV structures. Since 
there are a variety of different lipid structures with sizes that can range more than 4 orders 
of magnitude (LNT diameters can be as small as 20 nm140 and the largest GUV diameters 
can be up to 200 𝜇𝜇𝜇𝜇141) and lipid concentrations that can range more than 5 orders of 
magnitude (a 1 µm MLV could contain 5 bilayers in a 0.5 𝜇𝜇𝜇𝜇3 volume142 compared to a 
100 µm GUV which contains 1 bilayer in a 5 × 105 𝜇𝜇𝜇𝜇3 volume), distinguishing GUVs 
from non-GUV structures is most easily accomplished through direct visualization using 
fluorescence microscopy.  

In fluorescent microscopy images, GUVs appear as a circular bright ring with a dim 
interior105,138,143 (Figure 2c). This appearance is due to the two-dimensional nature of the 
focal plane, or plane the microscope is focused on, which is typically thin and illuminates 
the equator of the GUVs more brightly than the caps (Figure 3). The contrast between the  

 
Figure 2: Different lipid structures produced from thin film rehydration. Confocal 
images showing various lipid structures produced from thin film rehydration including a 
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vesicle smaller than 1 𝜇𝜇𝜇𝜇 b lipid nanotube, c GUV, d MVV, e MLV, f dense lipid structure, 
g vesicle aggregate, and h lipid debris. Scale bars: a,b 1𝜇𝜇𝜇𝜇 c-h 5 𝜇𝜇𝜇𝜇. 

 

Figure 3: Appearance of GUVs in images. a Cartoon representation showing the effect 
of the focal plane (green) on the b appearance of a GUV in an image. Since the GUV is a 
hollow three-dimensional object and the focal plane essentially only collects a two-
dimensional slice through the center of the GUV, the GUV in the 2D image appears as a 
bright ring and dim interior. A typical example of a GUV in a confocal image is shown in 
c. d Cartoon representation showing the effect of the relative sizes of the focal plane and 
GUV on the e appearance of the GUV in the image. Since the GUV is similar to the size 
of the focal plane there is less contrast between the bright ring and dim interior. A typical 
example of a smaller GUV in a confocal image is shown in f.  

 

intensity of the bright ring and the dim interior thus depends on the relationship between 
the size of the GUV and the thickness of the focal plane. As the size of the GUVs become 
comparable to the thickness of the focal plane (Figure 3d-f), either through increasing the 
thickness of the focal plane or by imaging smaller sized GUVs, the interior of the GUVs 
in the images will be less dim since more of the fluorescence from the caps of the GUVs 
will be captured. For the experiments conducted in this work the GUVs ≤ 3 𝜇𝜇𝜇𝜇 typically 
do not have enough contrast to distinguish the bright ring and dim interior and instead 
appear as a completely bright circle in the image. 
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1.3.1 Overview of confocal microscopy 

Fluorescence microscopy is one of the most common techniques used to study biological 
samples due to the ease with which one can probe and identify specific molecular 
targets144,145. Briefly, the technique relies on the physical phenomena of fluorescence that 
occurs when a molecule that has been excited to a higher energy state falls to a lower energy 
state and emits a photon146. The basic approach to collect images using a fluorescence 
microscope is to excite molecules related to the specimen of interest using a specific 
wavelength of light and then to collect the consequent photons that are emitted from the 
excited molecules using a detector146.  

A confocal microscope differs in a few ways from a widefield microscope setup 
(Figure 4). Starting with the sample irradiation, the confocal microscope uses lasers instead 
of light sources such as lamps or LEDs that are used in conventional widefield 
microscopy147. The use of a laser allows the user to select points on the sample to expose 
light but requires a scanning mechanism to collect an entire image146. This scanning 
mechanism is in contrast to the widefield where the entire image area is exposed to light 
all at once146. To collect the light, both microscopes require the use of an objective, the lens 
responsible for the primary collection and magnification of the light used to form an 
image148. The objective lens, depending on the specific field of view or resolution 
requirements of a sample, can be switched out to allow optimization of the imaging 
parameters between different samples. 

 
Figure 4: Diagram of widefield vs confocal microscope. Schematic showing the typical 
components and differences between a fluorescence widefield microscope and a confocal 
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microscope. The green lines show the path of the light from the source to the sample focal 
plane (dashed line) and the orange lines show the path of the light emitted due to 
fluorescence from the sample back through the microscope into the detectors.  

 

Before the light reaches the detector, the confocal also crucially has an additional 
pinhole, or small aperture, in contrast to the widefield, which allows for the exclusion of 
out of focus light from above and below the focal plane147. This decrease in the amount of 
out of focus light allows for the collection of thin slices through a specimen of interest 
without significant effects from the background147. The pinhole size can be adjusted 
depending on the optimal amount of light or slice thickness that is desired. To detect the 
amount of light collected from the sample, a confocal microscope requires a photon 
multiplier tube (PMT) which allows for the fast acquisition of a low amounts of light on a 
single detector147. A widefield microscope can use more conventional cameras based on 
photodiodes, such as charged coupled devices (CCDs) or complementary metal oxide 
semiconductors (CMOS) that collect light from the entire field of view of the sample at 
once using an array of detectors148. 

Overall the confocal microscope critically improves the resolution compared to 
conventional widefield through the reduction of background signal at the expense of 
requiring more costly laser-scanning components146. Due to the reduced background, one 
major advantage of the confocal over the widefield is the ability to perform optical 
sectioning, or the collection of many thin z-slices, over the height of a specimen of 
interest146. These stacks of z-slices, also known as “z-stacks”, can be recombined to obtain 
3D projections of a specimen with high axial resolution146. Together the advantages in the 
lateral and axial resolution make the confocal microscope an ideal instrument to collect 
data on the populations of GUVs.  

1.3.2 Lateral resolution limits of the confocal microscope 

For all optical microscopy techniques, the microscope resolution is limited by the 
diffraction limit of light146, which is a physical phenomena that results when a light wave 
travels through an aperture146 (Figure 5). The size of the diffraction limited spot can be 
related to the wavelength of light and numerical aperture of the objective lens through 
Abbe’s formula147 which for fluorescence microscopy techniques such as widefield or 
confocal results in a typical limit in the lateral resolution of down to around 0.2 µm107. 
More specifically, according to the Rayleigh criterion, which refines the Abbe equation to 
consider the resolvable distance between two adjacent fluorophores by considering their 
principle diffraction maximums, or Airy disk147 (Figure 6), the lateral resolution is given 
by147 

 𝑟𝑟𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =
0.61𝜆𝜆
𝑁𝑁𝐴𝐴𝑜𝑜

 (1) 

   
where r is the lateral resolution limit according to Rayleigh, 𝜆𝜆 is the wavelength of light 
and 𝑁𝑁𝐴𝐴𝑜𝑜 is the numerical aperture of the objective. Thus, a microscope with a wavelength 
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Figure 5: Basics of light diffraction. a Schematic showing the fluorescence light waves 
from a fluorophore (bottom) passing through an objective aperture. The light wave 
(bottom) is diffracted (top) proportionally to the size of the aperture. b Characteristic 
diffraction pattern (bullseye) showing the distribution of light from diffraction (top) and 
unperturbed light (bottom). c Intensity profile (point spread function) of the radial 
distribution of the light waves from the diffracted light (top) and the unperturbed light 
(bottom). 

 

of 488 nm and an objective with a numerical aperture of 0.45 would have a microscope 
resolution limit according to Rayleigh criteria of 0.66 µm. A 1 μm diameter GUV thus 
would appear as a 2 pixel × 2 pixel bright object.   

The optical resolution is also dependent on the detection capabilities of the camera 
system107. The resolving power of the camera system is dependent on the scanning field 
size (number of pixels) of the detector and the magnification settings of the objective. To 
fully ensure the camera resolution does not limit the overall optical resolution, the Nyquist 
sampling criteria is typically applied to determine an optimal zoom and pixel size 
corresponding to the scanning field of the detector147. Specifically, the pixel size according 
to the Nyquist 2-fold oversampling criteria should be 2.5 times the diffraction-limited 
resolution to ensure that two points can be optimally resolved from one another147,148. This 
is because to resolve two points according to Rayleigh criteria there still needs to be a 
change in intensity (contrast) in the middle between them. If the detector resolution is set 
equal to the diffraction-limited resolution, even though the drop in fluorescence intensity 
in the area where the outer portions of the diffraction profile overlap could be detected, the 
detector will not be able to pick up this drop in intensity making the two points 
indistinguishable (Figure 7). Thus, a value of around 2.5 times the pixel size from the 
diffraction-limited resolution can be used to distinguish the points. Combining with 
Equation 1, the Nyquist 2-fold oversampling criteria gives  

 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =
0.61𝜆𝜆

2.5𝑁𝑁𝐴𝐴𝑜𝑜
 (2) 
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Figure 6: Diffraction-limited resolution. Schematic showing as an example, the relative 
resolution distances between the point spread function (intensity) curves (top) and 
diffraction patterns (bottom) of two points according to the Abbe resolution limit (left), the 
Rayleigh criteria (middle) and an unresolvable distance (right).  

 

 
Figure 7: Nyquist oversampling. Intensity of objects separated by small distances (left). 
Setting the pixel size to match the diffraction limit (top) the entire fluorescence signal from 
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each diffraction pattern is detected in neighboring pixels making the objects 
indistinguishable from one another. Setting the pixel size to the Nyquist oversampling limit 
(bottom) the small drop in fluorescence intensity, in the area where the outer portions of 
the diffraction profiles overlap, is detected making the objects distinguishable. 

 

where the lateral size of each pixel is a factor of 2.5 times smaller than the diffraction-
limited resolution. Using a 10x 0.45 NA objective and a light wavelength of 488 nm, the 
camera pixel resolution would be approximately 265 nm. Assuming the detector has a 
typical scanning field size of least 3208 pixels × 3208 pixels the maximum field of view 
that could be imaged without loss of resolution would be around 850 µm × 850 µm.  

Following the Nyquist 2-fold oversampling criteria, the smallest features that could 
be distinguished in a typical fluorescence microscopy setup are around 265 nm. In 
comparison to the sizes of the GUVs, a lateral pixel size of 265 nm would be enough to 
obtain at least 3 pixels along the diameter of a 1 µm GUV and closer to 9 pixels across 
both lateral dimensions of the GUV. Assuming the molar percentage of fluorescent lipid 
to be present in a single GUV to be 0.5 mol %, a 1 µm GUV should contain at least 40,000 
fluorophores and each pixel of the GUV should contain at least 4,000 fluorophores. The 
overall signal that is detected is a function of the fluorescence signal that reaches the 
objective lens and the quantum efficiency of the detector147. Performing an example 
calculation using a 10× 0.45 NA objective along with a high sensitivity gallium arsenide 
phosphide photomultiplier tube (GaAsP-PMT) detector, approximately 30% of the photons 
emitted are expected to reach the objective147 and 30%, based on the quantum efficiency 
of GaAsP detector147, of those collected are expected to be measured by the detector, in 
total resulting in around 9% of the photons emitted being measured. Simplifying the photon 
flux of the fluorophore to a very low 1 photon/𝜇𝜇s (typical fluorophore such as fluorescein 
is actually much higher closer to 100 photons/𝜇𝜇s147) and the pixel dwell time to just 1 
𝜇𝜇s/pixel (typical pixel dwell time in CLSM149), approximately 360 photons (9%) are 
expected to be detected at each point, significantly higher than the minimum amount 
necessary to be above noise of around 10 photons147. Compared to the shot noise, most 
sources of noise including dark noise, electronic noise, and background noise are expected 
to have negligible contributions to the total noise in confocal fluorescence microscopy due 
to the short sampling times and lower background fluorescence signal inherent to the 
confocal microscope147. Since the main expected source of noise in the measurement is 
from the shot noise of the detector, which follows a Poisson distribution and can be 
calculated as the square-root of number of photons detected, �𝑛𝑛𝑝𝑝147, the signal-to-noise 
ratio (S/N) can be calculated using �𝑛𝑛𝑝𝑝. Considering the signal from a 1 µm  GUV was  
estimated to be made up from at least 360 photons, the resulting signal-to-noise ratio in 
this case would be high at around 19. This result confirms that discrimination of even the 
smallest GUVs should be straightforward with respect to the lateral optical limits of the 
confocal. If necessary, the effects from noise can be further minimized by decreasing the 
scanning speed and increasing the pixel dwell time at each spot, or by rescanning each spot 
multiple times and calculating the average of the signal from the scans.   
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1.3.3 Axial resolution limits of confocal microscope 

Along with the lateral resolution, the axial resolution and thickness of the optical section 
(slice thickness) also have an important effect on the microscopy of the GUVs. In the 
confocal microscope, the axial resolution and the slice thickness can be related to the 
diameter of the pinhole aperture147. To evaluate the effect of the pinhole on the optical 
performance and determine an optimal pinhole diameter, the axial (xz) projection of the 
point spread function (Figure 8) is typically analyzed146–151. The axial projection of the 
point spread function (𝑃𝑃𝑃𝑃𝐹𝐹𝑙𝑙𝑜𝑜𝑙𝑙𝑙𝑙𝑙𝑙) can be split into two components i) the PSF from the 
illuminating beam path (𝑃𝑃𝑃𝑃𝐹𝐹𝑖𝑖𝑙𝑙𝑙𝑙) which is used to determine the axial resolution and ii) the 
PSF from the detection beam path (𝑃𝑃𝑃𝑃𝐹𝐹𝑑𝑑𝑙𝑙𝑙𝑙) which is used to determine the slice thickness. 
More specifically, both the axial resolution and slice thickness are typically estimated by 
calculating the length in the z-direction corresponding to number of pixels with intensities 
of no less than 50% of the peak of the PSF, also known as the full width at half maximum 
(FWHM) of the PSF.   

Figure 9 shows the corresponding location of the FWHM (marked in red) of the 
axial projection of the PSF along with the effect of the pinhole on the size of the size of the 
FWHM. The first size range, corresponding to more open pinhole diameters (greater than 
around 3 AU), shows the large difference in the FWHM of the 𝑃𝑃𝑃𝑃𝐹𝐹𝑑𝑑𝑙𝑙𝑙𝑙 compared to the 
𝑃𝑃𝑃𝑃𝐹𝐹𝑖𝑖𝑙𝑙𝑙𝑙 as a result of the limitation in the depth discrimination properties of geometric 
optics150. In this pinhole range, the axial resolution can be estimated as function of the 
FWHM of the 𝑃𝑃𝑃𝑃𝐹𝐹𝑖𝑖𝑙𝑙𝑙𝑙 using150 

𝐹𝐹𝐹𝐹𝐹𝐹𝑀𝑀𝑖𝑖𝑙𝑙𝑙𝑙,𝑙𝑙𝑎𝑎𝑖𝑖𝑙𝑙𝑙𝑙 =
1.77𝑛𝑛𝜆𝜆
𝑁𝑁𝐴𝐴𝑜𝑜2

 (3) 

 

where axial resolution is equal to the FWHM of the 𝑃𝑃𝑃𝑃𝐹𝐹𝑖𝑖𝑙𝑙𝑙𝑙 which is a function of the index 
of refraction of the objective immersion liquid, n, the wavelength of light, 𝜆𝜆, and the 
objective numerical aperture 𝑁𝑁𝐴𝐴𝑜𝑜. Thus, for a 10× 0.45 NA objective with a refractive 
index of air of 1.0 and light wavelength of 488 nm, the axial resolution would be 
approximately 4.3 𝜇𝜇𝜇𝜇/𝑝𝑝𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝.  

 
Figure 8: Sections through the 3D point spread function. a A 3-dimensional depiction 
of the point spread function corresponding to the intensity profile of a diffraction-limited 
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fluorescent object. b,c Two dimensional projections of the point spread function b through 
the x-y plane where the central circular maximum (bright circle in middle) corresponds to 
one Airy disk unit (AU) and c through the x-z plane where the central ellipsoidal maximum 
(bright ellipse in middle) corresponds to one AU.   

 
Figure 9: Effect of pinhole on the FWHM. a Axial projection of point spread function 
with the location of the pixels with intensities corresponding to the FWHM of the PSF 
marked in red. b When the pinhole is large in size (at least 3 AU) the length of the FWHM 
of the PSF of the detector becomes larger than the FWHM of the illuminated PSF point. c 
As the size of the pinhole decreases towards 1 AU, the FWHM of the PSF of the detector 
becomes smaller and begins to approach the size of the FWHM of the illuminated PSF 
point. 

Furthermore, the slice thickness, or amount of light in the z-plane that is not rejected 
by the pinhole147, is a function of the pinhole diameter and can be estimated from the 
FWHM of the 𝑃𝑃𝑃𝑃𝐹𝐹𝑑𝑑𝑙𝑙𝑙𝑙 using150 

 

𝐹𝐹𝐹𝐹𝐹𝐹𝑀𝑀𝑑𝑑𝑙𝑙𝑙𝑙,𝑠𝑠𝑙𝑙𝑖𝑖𝑠𝑠𝑙𝑙 = ��
0.88𝜆𝜆

𝑛𝑛 − �𝑛𝑛2 − 𝑁𝑁𝐴𝐴𝑜𝑜2
�
2

+ �
√2𝑛𝑛𝑃𝑃𝐹𝐹𝜇𝜇𝜇𝜇
𝑁𝑁𝐴𝐴𝑜𝑜

�
2

   (4) 

 

where the slice thickness is equal to the FWHM of the 𝑃𝑃𝑃𝑃𝐹𝐹𝑑𝑑𝑙𝑙𝑙𝑙 which is a function of the 
wavelength of light, 𝜆𝜆, the immersion liquid, n, the objective numerical aperture 𝑁𝑁𝐴𝐴𝑜𝑜, and 
the pinhole diameter in 𝜇𝜇𝜇𝜇, 𝑃𝑃𝐹𝐹𝜇𝜇𝜇𝜇. The relationship to convert the pinhole diameter in AU 
into a physical pinhole size in 𝜇𝜇𝜇𝜇 is given by147 

𝑃𝑃𝐹𝐹𝜇𝜇𝜇𝜇 = �
1.22𝜆𝜆𝜇𝜇𝜇𝜇
𝑁𝑁𝐴𝐴𝑜𝑜

�𝑃𝑃𝐹𝐹𝐴𝐴𝐴𝐴𝑀𝑀𝑜𝑜𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠 (5) 

 

where the prefactor (2 times Rayleigh criteria) is the definition of 1 Airy unit, 𝑃𝑃𝐹𝐹𝐴𝐴𝐴𝐴 is the 
pinhole size in number of Airy units,  𝑀𝑀𝑜𝑜 is the objective magnification, and 𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠 is the 
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total system magnification of the microscope. Using a confocal LSM 880 microscope setup 
with a total system magnification of 2.8, a 10× 0.45 NA objective, a wavelength of light 
of 488 nm, and a pinhole set to 15.64 AU, the physical pinhole diameter would be 
approximately 37 𝜇𝜇𝜇𝜇. Plugging these values into Equation 4 along with a refraction index 
of 1.3, results in a slice thickness of approximately 5.5 𝜇𝜇𝜇𝜇/𝑁𝑁𝑝𝑝𝑁𝑁𝑠𝑠𝑝𝑝. For larger pinhole 
diameters ( > 3 AU) the relationship between the slice thickness and pinhole size is linear150 
and can vary slightly between microscopes and objectives with the relationship for the 
same LSM 880 setup given by152  

𝐹𝐹𝐹𝐹𝐹𝐹𝑀𝑀𝑑𝑑𝑙𝑙𝑙𝑙,𝑠𝑠𝑙𝑙𝑖𝑖𝑠𝑠𝑙𝑙 = 0.132𝑃𝑃𝐹𝐹𝜇𝜇𝜇𝜇 + 0.23  (6) 
 

Plugging in the maximum physical pinhole size of approximately 599 𝜇𝜇𝜇𝜇, results in a 
maximum slice thickness of approximately 79.3 𝜇𝜇𝜇𝜇/𝑁𝑁𝑝𝑝𝑁𝑁𝑠𝑠𝑝𝑝. Notably, along with the axial 
resolution and slice thickness, any use of the confocal pinhole below around 6 AU also 
improves the lateral resolution calculated using the Rayleigh criteria by a factor of 
approximately 0.8148.  

When the pinhole diameter is approximately equal to or less than 1 AU, the 
difference between the 𝑃𝑃𝑃𝑃𝐹𝐹𝑑𝑑𝑙𝑙𝑙𝑙 and 𝑃𝑃𝑃𝑃𝐹𝐹𝑖𝑖𝑙𝑙𝑙𝑙 is less significant and the axial resolution is 
improved. Overall the axial resolution when the pinhole is smaller than 1 AU can be 
calculated as function of the FWHM of the 𝑃𝑃𝑃𝑃𝐹𝐹𝑖𝑖𝑙𝑙𝑙𝑙 using150 

𝐹𝐹𝐹𝐹𝐹𝐹𝑀𝑀𝑖𝑖𝑙𝑙𝑙𝑙,𝑙𝑙𝑎𝑎𝑖𝑖𝑙𝑙𝑙𝑙 =
1.28𝑛𝑛𝜆𝜆
𝑁𝑁𝐴𝐴𝑜𝑜2

 (7) 

and the slice thickness can be calculated using150  

𝐹𝐹𝐹𝐹𝐹𝐹𝑀𝑀𝑑𝑑𝑙𝑙𝑙𝑙,𝑠𝑠𝑙𝑙𝑖𝑖𝑠𝑠𝑙𝑙 =
0.64𝜆𝜆

𝑛𝑛 −  �𝑛𝑛 − 𝑁𝑁𝐴𝐴𝑜𝑜2
 (8) 

Again using the same values for the confocal LSM 880 and 10× 0.45 objective, with the 
exception of a smaller pinhole diameter of 0.25 AU, the axial resolution improves slightly 
to 4.1 𝜇𝜇𝜇𝜇/𝑝𝑝𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝, and the slice thickness falls to 1.2 𝜇𝜇𝜇𝜇/𝑁𝑁𝑝𝑝𝑁𝑁𝑠𝑠𝑝𝑝.  

Although decreasing the pinhole size does result in a slight improvement in axial 
and lateral resolution, it comes at the cost of the amount of signal that reaches the detector. 
If the amount of signal is too low, the signal-to-noise ratio will decrease resulting in a 
decrease in the resolution. To overcome issues with low signal-to-noise ratio while 
maintaining a small pinhole diameter, pseudo-super resolution techniques can be 
employed, such as employing the use of an Airyscan detector which collects the light using 
an array of detectors to increase the signal while maintaining a small pinhole diameter146. 
Overall since the pinhole is easily adjustable, the standard confocal microscopy setup offers 
the significant advantage of being able to easily tune and optimize a wide variety of 
different resolution and signal requirements depending on the imaging conditions 
necessary for different samples.  
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2. Materials and methods 
In this section, I briefly lay out the materials and methods necessary to obtain the GUVs 
used to optimize the confocal microscopy parameters for the characterization of 
populations of GUVs. Further details on the different GUV formation methods and the 
insights gained from the standardization methods developed in this chapter can be found 
in Chapters 2 and 3. 

2.1 Materials  

To assemble the vesicles used in this chapter, I required indium tin oxide (ITO) coated-
glass slides (25 × 25 mm squares, surface resistivity of 8-12 Ω/sq) which were purchased 
from Sigma-Aldrich (St. Louis, MO). A 3 wt % aqueous slurry of nanofibrillated cellulose 
was purchased from the University of Maine Process Development Center. I purchased 
circular hole punches (EK Tools Circle Punch, 3/8 in.), square hollow punch cutters (Amon 
Tech), a Paasche Gravity Feed Airbrush Kit (Model TG-3W) and Paasche Compressor 
system (Model D3000R) from Amazon Inc. (Seattle, WA). Fisherbrand Regenerated 
Cellulose Dialysis Tubing (MWCO-12,000-14,000), glass coverslips (Gold Seal™ , 22 
mm x 22 mm), premium plain glass microscope slides (75 mm x 25 mm), and glass Petri 
dishes (Pyrex™, 150 mm diameter) were purchased from Thermo Fisher Scientific 
(Waltham, MA).  

2.2 Chemicals  

Sucrose (BioXtra grade, purity ≥99.5%), glucose (BioXtra grade, purity ≥99.5%), and 
casein from bovine milk (BioReagent grade) were purchased from Sigma-Aldrich (St. 
Louis, MO). I purchased chloroform (ACS grade, purity ≥99.8%, with 0.75% ethanol as 
preservative) from Thermo Fisher Scientific (Waltham, MA). A silicone elastomer kit (184 
Sylgard) with gel and curing agent was purchased from Dow Inc. (Midland, MI) to make 
polydimethylsiloxane (PDMS). I obtained 18.2 MΩ ultrapure water from an ELGA Pure-
lab Ultra water purification system (Woodridge, IL). I purchased 1,2-dioleoyl-sn-glycero-
3-phosphocholine (18:1 (Δ9-cis) PC (DOPC)), 1-palmitoyl-2-(dipyrrometheneboron 
difluoride)undecanoyl-sn-glycero-3-phosphocholine (TopFluor-PC), and 23-
(dipyrrometheneboron difluoride)-24-norcholesterol (TopFluor-Chol) from Avanti Polar 
Lipids, Inc. (Alabaster, AL).  

2.3 Electroformation  

To date, the most commonly employed method to assemble large amounts of GUVs has 
been the electroformation method110,141,153,154. Following previously optimized methods141, 
I start by depositing a 10 𝜇𝜇L solution lipids dissolved in chloroform onto a conductive ITO-
coated glass slide. In this work the standard lipid mixture unless otherwise specified is a 1 
mg/mL solution of 99.5:0.5 mol % DOPC:TFC. The lipids are spread over a circular area 
on the slide with a diameter of 9.5 mm. The lipid-coated slide is then placed in vacuum to 
allow any excess chloroform to evaporate. After 1 hour the lipid-coated slide is removed 
from vacuum and is connected to a function generator using conductive tape and electronic 
leads. The tape is carefully placed on one corner of the conductive side of the glass slide. 
A circular PDMS gasket (5/8 inch inner diameter) is placed around the dried lipid film. I 
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fill the PDMS gasket with 150 µL of 100 mM sucrose solution and then place a second 
ITO-coated glass slide with conductive tape in the corner onto the PDMS gasket to form a 
sandwich and seal the filled chamber. I ensure the conductive tape of the second top ITO 
slide is facing down and is opposite to the corner the tape is placed on the bottom slide. I 
set the function generator to a voltage of 1.5 V and a frequency of 10 Hz and allow the 
vesicles to grow for 1 hour.  

2.4 PAPYRUS using nanocellulose paper  

In my recent work155, I show the ability of nanocellulose paper as a novel substrate to 
obtain large amounts of GUVs. I prepare flat sheets of nanocellulose paper in lab using 
solution casting156,157 (more detailed procedures on the fabrication process can be found in 
Chapter 3). Adapting standard GUV formation methods, I cut out a 9.5 mm diameter 
circular piece of nanopaper using a hole punch and carefully deposit 10 𝜇𝜇L of lipid onto 
the paper. I place the lipid-coated paper into vacuum for 1 hour and then move it to a 48 
well plate. I then hydrate the lipid-coated paper with 150 𝜇𝜇L of 100 mM sucrose solution 
and allow the vesicles to grow for 1 hour. No external equipment or extra steps are 
necessary to obtain GUVs using the PAPYRUS method.    

2.5 Custom-made chambers used to collect images of vesicles 

Due to a number of factors including the percentage of the GUV population that ideally 
needed to be imaged, the maximum density limits of GUVs in an image (too many GUVs 
near each other make it difficult to accurately measure sizes), the effect of sedimentation 
time, and the objective working distance, the dimensions of the imaging chambers needed 
to be consistent across the different experiments. To control the dimensions of the imaging 
chambers I carefully weigh 6 grams of a PDMS mixture (9:1 ratio of PDMS and PDMS 
curing agent) in a 100 mm diameter Petri Dish. I place the Petri dish in vacuum chamber 
for 1 hour to remove any air bubbles and then moved the PDMS to a (completely flat) hot 
plate set at 65 °C to cure for at least 2 hours. From the cured PDMS, I punch out circular 
disks using a 5/8 inch (15.875 mm) diameter circular metal punch, and then punch out a 
square area within the disk using a 6 mm × 6 mm (length × width) metal square punch. 
The final dimensions of the PDMS gaskets that form the walls of the imaging chambers 
should have dimensions of 6 mm × 6 mm × 1 mm (width × length × height). To attach 
the PDMS gaskets to glass slides, I clean the PDMS in a sonication bath using 20 minute 
cycles of acetone, isopropanol, and ultrapure water and then moved the PDMS into a 65 
°C oven for 1 hour to dry. Once dry, I place the PDMS gasket in contact with a clean glass 
slide. To prevent the GUVs from spontaneously rupturing onto the bare glass slides158,159, 
which could have a significant effect on the yield, I passivate the chamber with a solution 
of 1 mg/mL casein in 1X PBS for 1 hour. Once passivated, I wash any unbound casein 
gently with ultrapure water and dry the imaging chamber using a nitrogen gun. To add the 
vesicles, I fill the imaging chamber with 58 µL of a 100 mM solution of glucose, gently 
mix in a 2 µL aliquot of the harvested GUV solution, and then seal the chamber with a 
glass coverslip. The GUVs are then allowed to sediment for 3 hours. 
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3. Results 
3.1 Imaging vesicle buds on the surface 

Observation of the surfaces during assembly reveal dense stratified layers of vesicle buds 
ranging from 1 − 150 µm in diameter on the surface (Figure 10). The lateral coverage of 
the buds is nonhomogeneous across the lipid-coated surface. The bud density can vary 
significantly depending on distribution of the lipid on the surface with some regions in a 
typical field of view of 200 µm × 200 µm having only 50 to 100 sparsely packed small 
vesicle buds and other regions having more than thousands of vesicle buds both large and 
small in size. Figure 11 shows qualitatively the vesicle coverage across a 5 mm × 5 mm 
surface of the nanocellulose paper after 1 hour of assembly. Since the vesicle buds are 
typically packed tightly together on the surface, determining definite boundaries of the 
buds though thresholding is difficult (Figure 11b). Thus, the most reliable method to obtain 
quantitative information of the vesicle buds while on the surface is to manually select the 
vesicle buds and analyze their sizes using image analysis software.  

  
Figure 10: Nonhomogeneous distribution of vesicles on the surface. a Cross-sectional 
schematic showing the large local differences in bud sizes and bud density on a substrate. 
The schematic was based on the experimental images of vesicle buds assembled on glass 
in regions with a b medium c low and d high density of buds. Scale bar 50 µm. Images 
were published160 and reproduced here with permission from the American Chemical 
Society. 
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Figure 11: Qualitative analysis of vesicles on the surface. a Confocal tilescan images 
stitched together showing the variation in fluorescence intensity across the surface of 
nanocellulose paper after hydration. b Example of two single tiles with an estimated 
surface coverage (𝜙𝜙𝑙𝑙𝑜𝑜𝑠𝑠) based on the fluorescence threshold of the vesicles buds in the 
image (right). c Heatmap showing the qualitative percent of the surface covered by vesicle 
buds based on the thresholded images. Scale bars a 1 mm b 100 µm.  

Figure 12 shows the distribution of sizes of the vesicle buds that I manually 
analyzed using ImageJ. The buds are analyzed from a single 200 µm × 200 µm summed 
projection z-stack image of a region representative of the typical coverage of vesicle buds 
on the surface of nanocellulose paper. I carefully counted and measured the sizes of all of 
the vesicles visible in the image over the course of more than 3 hours. Analysis of the 987 
vesicle buds counted in the image reveal a broad distribution that falls sharply from 3 µm 
with 910 of the vesicles having sizes less than 10 µm in diameter, 75 vesicles having sizes 
between 10 µm and 50 µm in diameter and 2 vesicles having sizes above 50 µm in diameter. 
The rarity of the largest sized buds highlights the importance of collecting large amounts 
of data to obtain an unbiased picture of the population. However, the manual quantification 
process is not only tedious, but it is further complicated by the stratification of the vesicle 
buds based on size where smaller vesicle buds that tend to be closer to the surface are more 
difficult to observe making them more likely to be miscounted.  

To confirm the stratification of the vesicle buds based on size, I collect z-stack 
images of the buds on the surface. Figure 13 shows a depth coded maximum intensity 
projection along with an orthogonal projection (corresponding to the white dashed line of 
the depth coded image) of the vesicles above a typical region on the surface of 
nanocellulose paper. Vesicle buds with diameters between 25 − 50 µm can be observed 
more than 100 µm above the surface (brighter colors), while buds smaller than 25 µm in 
diameter tend to be much closer within 0 − 50 µm above the surface (darker colors). The 
layered packing obscures the buds on lowest planes making it particularly difficult to 
characterize the smallest buds closest to the surface with sizes between 1 − 10 µm in 
diameter.  It is likely that pervious reports that use analysis of images of GUVs on 
surfaces117,161–164 also underestimate the abundance  of smaller vesicles.  
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Figure 12: Manual quantification of vesicle buds on the surface. a Confocal image 
showing the typical appearance of vesicle buds assembled on nanocellulose paper. b 
Histogram showing the distribution of sizes of the vesicles analyzed manually using 
ImageJ. Note the logarithmic scaling of the y-axis. Scale bar a 50 µm.  

 

 

Figure 13: Stratification of vesicles above the surface. a Depth-coded projection of 
vesicle buds on the surface (x−y) of nanocellulose paper. b Orthogonal projection (x−z) 
of the region signified with a white dashed line in a. Smaller vesicle buds are located closer 
to the surface and larger vesicle buds are located further away from the surface. Color bars 
show the z-height of the vesicle buds. Scale bar is 50 µm. 
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3.2 Harvesting the vesicles from the surface 

Multiple technical challenges prevent accurate quantification of buds on surfaces even with 
manual steps.  The challenges include vesicles being densely packed, stratified on different 
planes, and being laterally nonhomogeneous. I thus designed a procedure that involves 
harvesting and diluting the vesicles for quantification.  Furthermore, most experimental or 
practical applications that use GUVs require them to be isolated, cell-sized compartments 
suspended in solution5,8,165. Thus, quantifying harvested populations is representative of 
the intended applications of GUVs.  

To detach the vesicles from the surface, I manually apply gentle shear flow over 
the surface using a pipette. This application of shear flow at the surface creates a scission 
between the buds and their connections to the membrane harvesting the vesicles into 
solution  (Figure 14a). I harvest each sample the same way each time aspirating and 
expelling 100 𝜇𝜇L of solution 6 times to cover the surface and then aspirating all 150 𝜇𝜇L on 
the final aspiration. I collect and store each sample of harvested vesicles in an Eppendorf 
tube until moving an aliquot of the sample into an imaging chamber for quantification 
(Figure 14b,c).  

 

  
Figure 14: Preparation of giant vesicles for imaging. After a harvesting the GUVs from 
the surface, the solution is moved into b an Eppendorf tube for storage. A small portion of 
the harvested solution is then added into an imaging chamber for quantification. c A 
photograph showing an example of two imaging chambers after addition of the vesicles.  
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3.2.1 Imaging of suspended vesicles  

I first attempted to image suspended vesicles immediately after harvesting without any 
dilution by taking tilescans at a few different z-heights. In these sets of experiments, I use 
the 10× objective and collect images in 10 𝜇𝜇𝜇𝜇 steps from the surface of the glass to 200 
𝜇𝜇𝜇𝜇 above the surface of the glass. Figure 15 shows the images from one of the tile locations 
at three different z-heights. Obtaining the equatorial diameter of the objects is challenging 
because the vesicles are suspended at multiple different z-heights. Although, in principle a 
projected image should be able to capture the equatorial diameter, thermal drift which 
occurs during the long acquisition time results in a poorly defined blurry projection. 
Furthermore, the high fluorescence of lipid-dense objects such as MVVs (white arrows) 
bleeds across multiple slices.  I estimate that taking a single z-stack at a single position of 
the imaging chamber would take about 8 minutes. Since each tilescan covers 64 tiles, the 
entire imaging time would require more than 8 hours. However even if this were 
accomplished, the vesicles translate due to Brownian motion and some bulk convection 
making determining vesicle position and size difficult.  

 
Figure 15: Imaging of suspended vesicles with different pinhole characteristics. a-c 
Confocal z-slices of the same x-y region of vesicles suspended in solution collected with 
the pinhole is closed to 1 AU. d The summed intensity projection of the three slices is 
shown on the right. e-g Confocal z-slices of the same x-y region of vesicles suspended in 
solution collected with the pinhole is fully open. The sum intensity projection of the slices 
is shown in h. The white arrows indicate the effect of the focal plane on the appearance of 
the MVVs in the image. Scale bars are 25 µm.    
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3.2.2 Sedimentation as a technique to convert 3D imaging to 2D  

Since the imaging of suspended vesicles is difficult due to the dependence on the 
fluorescence intensity of the object on the z-height as well as the drift of the vesicles during 
the image collection, I sediment the vesicles to a single plane at the bottom of the imaging 
chamber166–170. I establish a density gradient across the interior and exterior of the vesicles 
using sugar molecules that are impermeable to the membranes to collect the vesicles on a 
single plane. For data collection, I assemble the vesicles in 100 mM sucrose and move the 
vesicles into a less dense solution of 95 mM glucose to initiate the sedimentation processes. 
I use a slightly lower concentration of osmolytes on the exterior of the GUV to ensure there 
is a modest osmotic pressure gradient. Without the modest gradient, some of the GUVs 
occasionally appear flaccid and deform into slightly oblate spheres instead of the perfect 
spheres that are ideal for imaging on the glass surface. I evenly mix the vesicles into the 
glucose solution so the vesicles should initially be equally distributed, and I seal the top of 
the imaging chamber to minimize effects of convection. 

Neglecting the effects from diffusion, I can estimate the velocity of the vesicles 
during sedimentation using166  

𝑁𝑁𝑙𝑙 =
2
9

(𝜌𝜌𝑣𝑣 − 𝜌𝜌𝑠𝑠)𝑔𝑔𝑅𝑅2

𝜇𝜇
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where 𝑁𝑁𝑙𝑙 , is the terminal velocity of the vesicle, 𝜌𝜌𝑣𝑣 is the density of the vesicle, 𝜌𝜌𝑠𝑠 is the 
density of the solution, 𝑔𝑔 is the gravitational constant, 𝑅𝑅 is the radius of the particle, and 𝜇𝜇 
is the viscosity of the solution. I can then estimate the time it should take the vesicles 
furthest from the bottom of the imaging chamber to sediment based on size using166  
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where 𝑁𝑁𝜇𝜇𝑙𝑙𝑎𝑎 is the maximum sedimentation time and h, is the height of the chamber. 

Using Equation 10, I calculate the expected maximum sedimentation time of the 
vesicles according to size (Figure 16). Corresponding to the typical sedimentation 
conditions, I set 𝜌𝜌𝑣𝑣 equal to 1034 𝑘𝑘𝑔𝑔 𝜇𝜇−3, 𝜌𝜌𝑠𝑠 equal to 1019 𝑘𝑘𝑔𝑔 𝜇𝜇−3, and 𝑔𝑔 equal to 
9.8 𝜇𝜇 𝑁𝑁−2, and following the expected viscosity of the glucose solution171, I set 𝜇𝜇 equal to 
0.001 𝑘𝑘𝑔𝑔 𝜇𝜇−1 𝑁𝑁−1. Figure 16b shows the results of the calculations for various vesicle 
diameters. The plot shows that within 3 hours (dashed red line) all of the vesicles with 
diameters of 4 µm and larger, are expected to have reached the bottom of the chamber 
when effects from diffusion are neglected. The maximum sedimentation time expected for 
vesicles with diameters, for example, of 5 µm is 82 minutes, 10 µm is 20 minutes, and 50 
µm is 1 minute. Vesicles smaller than 4 µm are expected to take significantly longer. 
Specifically, the calculated maximum sedimentation times expected for vesicles with 
diameters of 1 µm is 34 hours, 2 µm is 9 hours and 3 µm is 4 hours. 
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Figure 16: Effect of sedimentation time. a Schematic showing collection of vesicles at 
bottom of the imaging chamber over the course of 180 minutes (3 hours). b Plot of 
maximum sedimentation time of vesicles of different sizes calculated using Equation 9. 
The dashed red line marks the typical sedimentation time used for experiments of 3 hours. 
Note the log scaling of the x-axis.  

 

3.3 Imaging of sedimented vesicles 

3.3.1 Choice of objectives and pinhole characteristics 

The confocal microscope setup allows for a wide range of changeable components 
including various lenses, apertures, mirrors, lasers, detectors, and light filters. The 
objective is a crucial component to any microscope setup since it is the first lens to collect 
the light from the sample147. In confocal microscopy, the objective controls the 
magnification, resolution, and slice thickness of each image. The pinhole, a circular 
aperture at the conjugate focal plane, is a crucial component that separates the confocal 
setup from the wide field setup147. The diameter of the pinhole aperture can be adjusted to 
manually change the slice thickness of each image and generally control the amount of 
light from above and below the focal plane of interest that is excluded147. Exclusion of the 
light above and below the focal plane of interest helps to lower the background and 
improves the axial resolution147. Overall, the characterization of the vesicles which range 
over three orders of magnitude between 1 − 150 µm in diameter, will depend on the 
optimization of the objective lens and pinhole diameter.  

In previous work, high magnification objectives with large numerical apertures are 
often used5,37,172. Furthermore, for techniques using confocal microscopy, the pinhole is 
typically closed so as to obtain a thin imaging slice. I show that for the purposes of 
measuring the size histogram and yield, a lower powered objective with a NA of 0.45 and  
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Objective NA Field of view at  
zoom of 1.0 

Max lateral 
resolution 

Slice 
thickness 
at 1 AU 

Maximum 
slice 

thickness 

10× 0.45 850.19 μm × 
850.19 μm 

0.265 
μm/pixel 

5.8 μm  
(37 μm) 

79.3 μm 
(599 μm) 

20× 1.0 425.10 μm × 
425.10 μm 

0.119 
μm/pixel 

1.5 μm 
(34 μm) 

23.8 μm 
(599 μm) 

40× 1.2 212.55 μm × 
212.55 μm 

0.099 
μm/pixel 

1.1 μm 
(56 μm) 

10.7 μm 
(599 μm) 

63× 1.4 134.95 μm × 
134.95 μm 

0.085 
μm/pixel 

0.8 μm 
(75 μm) 

6.1 μm 
(599 μm) 

Table 3: Important spatial properties of the available objectives. Objectives available 
on the LSM 880 are listed in the first column. Along the row of each objective the 
corresponding numerical aperture (NA) is shown in the second column, max lateral 
resolution is shown in the third column, the optimal slice thickness at 1 AU is shown in the 
fourth column, and the maximum slice thickness attainable is shown in the fifth column. 
The values in brackets indicate the physical size of the pinhole aperture at the various 
objective and slice thickness selected.  

 

open pinhole configuration offers significant advantages. I compare images acquired using 
a Plan-Apochromat 10× 0.45 NA air objective and a Plan-Apochromat 20× 1.0 NA water 
immersion objective with various confocal pinhole sizes. 

Following the Nyquist 2-fold oversampling criteria (Equation 2), the 10× 0.45 NA 
objective can be used to obtain a lateral resolution of 0.265 µm per pixel. With the pinhole 
closed at this resolution, the dark lumen of GUVs < 3 μm cannot be resolved.   For the 20× 
1.0 NA the lateral resolution is 0.119 µm per pixel. With the pinhole closed at this 
resolution, the dark lumen in GUVs < 1 μm in diameter cannot be resolved. Table 3 
provides a list some of the other important spatial properties of the objectives including the 
optimal slice thickness at 1 AU and the maximum slice thickness. Using the objective with 
a NA of 0.45, the 1 μm diameter GUV appears as an object of about 12 pixels in size in the 
image; using the objective with a NA of 1.0, the 1 μm diameter GUV appears as an object 
of about 56 pixels in size in the image. Since the PMT is fully adjustable to account for the 
change in resolution, unlike camera based acquisition, the magnification of the objective 
does not factor into imaging. In principle, use of objectives with higher numerical aperture 
will increase the confidence of detecting the GUVs since the object will be mapped onto a 
larger number of pixels of smaller size. The higher image resolution could also improve 
the sharpness of the image and allow better discernment of objects that are close together. 
However, the improved resolution from using the higher numerical aperture objective 
comes at the expense of decreasing both the total field of view and maximum slice 
thickness that can be captured in each image. The limitations in the field of view can be 
overcome by taking large area tilescans. In principle, the limitations of the slice thickness 
can be addressed by taking z-stacks.  
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Figure 17 show the differences in the slice thickness between the objectives when 
the pinhole is fully opened and when the pinhole is closed to 1 AU respectively. With the 
10× objective, when the pinhole completely open (15.64 AU) the slice thickness is 79.3 
µm, and when the pinhole is closed to 1 AU the slice thickness falls to 5.8 µm. Since the 
majority of the light that is outside the slice thickness is excluded by the pinhole, if a vesicle 
is outside of the slice it will likely not be captured. Furthermore, if the equatorial plane of 
a vesicle is outside the slice, the actual size of the vesicle will be underestimated. Thus, the 
only way to accurately capture the size of the vesicle is to collect the fluorescence from the 
equatorial plane. Compared to the 10× objective, the 20× objective with the pinhole 
completely open to 17.38 AU results in a significantly lower slice thickness of 23.8 µm. 
Thus, vesicles larger than 50 µm will be more likely to be underestimated. With the pinhole 
closed to 1 AU the slice thickness shrinks down to 1.5 µm, resulting in the significant 
exclusion of fluorescence of vesicles larger than around 5 µm in diameter.  

 
Figure 17: Optical slice properties of images collected with different objectives. 
Schematic showing the properties of the optical slice using the 10× 0.45 NA objective in 
the left column and the 20× 1.0 NA objective in the right column. The first row shows the 
axial slice thickness captured with the pinhole open. The second row shows the axial slice 



38 
 

thickness captured with the pinhole closed. The third row shows the number of z-stack 
slices necessary to image an entire sample. The fourth row illustrates the concept of 
summing the slices of a z-stack to obtain a single image. This process compresses the entire 
z-stack into a single image by summing the pixels in the same x and y location in every z-
slice. Thus, as long as there are no vesicles suspended on top of each other, the summed 
intensity projection holds the fluorescence information of the entire object.  

 

To test the effect of slice thickness on the quantification of GUVs, I collect images 
from the same region of harvested vesicles using different imaging settings (Figure 18). 
The slice thickness is expected to vary from 1.5 µm for the 20× pinhole closed, 5.8 µm for 
the 10× pinhole closed, 23.8 µm for the 20× pinhole open, and 79.3 1.5 µm for the 10× 
pinhole open. A summed intensity projection with an equivalent slice thickness of 93.2 µm 
was also collected using the 20× objective to provide a baseline to compare the effect of 
the slice thickness on the size of the GUVs in the images. Due to the exclusion of most of 
the fluorescent information that is located above or below the optical slice, I expect the 
equatorial plane of the vesicles with diameters larger than the size of the optical slice (with 
a 5 𝜇𝜇𝜇𝜇 buffer due to the location of the optical slice above the glass) to not be fully 
captured. Comparing the largest correctly captured vesicle in the 1.5 𝜇𝜇𝜇𝜇 slice (Figure 
18f,k) with the baseline image (Figure 18j,o), to approximate the slice thickness  

 
Figure 18: Effect of slice thickness on quantification of GUVs. a-e Images of the same 
region of vesicles collected with various slice thicknesses. The regions marked with red 
dashed lines are shown in f-j and orange dashed lines are shown in k-o. The numbers 
indicate the equalvalent diameters of the vesicles measured manually in imageJ in 
micrometers. Scale bars are a-e 100 µm, f-j 50 µm, k-o 25 µm.  
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empirically, the 1.5 𝜇𝜇𝜇𝜇 slice accurately captures vesicles with sizes up to 7 𝜇𝜇𝜇𝜇 in diameter 
resulting in an effective slice thickness of at least 2 𝜇𝜇𝜇𝜇. The 5.8 𝜇𝜇𝜇𝜇, 23.8 𝜇𝜇𝜇𝜇, and 79.3 
𝜇𝜇𝜇𝜇 slices accurately capture the vesicles with sizes up at least up to 11 𝜇𝜇𝜇𝜇, 25 𝜇𝜇𝜇𝜇, and 73 
𝜇𝜇𝜇𝜇 respectively, resulting in an effective slice thickness of 6 𝜇𝜇𝜇𝜇, 20 𝜇𝜇𝜇𝜇, and 68 𝜇𝜇𝜇𝜇 
respectively. These effective slice thickness measurements correspond well with the 
minimum slice thicknesses that are expected and confirm that the 79.3 𝜇𝜇𝜇𝜇 slice which uses 
the 10× pinhole open imaging settings accurately captures the largest range of vesicle 
sizes.   

 

3.3.2 Choice of field of view and time for imaging   

The choice of objective also affects the field of view that can be obtained. Figure 19 shows 
a schematical representation of the differences between the lateral dimensions of the 
images collected from the objectives. The absolute maximum field of view usable for 
imaging the GUVs depends on the “zoom” magnification of the objective and the pixel 
area of the detector. The zoom feature of the objective allows the user to manually adjust 
the magnification of the image148. In the context of characterizing GUVs, the zoom 
capabilities for each objective are limited by the effects of the flatness of field148, where 
the edges of the image appear less bright than the center when the zoom is too low. This 
gradient in the image brightness could cause potential challenges down the line during the 
intensity analysis of the GUVs and thus should be minimized. Although the effects of 
flatness of field are an unavoidable consequence of all optical imaging techniques which 
focus light through a curved lens resulting in the curved image plane148, the objectives 
chosen here are both “plan-” corrected objectives which can significantly correct for the 
effects of flatness of the field at the edges107. The first row in Figure 19 shows the maximum 
image sizes without significant effects from the flatness of field which are 850.19 µm × 
850.19 µm for the 10× objective and 429.4 µm × 429.4 µm for the 20× objective. Since 
the GUVs analyzed are typically dispersed over an area of approximately 6 mm × 6 mm, 
the 10× objective requires a tilescan with 8 tiles × 8 tiles or 64 tiles. This tile total is 
significantly fewer than the 16 tiles × 16 tiles or 256 total tiles required using the 20× 
objective.  

The second row of Figure 19 shows the equivalent pixel area of the detector needed 
to obtain images following the Nyquist 2-fold oversampling criteria for each objective. The 
maximum pixel area available with the GaAsP detector is 8192 pixels × 8192 pixels. Thus, 
even for the largest field of view with the highest NA objective (3604 pixels × 3604 pixels), 
the GaAsP detector has more than 5 times enough pixels to collect the oversampled images, 
ensuring the maximum field of view is not limited by the detector. Considering the total 
number of pixels (spots) being scanned in each tile, the dwell time at each pixel, 
approximately 1 µs/pixel, and that each pixel is scanned 4 times to calculate an average, 
the 10× and 20×  objectives are expected to collect an image in approximately 41 seconds  
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Figure 19: Lateral dimensions of images collected with different objectives. Schematic 
showing the lateral properties of the 10× 0.45 NA objective in the left column and the 20× 
1.0 NA objective in the right column. The first row shows the top down view of the field 
of view (red) that can be collected in one image without effects from flatness of field . The 
second row shows the number of pixels needed to obtain images with a pixel size equal to 
the Nyquist 2-fold oversampling criteria. 

 

52 seconds respectively. Excluding the time the microscope takes to move to the correct 
position of each tile, in this example a tilescan using the 10× objective could be completed 
in approximately 44 minutes, significantly shorter than a tilescan using the 20× objective  
which can be completed in approximately 222 minutes.  

 

3.3.3 Comparison between open-pinhole 10× images and equatorial z-stacks 

Since the 10× open pinhole configuration has clear benefits in terms of image acquisition 
time and minimizing the effects of vesicle drift, I perform control experiments to determine 
if it is possible to obtain an accurate measurement of the GUV diameters. I collect confocal 
z-stacks of GUVs with diameters that span from 1 to 150 𝜇𝜇𝜇𝜇 using a 20× 1.0 NA objective. 
Since the z-stack captures sections of the vesicles, including the equatorial plane, I can 
select for the image slice that captures the equatorial diameter of the vesicles. I then imaged 
the same GUVs with a 10× 0.45 NA objective with the pinhole open . I show representative 
images in Figure 20. I measured the diameters of the GUVs from the equatorial slice 
manually using ImageJ. I observe that since the pinhole is closed and the slice thickness is 
small, the membranes of the GUVs are sharply delineated, particularly for the GUVs > 10 
μm in diameter. I observe for the open pinhole images with a larger slice thickness, a 
greater fraction of the GUV membrane is imaged which causes the pixel intensity of the  
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Figure 20: Comparison between the diameters measured in the equatorial plane 
image and the open pinhole image. Manual measurements in ImageJ (white numbers in 
𝜇𝜇𝜇𝜇) confirm the size of the GUVs are accurately depicted in the open pinhole images. 

 

the interior of the GUVs to increase. However, I find the true edges of the GUVs in the 
open pinhole images are clearly identifiable since the brightest pixels that form a ring 
around the dimmer interior correlate well with the edges. When these outside edges of the 
brightest pixels are used to define the edges of the GUVs in the open pinhole images, the 
diameters measured in ImageJ match within 5% to the diameters previously measured in 
the closed pinhole images. 
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3.3.4 Summary of optimal image capture routines  

Table 4 shows the number of z-slices required to image a 79.3 𝜇𝜇𝜇𝜇 optical section, the 
number of tiles required to image a 6 mm × 6 mm area, and the time required to capture 
an entire tilescan for each of the objective and pinhole settings that were investigated. 
Clearly the use of the 10× objective with an open pinhole allows for the fastest analysis of 
the largest number of vesicles and is the most practical configuration to implement to 
analyze a large dataset of GUVs. Specifically the 10× open pinhole imaging configuration 
only requires 64 images and 44 minutes to collect data on the population of vesicles, 
whereas the remaining methods would be impractical requiring between 896 – 13,568 
images and 612 – 11,759 minutes to collect data on the same population of vesicles. 

Table 4:  Practical limitations of imaging conditions. The number of z-slices required 
to image a 79.3 𝜇𝜇𝜇𝜇 optical section, the number of tiles required to image a 6 mm × 6 mm 
area, and the time required to collect all of the images in a single experiment are shown in 
the columns of the table for the various imaging conditions investigated.  

3.3.5 Intensity characteristics of GUVs 

Next, I analyze the fluorescence properties of the open-pinhole fluorescent GUVs. Figure 
21 shows the line profiles of the gold standard vesicles along with the various statistics on 
the pixel intensities of each vesicle. From the line profiles, it is clear that the properties of 
the GUVs depend significantly on size. The larger vesicles typically have higher overall 
mean intensity as well as a higher coefficient of variation in intensity. Figure 22 shows a 
plot of the mean intensity and coefficient of variation in intensity determined by both the 
line profile (red) and the code (blue) for the gold standard vesicles. Overall the GUVs have 
mean intensities that fall over a broad range of values from 35 – 93 arb. units. However, 
separating the GUVs by size class, it is clear the range in mean intensities narrows where 
the smaller GUVs (<10 𝜇𝜇𝜇𝜇) have mean intensities that range from 35 – 49 arb. units, larger 
GUVs with sizes between 10 – 60 𝜇𝜇𝜇𝜇 in diameter have intensities that range from 61-93 
arb. units and very large GUVs (> 60 𝜇𝜇𝜇𝜇) have mean intensities that range from 40 − 43 
arb. units. This dependence on the mean intensity of the vesicle according to size is 
expected due to differences between the location of the equatorial plane of the GUV and 
the imaging focal plane. For example, GUVs smaller than 10 𝜇𝜇𝜇𝜇 are expected to have 
equatorial planes that fall below the focal plane set at 5 𝜇𝜇𝜇𝜇 above the surface of the glass, 
while very large GUVs will have equatorial planes much further above the focal plane. In 
contrast to mean intensity, the coefficient of variation of intensity steadily rises from 
around 0.2 for small GUVs to 0.6 for large GUVs. This steady rise is likely due to both the 
bright ring that emerges in the image for GUVs ≥ 10 𝜇𝜇𝜇𝜇 as well as the presence of other 
vesicles trapped beneath the larger vesicles after sedimentation.  
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Figure 21: Effect of GUV size on pixel intensities. Line profiles of various gold standard 
GUVs with different sizes. The inset shows the region along each GUV where the line 
profile was taken (black line). The mean intensity and coefficient of variation in intensity 
of the pixels values from the line profile and the code were obtained and written into each 
plot. These variations in imaging characteristics will be useuful for quantifying the GUVs 
using image analysis.   

 
Figure 22: Intensity statistics of gold standard GUVs. Gold standard GUVs show the 
mean intensity of the GUV depends on the size of the GUV, and CV of intensity increases 
with increasing size. The smaller GUVs (<10 micrometers) have mean intensities that 
range from 35 – 49 arb. units while the larger GUVs (10-60 micrometers) have intensities 
that range from 61 – 93 because the smaller GUVs fall below the focal plane. Very large 
GUVs (>60 micrometers) also have lower mean intensities that range from 40 – 43 arb. 
units since the top of the GUVs fall above the focal plane. In contrast, the coefficient of 
variation of the intensity increases steadily from small GUVs to large GUVs due to the 
emergence of much brighter rings that emerge for GUVs with sizes above 10 micrometers 
due to the sedimentation of smaller vesicles beneath these larger GUVs. The red dots 
signify the results from the line profile and the blue dots signify the results from the code.  

 

3.4 Large dataset collection 

Using the 10× objective and open pinhole configuration to collect images on populations 
of vesicles, in this section I standardize the image collection process for large datasets.  

3.4.1 Microscope settings used to collect images of vesicles  

To visualize the vesicles, excitation of the TopFluor® dye was performed using a 488 nm 
argon laser and emission was collected using a GaAsP detector with a main beam splitter 
(MBS) for the visible laser light line of 488/561/633 and a detector wavelength range from 
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489 – 700 nm. The laser power was set at 4.0 % ( max power 25 mW) and the detector gain 
was set at 500. The confocal pinhole size was set to max which was 15.16 Airy Units or 
79.3 µm. Using the LSM 880 confocal setup and a 10X/0.45 NA plan-apochromat 
objective a zoom of 1.0 provided a field of view of 850.19 µm × 850.19 µm. Following 
the Nyquist resolution criteria (twofold oversampling), the optimal frame size was 3212 
pixels × 3212 pixels with a pixel size of 0.26 µm. I acquired the images with an 8 bit pixel 
depth from an average of 4 scans per line. The scan time of each image was approximately 
24 seconds. As a quality control due to any potential issues with dye fluorescence 
concentration or laser strength, I check between experiments to confirm that the mean 
intensity of GUVs with sizes of approximately 10 µm in diameter is around 70 ± 10 arb. 
units. If the GUVs are clearly much brighter or darker than normal, I adjust the laser power 
until the 10 𝜇𝜇𝜇𝜇 diameter GUVs have mean intensities between  70 ± 10 arb. units. 

3.4.2 Collection of large datasets using a tilescan imaging routine 

Typically following sedimentation there is a nonhomogeneous distribution of vesicles 
throughout the entirety of the chamber (Figure 23). To collect data on a statistically 
significant portion of the GUV population while ensuring the data is not biased due to 
gradients in the density of the vesicles at the different locations imaged inside the chamber, 
I developed a tilescan protocol to collect images of the entirety of the imaging chamber. 
The tilescan imaging protocol consists of a total of 64 images in a square layout with 
dimensions of 8 images × 8 images (with 0% overlap) covering a total area of 
approximately 6802 µm × 6802 µm. Due to the non-flatness of the stage, I used an 
autofocus routine to optimally focus the GUVs in each image. A typical example of a 
harvested vesicle image can be seen in in the zoomed in panels (red) of Figure 23.   

 
Figure 23: Images of vesicles after sedimentation. An example of a stitched image 
collected from the typical confocal tilescan routine can be seen on the left. The entire 6 mm 
× 6 mm area of the chamber is imaged to account for nonhomogeneous distribution of the 
vesicles (dark and bright regions). The top right shows a zoom in of a single image from 
the whole tilescan and the bottom right shows a further zoom in of the typical vesicles 
assembled from nanocellulose paper.  
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4. Image analysis routine and code 

I next developed an automated image analysis routine that can accurately select GUVs 
from the confocal images. An overall processes diagram of the custom code developed in 
Matlab to analyze the images in this work is shown in Figure 24. The main structure of the 
code can be broken up into two subscripts i) SegmentObjects.m which segments all of the 
foreground objects in the image and ii) SelectObjects.m which selects the objects with a 
coefficient of variance that is characteristic of GUVs. The segmentation portion determines 
the location of all pixels in the image that contain lipids and segments touching groups of 
pixels together into individual objects. The selection portion determines from the 
segmented groups which objects are GUVs and which objects are not GUVs. To ease the 
readability, usability, and any maintenance of the code, a few additional subscripts are also 
used which include iii) GenerateMontageSegmented.m, a script to produce an image with 
an overlay of the segmented objects chosen to contain lipids, iv) 
GenerateMontageSelected.m, a script to produce an image with an overlay of the objects 
selected as GUVs, ands vi) Run_All.m, a script to run all of the scripts at once.  

 
Figure 24: Flowchart of the image analysis code. Flowchart showing the step by step 
process of the image analysis routine. The yellow circles (terminator symbols) indicate the 
starting and ending point of i) the segmentation process and ii) the selection process. The 
rectangles (process symbols) indicate the processes performed on the data. Additional 
information such as specific settings typically used in each process are extended in the 
rectangles to the right of each process. The trapezoids (data symbol) represent the data 
obtained after each process. 
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To enable automated measurements, the vesicles must first be well defined from 
each other and distinguished from the background. This process, known as segmentation, 
can be performed using a variety of different techniques depending on the properties of the 
image and the features of interest173. In this work, I focus on the segmentation of any bright, 
non-background, lipid object present in the images produced by the confocal. The confocal, 
which uses a PMT detector that counts and normalizes the photons emitted to a particular 
bit depth, produces monochromatic grayscale images. These grayscale images consist of 
pixels that have intensity values corresponding to their brightness173, which in this case is 
the relative number of photons collected at each pixel. Some of the most common 
segmentation methods employed on grayscale images include thresholding  techniques 
with various post processing operations such as erosion, dilation, and closing and 
Euclidean distance map techniques such as the watershed transformation, Hough 
transformation, and skeletonization173. In this section, I show the optimal segmentation of 
the bright, non-background lipid objects in the images can be obtained automatically 
through a combination of thresholding, watershed, and post process closing techniques.  

I design the tilescan experiments to maximize the statistical sampling of the vesicles 
mixed in solution while minimizing the overcrowding of vesicles during imaging. 
Although minimizing overcrowding simplifies the automated segmentation process, there 
are still many instances over the area of the tilescan where the fluorescent signal of the 
circular vesicles overlap. Among the various image segmentation methods, the preferred 
technique employed to separate touching, convex features is the watershed 
transformation173,174, which has been used previously for the segmentation of other 
fluorescent objects in images including GUVs113, closely touching cells175, and the cell 
nucleus176 . The process can operate directly on the grayscale images collected by the 
confocal. Briefly, the watershed algorithm uses a distance transform on the image to 
calculate the linear distance of each pixel to an edge173,174. Replacing each pixel in the 
original image with the vector associated with the linear distance to the edge results in the 
distance transform image (Figure 25). The watershed algorithm then uses the resulting  
peaks, valleys, and saddles (pixels between neighboring peaks) in the distance transform 
image to obtain the segmented, watershed transformed image173,174 (Figure 25c).  

 
Figure 25: Steps to obtain watershed transformed image. Applying the watershed 
algorithm on a typical confocal image of neighboring GUVs results in the b computed 
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distance transform of the image and the c watershed transformed image where the dark 
lines show the contours of the now divided GUVs. Scale bar a-c 10 µm. 

 

4.1 Segmentation of fluorescent objects 

4.1.1 Watershed segmentation on grayscale images 

To evaluate the ability of the watershed method to segment the grayscale images directly 
obtained from the confocal, I run the algorithm on three representative tilescan images. I 
select these images to test the ability of the method to segment images with i) smaller and 
less densely packed vesicles (Figure 26a), ii) larger and more densely packed vesicles 
(Figure 26b), and iii) many aggregates and highly densely packed vesicles (Figure 26c). 
An overlay of the objects segmented by the watershed algorithm is shown below each 
image with the different colors being added to help distinguish the segmented objects 
(Figure 26d-f).  The segmentation is poor. Firstly, the segmented regions are significantly 
larger than the size of the objects in the grayscale image, especially for  vesicles larger than 
approximately 10 𝜇𝜇𝜇𝜇. Secondly, visually distinct isolated vesicles appear to be segmented 
as a single connected object. Thirdly, larger vesicles appear to be oversegmented that is the 
single vesicles is detected as different split objects. Oversegmentation appears common for 
vesicles larger than approximately 20 𝜇𝜇𝜇𝜇.  

 

 
Figure 26: Watershed transformation of grayscale images. a-c Grayscale images used 
to test the effects of image processing on images with a sparsely distributed and smaller 
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vesicles, b densely packed and larger vesicles, and c densely packed vesicles with many 
aggregates. d-f Overlay of the watershed transformation from the grayscale images with d 
sparsely distributed and smaller vesicles, e densely packed and larger vesicles, and f 
densely packed vesicles with many aggregates. The different colors show the regions 
segmented as individual objects using the watershed transformation. Scale bar a-f 100 µm. 

 

4.1.2 Histogram analysis 

Through observation of multiple images, I hypothesized that the open pinhole results in a 
halo of out of focus light which affects image analysis. To test this hypothesis, I analyze 
the intensity histograms from representative images shown in Figure 26. Figure 27a-c 
shows the three representative images from a tilescan routine with the corresponding 
histograms on a semilog-y plot below. The first two histograms (Figure 27d,e) have 3 
different peaks where the first peak in the histogram is at 2 AU, the second peak is around 
50 AU, and the third peak is at 255 AU The last histogram (Figure 27f) has 2 peaks at the 
same locations as the first and third peaks in the previous histograms but does not have a 
clear peak in the middle since any potential bump is indistinguishable from the downward 
slope of the first peak. Generally, the bins that fall under each of the peaks can be placed 
into three categories. The first bump in the intensity histograms is mostly from the 
background noise and is the largest bump in the histogram since the experiment is designed 
to ensure the vesicles are not overly crowded and that there is plenty of dark pixels between 
each vesicle. The second bump is mostly from the intensity of the GUVs in the image, and 
the location of this bump in the histogram depends on a number of factors such as the 
fluorescent dye concentration, pinhole size, or laser power, as well as experimental 
variables such as the number and size of the GUVs from each different sample. Since the 
imaging factors are always kept the same for quantification experiments, the location of 
the bump mostly depends on the number and size of the GUVs in the image and becomes 
an important location to define in the analysis of the images. The last spike in the histogram 
is from the MLVs, MVVs, and aggregates present in the sample and is located in the highest 
intensity bin since these structures have such high concentrations of fluorescent lipid. 
Given the imaging factors are held constant and designed to focus on the GUVs, only the 
size of this spike changes between samples and is dependent on the number and size of 
MLVs, MVVs, or aggregates present in a sample.  

To define quantitative boundaries within the intensity histogram, I use an Otsu 
thresholding method that is useful in the analysis of multimodal histograms173,177,178. The 
Otsu method analyzes the intensity histogram by iterating over each possible pixel value 
from left to right, setting an intensity boundary, and calculating the intra-class variance 
between the pixels from each group179. After the iteration is complete, the boundary values 
that lead to the lowest variance are selected as the Otsu values179. Otsu thresholding could 
be used to calculate an optimal boundary value for histograms containing multiple 
groups178. Empirically I find that three boundary values separate the image pixels into 
useful categories for analysis.   
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Figure 27: Analysis of grayscale images using the Otsu method. a-c Grayscale images 
used to test segmentation (same as in Figure 26). d-f Histograms showing the distribution 
of the intensities of all of the pixels in d image a, e image b, and f image c. The location 
of the three threshold values calculated using the Otsu method in each histogram are shown 
as green dashed lines. g-f Partially thresholded images corresponding only the pixel 
intensities of the bins alphabetically marked (letters between the green dashed lines) in the 
histograms. The exact intensity bins (I) calculated by the Otsu method are written in each 
image. Scale bars a-c 100 µm, g-r 100 µm. 

 

Figure 27g-r show the resulting images calculated using the Otsu threshold to 
determine the three boundary values (marked as green dashed lines in the histograms). The 
first group of bins in each of the histograms contains the fluorescence intensity of the 
background noise, most of the diffuse light from the halo that surrounds the vesicles, and 
some of the light from the smaller vesicles (Figure 27g,k,o). The second group of bins 
mostly contains the fluorescence intensity of smaller GUVs and some dimmer diffuse light 
from the larger vesicles (Figure 27h,l,p). The remaining fluorescence information 
contained above this threshold value includes the third group of bins which contain the 
remaining fluorescence signal from the larger GUVs (Figure 27i, j, q), and the final group 
of bins which contain only the fluorescence signal of the MLVs, MVVs and aggregates 
(Figure 27j, n, r). Amongst the three different test images with different intensity 
histograms, the final thresholds determined by the Otsu threshold method split the image 
into the same four groups. These groups are i) the background noise and diffuse light, ii) 
diffuse light information contained above this threshold value includes the third group of 
bins which contain the remaining fluorescence signal from the larger GUVs (Figure 27i, j, 
q), and the final group of bins which contain only the fluorescence signal of the MLVs, 
MVVs and aggregates (Figure 27j,n,r). Amongst the three different test images with 
different intensity histograms, the final boundary determined by the Otsu threshold method 
split the image into the same four groups. These groups are i) the background noise and 
diffuse light, ii) diffuse light and smaller GUVs, iii) larger GUVs, and iv) MLVs, MVVs, 
and aggregates. This analysis appears consistent with my hypothesis that the background 
noise and diffuse light around the vesicles interferes with segmentation. A potential 
solution to address this is to threshold out the noise and diffuse light and covert the image 
to binary.  

 

4.1.3 Watershed segmentation on binary images 

To separate the background noise and diffuse light from the pixels associated with 
lipid objects in the image, I convert the grayscale image into a binary image where the 
value of each pixel is thresholded to either a 0 (background) or 1 (foreground)173. I use the 
first boundary value determined using the Otsu thresholding method to threshold the 
representative images of the vesicles (Figure 28a-c) into binary images (Figure 28d-f). 
Figure 28g-q shows the results after applying the watershed segmentation on the binary 
images. For the smaller vesicles (GUVs < 10 𝜇𝜇𝜇𝜇) the watershed method is able to better  
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Figure 28: Watershed segmentation of binary images. a-c Grayscale images used to test 
segmentation (same as in Figures 26). d-f Binary images of d image a, e image b, and f 
image c thresholded using the lowest threshold value calculated by the Otsu method. g-i 
Overlay of the watershed transformation from the binary images of g image d, h image e, 
and i image f. The different colors show the regions segmented as individual objects using 
the watershed transformation. j-q  Zoomed in view corresponding to the regions marked 
alphabetically in a-i. Scale bar a-i 100 µm. 

 

 

segment the binary images and now accurately captures the morphology of the vesicles. 
For the larger vesicles (GUVs ≥ 10 𝜇𝜇𝜇𝜇), however, the method appears to overestimate the 
size of the vesicles (Figure 28p,q). The larger vesicles appear to be overestimated since 
they typically have brighter diffuse halos surrounding them than the smaller vesicles. The 
diffuse halos of the larger vesicles typically have intensities that fall above the first Otsu 
threshold value and are included in the binary image.   

From the histogram analysis the diffuse area of the larger vesicles appears to have 
a similar intensity as the vesicles smaller than 10 𝜇𝜇𝜇𝜇 in diameter. One potential solution is 
to threshold at a higher intensity value before applying the watershed segmentation. 
However, the higher intensity value will threshold out the smaller GUVs as well. To 
address this issue, I threshold the images into two different binary images. The first binary 
image I obtain using the first Otsu threshold value the same as before. However the second 
binary image I obtain using a higher threshold value specifically for GUVs ≥ 10 𝜇𝜇𝜇𝜇 in 
diameter. Since some of the diffuse light of the larger vesicles is captured between the first 
and second Otsu threshold values (Figure 28h,l,p), I use the midpoint between the first and 
second Otsu threshold values to threshold the grayscale image into a second binary image. 
Figure 29 shows the results of this analysis on vesicles ranging in size from 1 to 150 𝜇𝜇𝜇𝜇 
in diameter. To create a gold standard, the diameters of the vesicles were also measured 
manually from images collected at the equatorial plane of the vesicles using the 20× 
objective with the pinhole closed. Regardless of size, all of the vesicles are accurately 
segmented within 5% of gold standard using this routine. 

A limitation of this automated analysis is in the detection of  GUVs ≥ 130 𝜇𝜇𝜇𝜇 in 
diameter (last 2 rows of Figure 29). The equatorial plane of a GUV in this size class is far 
enough outside the slice thickness that the fluorescence signal is extremely close to the 
background signal. In addition, these vesicles, due to the large area they occupy, typically 
have more than 10 − 100 fluorescent objects that sediment underneath them, further 
complicating the segmentation process. As a check after the automatic thresholding 
routine, I manually inspect the images and add any GUVs ≥ 130 μm to the dataset. 
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Figure 29: Accuracy of diameter measurements. The first column shows high resolution 
images of vesicles of various sizes that were captured using a 20× objective with the 
confocal pinhole completely closed. The equivalent diameters measured in ImageJ are 
written in each image in 𝜇𝜇𝜇𝜇. The second column shows images of the same vesicles that 
were captured with the typical tilescan settings that use a 10× objective with the confocal 
pinhole completely open. The third column shows the sizes of the vesicles determined by 
image analysis routine. The fourth column shows the diameter closest to the true diameter 
of the vesicle from the 20× image. The fifth column shows the diameter measured using 
the 10× image and image analysis routine. The sixth and seventh columns show 
respectively the ratio and percent error between the measured and true diameter of the 
vesicles.  

 

 

4.1.4 Correcting over segmented large vesicles  

The gold standard images shown in  Figure 29 show that there is a gradient in intensity 
towards the center of the vesicles. The lower intensity at the center occasionally causes 
GUVs ≥ 20 𝜇𝜇𝜇𝜇 to be oversegmented (segmented into multiple parts) during the watershed 
segmentation of the binary image (Figure 30a,b). To correct the errors with 
oversegmentation, I perform a post-process closing method to resegment any potentially 
oversegmented object. To select the objects that are potentially oversegmented, I call the 
native regionprops function180 on the now watershed transformed image to measure the 
eccentricity, deviation of an object from a perfect circle, and collect the pixel locations of 
all of the objects in the image. The regionprops function organizes all of the objects in the 
image and orders them in a list collects various useful properties of the objects180. Using 
the ‘Eccentricity’ command, I calculate the ratio between the major and minor axis lengths 
of all of the objects in the image. A perfect circle will have an eccentricity value of 0 while 
a line segment will have an eccentricity value of 1. Since I expect the oversegmented 
objects to deviate further from the circular shape of the vesicles, I treat any objects that 
have an eccentricity value higher than 0.6 as potentially oversegmented. Using the 
‘PixelIdxList’ command, I create a list of the location of all of the objects in the image. 
Since the regionprops function organizes the lists by object, I can specifically select the 
locations of the pixels that correspond to objects that meet the eccentricity criteria for being 
potentially oversegmented. These pixels are then mapped onto a new binary image that 
contains only these potentially oversegmented objects to be processed. To correct 
oversegmentation, I use a closing operation to close gaps between neighboring 
objects173,180, specifically dark gaps of only 1 pixel. I recombine the morphologically 
closed binary image with the watershed transformed binary image and show the results of 
the final segmented image in Figure 30c. The correction significantly improves the 
segmentation of the larger GUV objects that were previously oversegmented (marked with 
white arrows). On this final segmented image, I call the native regionprops function to 
collect various properties such as the pixel locations, the pixel values, the total areas, the 
equivalent diameters, and the mean intensities, of the objects that will be used for GUV 
analysis. 
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Figure 30: Correction of oversegmentation errors to obtain final segmented image. a 
Typical image of larger vesicles that are more prone to oversegmentation errors. b Objects 
segmented from the binary image. c Objects segmented after correcting the image in b 
using a closing process. Scale bar a-c 100 µm. 

 

 

4.2 Selection of GUVs 

4.2.1 Discrimination based on coefficient of variation to remove poorly segmented 
objects and MVVs 

Even with the double thresholding, there are still some objects that are poorly segmented.  
I first remove any poorly segmented objects by performing a selection based on the 
coefficient of variation of the objects.  A signature of a poorly segmented object is an object 
that has a high variation in the values of its pixels and can be quantified using the 
coefficient of variation. The coefficient of variation or CV is simply the standard deviation 
over the mean of the pixel values. I find that poorly segmented objects typically have a 
high CV because many of the incorrectly segmented pixels that are included in the object 
are background pixels with very low intensities that increase the standard deviation. To 
determine a criteria that could be used to remove poorly segmented objects, I analyze the 
CV histograms of a typical sample of vesicles based on size.  

To obtain the histograms I pool together the data from 5 aliquots from the same 
sample of vesicles produced using nanocellulose paper. I split up the histograms based on 
objects that are within 1 𝜇𝜇𝜇𝜇 steps in size of each other starting with diameters (𝐷𝐷) of 1 ≤
𝐷𝐷 < 2 and then move up. For size classes greater than 30 𝜇𝜇𝜇𝜇 in diameter, which do not 
have enough data to obtain a histogram, I pool the objects from 30 − 120 𝜇𝜇𝜇𝜇 in diameter 
together to obtain a histogram and make conclusions about the shape of the histogram. 
Figure 31 shows the CV histograms of size classes corresponding to the gold standard 
vesicles. The histograms mostly have a single peak and a long, right-skewed tail. Figure 
32 shows various statistics from the CV histograms including the mean, median, and peak 
location values based on size. Similar to the gold standard vesicles, the CV of intensity of 
the pooled samples also changes with size, with the first peak location in the CV histograms 
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matching closely with the gold standard vesicles moving from around 0.2 for 1 𝜇𝜇𝜇𝜇 
diameter objects to around 0.4 for 30 𝜇𝜇𝜇𝜇 diameter objects. This close relationship between 
the location of the peak in the CV histogram and the CV of the gold standard GUVs 
suggests that most of the data from the tilescan is from GUVs.  

To determine a range of CV values that fall outside of the typical range of a GUV, 
I collect representative images of vesicles from the pooled sample that fall within various 
ranges around the peak of the CV histogram.  Figure 33 shows the typical appearance of 
5−6 𝜇𝜇𝜇𝜇 diameter objects that fall i) below 0.5×, ii) between 0.5× − 1.5×, and iii) above 
1.5× the first peak location in the CV histograms. Using the same CV criteria ranges, the 
typical appearance of 18−19 𝜇𝜇𝜇𝜇 and ≥ 30 𝜇𝜇𝜇𝜇 diameter objects are shown in Figure 34 
and Figure 35 respectively. The right and left tail of the CV histograms mostly consist of 
either poorly segmented objects or MVVs and lipid nanotubes. Objects closer to the peak 
location of the CV histogram, between 0.5× −1.5× the peak location, however are mostly 
GUVs and some MLVs. Thus, I only use objects that have CVs between 0.5× − 1.5× the 
first peak in the CV histogram for the next step in the analysis.  

 

 
Figure 31: Histograms of the coefficient of variations of objects with diameters 
consistent with the gold standard vesicles. For the objects with sufficient samples the 
CV histograms are peaked. The histograms are asymmetric with a longer right tail than the 
left tail. For vesicles larger than 30 micrometers the number of objects in each size class is 
small and conclusions about the shape of the histogram cannot be made. Instead grouping 
the bins for vesicles larger than 30 micrometers can increase the number of objects and 
allow for conclusions about the shape of the histogram.  
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Figure 32: Effect of GUV size on coefficient of variation of intensity histograms. Plot 
of the mean, median, and peak of the CV histograms from the pooled sample. Note the log 
scale in the x-axis. Each of the diameter bins from 1 to 30 µm have enough counts to 
calculate statistics from the shape of the histogram (circles). Diameter bins greater than 30 
𝜇𝜇m are pooled together (crosses) to obtain histograms. For comparison the values obtained 
by the code on the gold standard vesicles are also plotted (yellow).  

 

 

Figure 33: Pixel properties of 5 − 6 𝝁𝝁m diameter objects. Representative images of 
objects between 5 and 6 𝜇𝜇𝜇𝜇 in diameter with coefficient of variation values of less than 
0.5×, between 0.5× − 1.5×, and above 1.5× the first peak location in the CV histograms.  
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Figure 34: Pixel properties of 18 − 19 𝝁𝝁𝝁𝝁 diameter objects. Representative images of 
objects between 18 and 19 𝜇𝜇𝜇𝜇 in diameter with coefficient of variation values of less than 
0.5×, between 0.5× − 1.5×, and above 1.5× the first peak location in the CV histograms.  

 

 

Figure 35: Pixel properties of objects > 30 𝝁𝝁𝝁𝝁 in diameter.  Representative images of 
objects greater than 30 𝜇𝜇𝜇𝜇 in diameter with coefficient of variation values of less than 
0.5×, between 0.5× − 1.5×, and above 1.5× the first peak location in the CV histograms.  
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4.2.2 Selection of GUVs based on mean intensity 

To select GUVs from the objects remaining after the CV analysis, I analyze the mean 
intensity histograms based on size to select for GUVs (Figure 36). In idealized conditions, 
I expect that MLVs will have intensities that are integer multiples of the GUV intensity. 
Thus, an MLV with two bilayers is expected to have 2× the mean intensity of a GUV with 
a single bilayer. In practice however, differences in where the GUVs are located within the 
image and differences in the background intensity causes there to be some variation of 
intensities around the mean. The mean intensity histograms show well defined peaks with 
a right-skewed tail. Figure 37 shows a plot of the change in the location of the peak of the 
mean intensity histogram with size. The plot matches closely with the change in the mean 
intensity of the gold standard GUVs confirming that the location around the first peak is 
indeed composed of GUVs as expected. 

 

 

Figure 36: Histograms of the normalized mean intensity of objects with diameters 
consistent with the gold standard vesicles. For the objects with sufficient samples the 
normalized mean intensity histograms have a single peak with a longer right tail than left 
tail. For vesicles larger than 30 𝜇𝜇m since the number of objects in each size class is small, 
the size classes are grouped together to form a histogram.   
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Figure 37: Effect of size on mean intensity of GUVs.  Plot of the peak location of the 
mean intensity histogram from the pooled sample. Note the log scale in the x-axis. For 
comparison the gold standard values obtained from the code (yellow) are reproduced. The 
average values match well with the gold standard vesicles demonstrating that most of the 
objects are consistent with GUVs. 

 

Using a selection criteria of excluding vesicles that are > 2×  the left most peak in 
intensity resulted in too many vesicles being included that visually did not appear to 
conform to GUVs. Thus, I empirically determined a more stringent criteria for selection. 
To determine the range of mean intensity values that correspond to the GUVs, I collect 
representative images of vesicles from the pooled sample that fall within various ranges. 
Figure 38 shows the appearance of 5−6 𝜇𝜇𝜇𝜇 diameter objects that fall i) below 0.5×, ii) 
between 0.5× − 1.5×, and iii) above 1.5× the first peak location in the mean intensity 
histograms. The appearance of the 18−19 𝜇𝜇𝜇𝜇 diameter objects and ≥ 30 𝜇𝜇𝜇𝜇 diameter 
objects are shown in Figures 39 and 40 respectively.  

For all of the size classifications, it is clear that the objects above 1.5× the location 
of the peak of the mean intensity histogram are mostly MLVs and MVVs, and the objects 
between 0.5× − 1.5× the peak of the mean intensity histogram are mostly GUVs. Objects 
below 0.5× are much less common (around 1 per 1000) for each of the size classifications 
and are typically out-of-focus or poorly segmented objects that were not excluded in the 
CV criteria analysis. Objects that were previously included in the accepted CV range for 
GUVs that were clearly non-GUV lipid structures (row 2 and column 4 of Figure 34 and 
row 2 and column 2 of Figure 35) are now correctly excluded from being characterized as 
GUVs after additional mean intensity analysis (row 5 and column 3 of Figure 37 and row 
5 and column 5 of Figure 38). Thus for the data presented in this work, I define the GUVs 
as objects within 0.5× − 1.5× the peak of the CV and mean intensity histogram for each 
diameter class.  
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Figure 38: Pixel properties of 5 − 6 𝝁𝝁𝝁𝝁 diameter GUVs. Representative images of 
objects between 5 and 6 𝜇𝜇𝜇𝜇 in diameter with mean intensity values of less than 0.5×, 
between 0.5× − 1.5×, and above 1.5× the first peak location in the mean intensity 
histograms.  
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Figure 39: Pixel properties of 18 − 19 𝝁𝝁𝝁𝝁 diameter GUVs. Representative images of 
objects between 18 and 19 𝜇𝜇𝜇𝜇 in diameter with mean intensity values of less than 0.5×, 
between 0.5× − 1.5×, and above 1.5× the first peak location in the mean intensity 
histograms.  
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Figure 40: Pixel properties of GUVs > 30 𝝁𝝁𝝁𝝁 in diameter. Representative images of 
objects greater than 30 𝜇𝜇𝜇𝜇 in diameter with mean intensity values of less than 0.5×, 
between 0.5× − 1.5×, and above 1.5× the first peak location in the mean intensity 
histograms.  
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4.3 Compatibility of code to detect GUVs from different samples 

To evaluate the number of objects that are selected as GUVs by the code, I show the CV 
and mean intensity distribution of the segmented objects by size using heatscatter plots. 
Figure 41 shows the heatscatter plots of vesicles obtained using the data from a large 
sample size of 5 aliquots from a single sample of nanocellulose paper. Since most of the 
objects are GUVs, the objects concentrate towards a single cluster (yellow/light blue 
region) that is contained within the mean intensity and CV criteria of a GUV (dashed red 
lines) for each size class. As the location of the cluster increases with increasing object 
size, the bounds of the intensity criteria of a GUV also increase confirming the ability of 
the code to correctly adjust the intensity criteria based on the effects of size.  

For diameter bins greater 29 𝜇𝜇m (bottom row of Figure 43), the amount of points 
on the scatter plot falls below 100. For samples with lower yields, this decrease in counts 
can make it difficult to obtain CV and normalized mean intensity histograms with definitive 
peaks. Combining the bins from 20 𝜇𝜇𝜇𝜇 − 120 𝜇𝜇m into a single plot (row 2 and column 5 
of Figure 41) ensures that there will be enough counts to determine a peak from the 
intensity histograms. Combining these sizes is reasonable since the effect of size on the 
intensity of the GUVs is minimal from 20 𝜇𝜇m to 120 𝜇𝜇m. In addition, objects larger than 
20 𝜇𝜇m are easily detectable manually and are checked after processing to ensure there are 
no significant issues with their automated detection.   

 

 
Figure 41: Heatscatter plot shows intensity characteristics of GUVs produced from a 
pooled nanocellulose paper sample. All objects that are segmented in each size class are 
plotted on a heatscatter plot of coefficient of variation in intensity versus normalized mean 
intensity. The region of the heatscatter plot that contains the objects that are selected as 
GUVs is contained within the dotted red box. The color bar in each plot shows the density 
of the counts.  
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To confirm that the intensity characteristics of populations of GUVs prepared from 
different types of samples are similar to the nanocellulose paper sample, I also plot the CV 
and normalized mean intensity data of the objects from one electroformation sample 
(Figure 42), one gentle hydration sample (Figure 43), and one sample where a different 
lipid dye is used (Figure 44). The heatscatter plots from all three types of samples appear 
similar to the nanocellulose paper sample with 5 aliquots. Generally, the location of the 
concentrated regions of the heatscatter plots containing the GUVs (yellow/light blue 
regions) shifts similarly up and to the right with increasing size bin until around 20 𝜇𝜇m for 
all four samples. These results confirm that the code should be compatible to three 
additional types of samples. First, the agreement in the shapes of the nanocellulose paper 
heatscatter plots to the shapes of the electroformation and gentle hydration heatscatter 
plots, confirms that the intensity statistics do not depend on the growth technique. Second, 
the ability of the code to determine peaks for the larger diameter bins obtained using 
specifically the gentle hydration sample confirms that code is compatible for populations 
obtained from even for the lowest yielding method used in this work. Lastly, the agreement 
between the heaterscatter plots of the populations doped with a TFC dye to the population 
doped with a TFPC dye confirms that the code is compatible to different dyes as well.  

 

 
Figure 42: Heatscatter plot shows intensity characteristics of GUVs produced from a 
typical electroformation sample. All objects that are segmented in each size class are 
plotted on a heatscatter plot of coefficient of variation in intensity versus normalized mean 
intensity. The region of the heatscatter plot that contains the objects that are selected as 
GUVs is contained within the dotted red box. The color bar in each plot shows the density 
of the counts.  
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Figure 43: Heatscatter plot shows intensity characteristics of GUVs produced from a 
typical gentle hydration sample. All objects that are segmented in each size class are 
plotted on a heatscatter plot of coefficient of variation in intensity versus normalized mean 
intensity. The region of the heatscatter plot that contains the objects that are selected as 
GUVs is contained within the dotted red box. The color bar in each plot shows the density 
of the counts.  

 

 
Figure 44: Heatscatter plot shows intensity characteristics of GUVs produced from 
an electroformation sample where the lipid dye is changed to TFPC. All objects that 
are segmented in each size class are plotted on a heatscatter plot of coefficient of variation 
in intensity versus normalized mean intensity. The region of the heatscatter plot that 
contains the objects that are selected as GUVs is contained within the dotted red box. The 
color bar in each plot shows the density of the counts.  
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The final results of the objects selected by the code as GUVs for each of the samples 
used to test the compatibility are shown in Figure 45. The original grayscale images are 
shown in the top row and the final processed images are in the bottom row. In the processed 
images, the objects marked in gray show the objects that were segmented but not selected 
as GUVs, and the objects marked in red show the objects that were both segmented and 
selected as GUVs. The images confirm that the code does an excellent job both segmenting 
the correct size of the objects and selecting only the objects that are defined as GUVs for 
each of the different types of samples. Combining the histograms from the largest GUVs 
also does not appear to result in any significant issues with their detection. However, since 
these larger vesicles are easy to observe and so few in number, I still manually go back 
through the montages to make sure there are no significant issues with the largest GUVs. 
This manual checking, which most often results in the addition of no more than 1 or 2 
larger GUVs to the population, can be completed as the GenerateMontageSelected.m code 
runs through the images and prints the montages and adds minimal extra time to the 
processing. 

 

 
Figure 45: Image analysis code accurately selects GUVs from the different test 
samples. a-d Grayscale images of GUVs from populations obtained using a nanocellulose 
paper, b electroformation, c gentle hydration, and d electroformation (TFPC dye used). e-
h Final results showing the objects selected as GUVs (red) from the images above after 
processing the data with the automated image analysis routine. Scale bars a-h 50 µm 
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4.4 Collecting GUV data into size histograms  

Once the objects that meet the intensity criteria of a GUV have been selected from the 
images of a tilescan, I save the equivalent diameters of only the GUVs which were stored 
previously using the regionprops function. I then plot the diameters of all of the GUVs and 
produce a histogram of the distribution of the sizes of the entire GUV population. I use the 
built-in histcounts function to bin each GUV into 1 µm sized bins ranging 1 – 150 µm in 
diameter. I then can multiply the height of each bin by the ratio between the total volume 
of GUVs harvested over the total volume of GUVs analyzed (typically 75) and then divide 
by the total amount of lipid initially deposited (typically 10 µg). To obtain a final size 
histogram, I repeat the entire GUV assembly process with 2 to 4 more independent replicate 
samples and then plot the mean of the counts in each bin from all samples.  

Figure 46 shows the resulting size histograms from the nanocellulose, 
electroformation, and gentle hydration samples used to test the compatibility of the code. 
Clearly the distributions appear overall similar with a single peak at 1 𝜇𝜇m and a long tail. 
The distributions also reveal that the nanocellulose and electroformation methods appear 
to have many more GUVs larger than 10 𝜇𝜇𝜇𝜇 in diameter compared to the gentle hydration 
method. From the size distribution data other summary statistics, such as mean, median, 
and mode diameters can be obtained as well as new metric termed the molar yield which 
will be the primary metric I use to gain insights into optimizing the growth protocols, 
quantifying and comparing the yield from different techniques and understanding the 
different mechanisms involved in GUV growth in Chapter 3.   

 
Figure 46: Histograms of the distribution of sizes of the GUVs. The GUV diameter data 
obtained from the automated code is compiled, normalized per 𝜇𝜇𝑔𝑔 of lipid, and plotted into 
a histogram that shows the distribution of sizes of the GUVs. Each GUV analyzed is placed 
into 1 µm sized bins. The bins are normalized by the percentage of the harvested solution 
analyzed by the code as well as the amount of lipid originally deposited onto the surface. 
Note the logarithmic scaling of the y-axes. The inset of the histograms show the number 
of GUVs analyzed (N) and median diameter of the GUVs.     
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5. Additional controls  
5.1 Confirmation of identity of small GUVs 

Since GUVs with sizes of around 1 𝜇𝜇𝜇𝜇 in diameter are only 4 pixels in length I conduct 
additional tests to confirm that the measurement of the smallest GUVs with sizes of around 
1 𝜇𝜇𝜇𝜇 in diameter is accurate and should be included in the data analysis. I collect regular 
tilescan images as well as pseudo super-resolution images using the 20× 1.0 NA objective 
of various small 1 𝜇𝜇𝜇𝜇 sized objects. Figure 47 shows the typical tilescan image, the 
selected GUV image, and the pseudo super-resolution images of these small vesicles. In 
all cases where the code detected a 1 𝜇𝜇𝜇𝜇 sized GUV from the typical tilescan image, the 
pseudo-super resolution image revealed the object to have a single bright ring and a dark 
interior confirming that most of these small objects appear to be GUVs and should be 
included in collection of the data.   

 
Figure 47: Confirmation of small vesicles. a) Typical 10× tilescan image. b) Objects 
from a) selected by image analysis routine. c) Pseudo super-resolution image of the same 
region in a) collected using the 20× objective and Airyscan detector. d-f Objects detected 
as 1 µm sized GUVs in the 10× image. g-j Higher resolution images of the objects detected 
as 1 µm sized GUVs in d-f. Scale bars a-c 20 µm, d-j 1 µm. 
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5.2 Effect of sedimentation time on characterization 

To determine the effect of the sedimentation time on number of vesicles quantified using 
the confocal tilescan procedure, I prepare GUVs using the electroformation method. I 
collect tilescans continuously over the course of 3 hours. Figure 48 shows the plots of the 
change in the normalized counts of vesicles with sedimentation time. The vesicles GUVs 
≥ 10 𝜇𝜇𝜇𝜇 have mostly all sedimented approximately 5 minutes of sedimentation. However, 
the GUVs < 10 𝜇𝜇𝜇𝜇 appear to take around 1.5 to 2 hours to reach a plateau in vesicle counts 
including the vesicles which are expected to continue to sediment after 3 hours (sizes 
between 1 µm and 3 µm in diameter). A z-stack of the solution, reveals that there are still 
small GUVs present in the bulk after 15 hours (Figure 49). These GUVs do not appear to 
sediment, likely because their sizes are small enough that convection and Brownian motion 
prevents their sedimentation.   
 

 
Figure 48: Effect of sedimentation time on vesicle counts. Scatter plots showing the 
change in the normalized counts of vesicles of various size classes with sedimentation time. 
The color bar shows indicates color of the data associated with each different size class of 
vesicles.  
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Figure 49: Small vesicles in bulk after sedimentation. Confocal images showing the 
distributions of vesicles after 15 hours of sedimentation a 10 µm, b 60 µm, c 100 µm, d 
200 µm, e 300 µm, and f 400 µm above the bottom glass surface. Scale bar 50 µm. 
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6. Conclusion 

In this chapter, I construct comprehensive methods to accurately quantify populations of 
GUVs using novel confocal microscopy-based methods.  I develop a confocal tilescan 
imaging routine to collect large datasets on a statistically significant percentage of the GUV 
population. I developed a custom image analysis routine to analyze the more than 100,000 
GUVs present in a single tilescan which allows for the rapid quantification of the GUVs 
from the images. The routine is able to distinguish GUVs from MLVs, MVVs, and 
aggregates. The comprehensive routine is better than current alternate methods such as 
flow cytometry131 or coulter counting132 which are unable to distinguish MLVs, MVVs and 
aggregates from GUVs. In addition, the routine addresses challenges with current 
fluorescence microscopy methods which include the careful standardization and control of 
the GUV growth conditions as well the analysis of a statistically large portion of the GUV 
population.  

The limitations of the protocol is that, similar to other protocols, it likely 
underestimates the number of GUVs with diameters ≤ 3 𝜇𝜇𝜇𝜇 due to a combination of 
challenges with sedimentation due to Brownian motion and imaging due to the dimmer 
intensities of vesicles with smaller sizes. The method also requires access to a sophisticated 
confocal microscope for imaging. It is possible that a similar imaging routine can be 
performed using a motorized widefield microscope with tilescan capabilities since I do not 
use the pinhole/confocal characteristics of the confocal microscope. I expect that the 
standardization procedures and image analysis routines to be applicable to widefield 
images. Widefield microscopes are more widely accessible. Furthermore, the 
comprehensive methods I developed in this chapter provide a framework to address the 
questions previously unanswered in the field related to the growth mechanism and 
optimization of GUV yields which are covered in the remaining chapters. 
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Chapter 3: A Comprehensive Characterization of Populations 
of Giant Unilamellar Vesicles Assembled through Surface-

Assisted Techniques 
 

1. Introduction  
Giant unilamellar vesicles (GUVs) are cell-sized, enclosed phospholipid membranes that 
have proven to be instrumental tools in biological membrane research1–3. Preparation 
methods used to assemble GUVs fall into one of two categories: i) surface-assisted methods 
and ii) solvent-based methods. Of the two, surface-assisted methods are the most 
commonly employed since they are easier to implement, require less equipment, and do 
not leave behind residual solvents that could alter the GUV membrane. Regarding 
applications, questions of whether to use surface-assisted methods versus solvent-based 
methods only arise in situations where a precise control of the yields and distribution of 
the sizes of the GUVs is desirable. These questions are further complicated since much 
about the mechanism of GUV formation and what controls the sizes and yields of GUVs 
from surface-assisted methods is unknown. In this chapter, I conduct a comprehensive 
series of experiments following the standardized protocols I developed in Chapter 2 that 
provide crucial quantitative data on the populations of GUVs assembled through the 
surface-assisted techniques. The results of the data lead to a wealth of information with 
highlights including the novel discovery of the use of surfaces composed of nanoscale 
cylindrical fibers to assemble high yields of GUVs, a budding and merging thermodynamic 
model that describes the assembly of GUVs at surfaces and allows for the rationale 
optimization of assembly parameters, and the development of a one-step method that 
overcomes current challenges associated with obtaining high yields of GUVs in 
physiological salt conditions.   

1.1 Approach for analysis 

Using the novel confocal microscopy based methods developed in Chapter 2, I 
systematically characterize the populations of GUVs that can be assembled from the most 
commonly used surface-assisted methods. I briefly review these methods in section 1.2 and 
introduce recent methods that use cellulose paper to assemble GUVs in section 1.3.  In 
section 1.4, I use a new concept, the molar yield4, which allows for the first time rationale 
quantitative comparisons of the sizes and yields of the GUVs. In section 2, the materials 
and methods used in this work are thoroughly detailed. In section 3, I show the effect of 
the properties of three physically different cellulose papers and one cotton fabric on the 
sizes and yields of GUVs. Using these results, I determine the optimal cellulose paper 
substrate to assemble GUVs and compare the sizes and molar yields with other commonly 
used substrates in sections 4.1−4.3. In section 4.4, the experimental data can be explained 
and supported by the budding and merging thermodynamic model4. In section 5, I optimize 
the various parameters involved in the assembly of GUVs such as the time allowed for 
assembly and the concentration of salts present during hydration and develop a novel one-
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step modulation of the ionic strength method to obtain high yields of GUVs in 
physiological salt conditions from tracing paper.  

 

1.2 Commonly used methods to assemble GUVs 

1.2.1 Gentle hydration  

The earliest method used for the preparation of vesicles is called gentle hydration and was 
first discovered by Bangham in 19655. The method has since been adapted6 and typically 
involves the deposition of a lipid solution in an organic solvent such as chloroform onto a 
glass surface (Figure 51a).  The lipid film is allowed to completely dry and is then hydrated 
in an aqueous solutions6. Observations of the surface after hydration reveal the spontaneous 
assembly of the lipids into buds of GUVs above the glass7. Once formed, the buds can be 
released from the surface through the manual application of shear flow using a pipette8. 
Although the method does not require a considerable amount of materials or preparatory 
steps, from qualitative studies it has been reported to suffer from long incubation times and 
low yields3,9,10. 

1.2.2 Electroformation 

To overcome some of these issues, Angelova and Dimitrov11 discovered that an externally 
applied electric field can be used to produce giant vesicles from the hydrated films of lipids 
deposited on platinum wires. Subsequently, other electrode surfaces such as indium tin 
oxide (ITO covered slides) and steel plates have been used12,13. The method using ITO 
covered slides in particular, known as the electroformation method (Figure 51b), is 
currently the most widely used method for preparing giant vesicles3,10,14. Experimental 
conditions such as, amount of lipids used, the applied electric field parameters, and the 
substrate patterns, can be tuned to produce vesicles with varying compositions and 
population sizes14. However, from qualitative studies, it appears challenging to form 
vesicles from films with excess charged lipids or in solutions of physiological ionic 
strengths3. There are also concerns that exposure to the electric field causes partial lipid 
oxidation15 thus altering the membrane properties. 

1.2.3 Gel-assisted rehydration  

Since biological membranes are typically found in around 150 mM salts, methods to 
produced GUVs in similar solutions are desirable3,12,16,17.  However, the yields of GUVs 
obtained from the gentle hydration and electroformation methods have been qualitatively 
reported to be significantly lowered when the lipids are hydrated in physiological 
conditions18.  

More recently, gel-assisted formation techniques (Figure 51c) have proven useful 
for preparing giant vesicles at higher ionic strengths19,20. Following similar procedures as 
gentle hydration, giant vesicles are formed when a dry lipid film is deposited onto a glass 
surface that has been covered by a gel such as, agarose21, polyvinyl alchohol19, or cross-
linked dextran(ethylene glycol)20. After hydration, the dissolution of the gel during the  
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Figure 51: Schematic showing an overview of the most common methods used to 
obtain GUVs. Methods to obtain GUVs typically begin with the deposition of lipids to 
obtain a dry lipid film on a surface (left). a The gentle hydration is the most straightforward 
to implement and involves only the hydration of a glass surface in water (light blue). 
However, the gentle hydration method is reported to result in smaller and fewer GUVs. b 
The elctroformation method is reported to improve the sizes and yields of the GUVs 
produced from the gentle hydration method by using a conductive (typically indium tin 
oxide or ITO) coated glass surface and connecting the surface to a power supply (E-field 
symbol). c The gel-assisted rehydration method is also reported to increase the sizes and 
yields of GUVs compared to gentle hydration due to the presence of a gel that dissolves 
into solution (light red).  

 

assembly of the lipid film is reported to increase the yields of GUVs in high salts. The main 
drawback with the gel-assisted methods is that the dissolution of the gels into the solution 
can cause an unwanted contamination of the vesicles19,22,23. 
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1.2.4 Solvent-based methods  

Microfluidic methods have also been used to prepare giant vesicles10,24–26. These 
methods often employ the use of a water/oil/water double emulsion to bring together two 
stabilized lipid monolayers in an emulsion droplet. Encapsulation of water soluble 
molecules into the inner droplet is efficient and the final vesicle size is controlled by the 
size of the inner water droplet allowing for good control over final vesicle sizes3. However, 
not only do these methods require a significantly high cost of materials and preparatory 
steps, the solvent that remains in the membranes after formation of the GUVs can 
significantly alter properties of the final bilayer membrane and removal of the solvent is 
difficult10. 

1.3 Novel use of cellulose paper as a substrate to assemble GUVs   

Following similar procedures as the gentle hydration method, a novel method to produce 
giant vesicles using cellulose paper termed the PAPYRUS (for Paper Abetted liPid 
hYdRation in aqUeous Solutions) method was developed27. The PAPYRUS method allows 
for the growth of vesicles without the degradation or incorporation of the cellulose even at 
higher temperatures (85 °C). Lipids dissolved in chloroform can be deposited onto a small 
piece of filter paper and the volatile solvent is allowed to evaporate. Subsequent 
rehydration of the lipid-coated paper in an aqueous solutions leads to the formation of 
vesicles in under an hour as seen in Figure 52a. One of the advantages of the PAPYRUS 
method is its versatility to a variety of different amphiphiles and different growth 
conditions28. The growth of vesicles exhibiting phase behavior (Figure 52b) as well as 
vesicles composed of various lamellar phase forming amphiphiles including lipids, 
polymers, and fatty acids have all been observed28. Up until the work discussed in this 
dissertation, physiologically relevant salt buffers such as phosphate-buffered saline (PBS) 
and Tris had shown to suppress vesicle formation. In section 5 of this chapter, I develop a 
new method to address and overcome these challenges.   

Figure 52: Paper-based method to form giant vesicles. a Giant vesicles (green circles) 
formed on cellulose paper are extracted after an hour incubation and imaged using a 
confocal fluorescence microscopy. Typical sizes of the vesicles observed are between 5 
and 20 µm. b Giant vesicles exhibiting phase coexistence (separate liquid phases) can be 
seen growing on cellulose fibers. Two different membrane dyes are added to the lipid 
mixtures where one partitions into the areas shown in blue and the other partitions into the 
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areas shown in red. c Giant vesicles extracted from paper exhibiting encapsulation of 
bovine serum albumin protein tagged with fluorescent molecule. Scale bars: a,c 20 µm, b 
50 µm. Images were published27 and reproduced here with permission from the American 
Chemical Society. 

 

 

1.4 Molar yield as a standardized metric to compare populations of GUVs assembled 
from different techniques 

1.4.1 Definition of molar yield 

As discussed in Chapter 2, comparisons of the different populations of GUVs produced 
from the different techniques (and different conditions) has predominantly been conducted 
through the manual counting of an insignificant portion of the GUV population and 
reproducing a size distribution. Although useful if a statistically significant percentage of 
the population is analyzed, the size distributions can ultimately become cumbersome when 
trying to compare more than one population of GUVs at a time due to the wide range in 
magnitudes of both the vesicle sizes and counts in a typical population. In addition, since 
the counts of the largest GUVs are significantly smaller than the total counts (up to 5 orders 
of magnitude smaller), and since the amount of lipid stored in a GUV scales nonlinearly 
with the diameter of the GUV (membrane surface area is proportional to the GUV diameter 
squared), it can be difficult to fairly appreciate the effect the largest GUVs have on the 
yields considering only the counts. Thus, to allow more rational comparisons of GUV 
populations, a metric termed the molar yield is used to describe the molar percentage of 
lipid that is converted into GUV membrane during a single growth cycle4. More 
specifically, the molar yield is defined as the ratio of the total moles of lipid that are 
composed into GUV membrane over the total moles of lipid that was initially deposited4.  

To calculate the moles of lipid that are composed into GUV membrane I use the 
distributions of sizes (most accurately obtained using the methods described in Chapter 2) 
to collect the diameter of each of the GUVs harvested from an experiment. I then determine 
the total surface area of all of the GUVs analyzed assuming the surface area of each GUV 
to be equal to the surface area of an equivalent sphere (𝜋𝜋𝑑𝑑2). To calculate the number of 
moles of lipid from the total surface area, I simply use the typical head group area of each 
lipid (~70 Å2 for the most commonly used lipid, DOPC) and Avogadro’s number. Thus, as 
long as the total moles of lipid initially deposited is controlled for the molar yield can be 
calculated using Equation 114:                                  

𝑌𝑌 = 100�
2𝜋𝜋𝜋𝜋𝑉𝑉ℎ

𝑁𝑁𝐴𝐴 𝐴𝐴ℎ𝑔𝑔𝑀𝑀𝑉𝑉𝑎𝑎𝑎𝑎
�(𝑑𝑑𝑖𝑖)2 
𝑛𝑛

𝑖𝑖=1

� (11) 

                                         

where, m is the molecular weight of the lipid, Vh is the volume of the harvested solution, 
NA is Avogadro’s number, Ahg is the headgroup area of the lipid, M is the mass of lipid 
deposited, Val  is the volume analyzed, n is the number of GUVs analyzed, and di  is the 
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diameter of vesicle i. The factor of 2 accounts for the 2 lipid leaflets in a bilayer. I typically 
break the molar yield out into three size ranges to help better analyze the GUV population. 
The three size ranges I typically break the molar yield into are small GUVs with diameters 
that range between 1 ≤ di < 10 µm, large GUVs with diameters that range between 10 ≤ di 
< 50 µm and very large GUVs with diameters di ≥ 50 µm.                          

𝜋𝜋𝑚𝑚𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺 = 𝜋𝜋𝑚𝑚𝑚𝑚small GUVs + 𝜋𝜋𝑚𝑚𝑚𝑚large GUVs + 𝜋𝜋𝑚𝑚𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 ≥ 50 
 (12) 

 

𝜋𝜋𝑚𝑚𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺 =
2𝜋𝜋𝑉𝑉ℎ

𝑁𝑁𝐴𝐴 𝐴𝐴ℎ𝑔𝑔𝑉𝑉𝑎𝑎𝑎𝑎
� � (𝑑𝑑𝑖𝑖)2
𝑁𝑁𝑑𝑑<10

𝑖𝑖=1

+ � (𝑑𝑑𝑖𝑖)2
𝑁𝑁𝑑𝑑<50

𝑖𝑖=𝑑𝑑≥10

+ � (𝑑𝑑𝑖𝑖)2
𝑁𝑁

𝑖𝑖=𝑑𝑑≥50

� 

 

(13) 

In the work conducted in this chapter, I find the molar yield of GUVs typically ranges 
somewhere between 1 – 30 % depending on the technique.  

1.4.2 Statistical comparisons of the molar yields  

I develop a statistical testing method to make quantitative comparisons between the molar 
yields obtained from different samples. These tests are used to ensure that any differences 
between the conditions are correctly interpreted and that the apparent relationships are 
meaningful and are not merely due to random chance. Since I am interested in comparing 
the population means of the molar yields from more than 2 different preparation conditions, 
I use a one-way analysis of variation (ANOVA) test. The one-way ANOVA test is a 
hypothesis test that can be used to make quantitative comparisons between the population 
means of 2 or more groups that differ in only one way (experiments controlled to test only 
one independent variable)29. The test starts with a null hypothesis (or initial hypothesis) 
that the population means between the unrelated groups are equal29. The test 
mathematically determines the statistical significance (p-value) that estimates the 
likelihood that the null hypothesis will be rejected due to random chance29. A p-value of 
less than 0.05 for example, would mean there is less than a 5 % chance that the null 
hypothesis will be rejected due to random chance.  

To conduct the one-way ANOVA, I confirm that the molar yield data meets the 
statistical assumptions underlying the test. The first assumption is that the variance between 
the populations are not statistically different29. The variance is a mathematical description 
of how far a set of numbers spread out from an average value and is given by Equation 
1429:                                        

𝜎𝜎2 =
∑ (𝑥𝑥𝑖𝑖 − 𝜇𝜇)2 𝑁𝑁
𝑖𝑖=1

𝑁𝑁
 

 
(14) 

where 𝜎𝜎2 is the population variance, 𝑥𝑥𝑖𝑖 is the molar yield of sample 𝑖𝑖, 𝜇𝜇 is the mean molar 
yield of the population, and 𝑁𝑁 is the number of samples. To compare the variances, I 
conduct a Bartlett’s test on the molar yields using a Matlab built-in function vartestn. The 
Bartlett’s test performs a hypothesis test with a null hypothesis that the variance is the same 
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between all groups29. Thus, if the Bartlett’s test returns a p-value of greater than 0.05 (fails 
to reject the null hypothesis) the data meets the variance criteria for the ANOVA test29.  

The second assumption is that each sample must be drawn from a normally 
distributed population29. A normal distribution is a probability density function that 
describes a symmetric distribution of values that cluster around one central peak. The 
general probability density function for a normal distribution is given by Equation 1529: 

𝑓𝑓(𝑥𝑥) =
1
𝜎𝜎
𝑒𝑒−

1
2∗�

𝑥𝑥−𝜇𝜇
𝜎𝜎 �

2

 
 

(15) 

where 𝑓𝑓(𝑥𝑥) is the probability density function, 𝜎𝜎 is the standard deviation, and 𝜇𝜇 is the 
mean. I conduct another hypothesis test called the Anderson-Darling test that returns a p-
value from each different group with a null hypothesis that each sample is from a normally 
distributed population30. Using the built-in adtest Matlab function with the molar yield 
data, the test returns a p-value with a null hypothesis that each sample is from a normally 
distribution population.  

The third assumption is that the observations I make of populations of GUVs are 
independent of each other. In other words, the data that is being evaluated statistically is 
all collected in the same manner and only one aspect of the experiment is different between 
all of the samples. I expect the third assumption to also be met since I follow a standardized 
protocol to conduct each of the experiments in the same manner. 

With the assumptions for a one-way ANOVA met, I conduct the tests using the null 
hypothesis that the population means of the molar yields from the different conditions are 
all equal. I set the significance value to reject the null hypothesis for the different tests at a 
value of p < 0.05. An ANOVA test outputs a matrix with various values that are involved 
in the computation of a test-statistic. Each row breaks down the overall variability in the 
experiment into different components with the first being the variability between the 
different conditions (independent variable), the second being variability between all of the 
samples (i.e. all of the replicates of all of the conditions), and the third being the variability 
between the residuals (difference between the observed value for each sample and the 
expected value). The columns of the ANOVA comprise of the computations that include 
the degrees of freedom (DF), the sum of squares (SS), the mean of the sum of squares 
(MS), the test statistic (F), and the p-value of the test statistic. The test statistic, which is a 
likelihood estimate that the variation between the conditions is not due to random chance, 
is calculated using Equation 1629: 

𝐹𝐹 =

∑ nj�𝜇𝜇𝑗𝑗 − 𝜇𝜇�
2

𝑘𝑘 − 1
∑∑�𝑥𝑥𝑖𝑖𝑗𝑗 − 𝜇𝜇𝑗𝑗�

2

𝑁𝑁 − 𝑘𝑘

 

 

(16) 

where F is the test statistic, nj is the sample size per group j, 𝜇𝜇 is the overall mean molar 
yield, 𝜇𝜇j is the mean molar yield of each group, 𝑥𝑥𝑖𝑖𝑗𝑗 is the molar yield of each sample 𝑖𝑖𝑖𝑖, k 
is the number of conditions, and N is the total number of samples. I conduct the ANOVA 
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calculations by inputting all of the molar yield data from all of the samples from one 
independent variable using the built-in anova1 function. The function outputs an ANOVA 
table with all of the important calculations including the p-value of the test statistic. If the 
p-value of the test statistic is less than 0.05, there is less than a 5 % chance that the null 
hypothesis that the molar yields are all equal is rejected due to random chance. Since the 
ANOVA only provides a likelihood estimate on whether all of the molar yields between 
the groups are equal but does not provide any information on how the molar yields compare 
with one another, I use a post-hoc test following the TukeyHSD criteria (Tukey’s Honestly-
Significant Difference) to determine the statistical significance of the differences between 
the conditions. The Tukey test runs pairwise comparisons among each of the conditions 
using the honestly significant criteria given by Equation 1729: 

𝐻𝐻𝐻𝐻𝐻𝐻 =
𝜇𝜇𝑖𝑖 − 𝜇𝜇𝑗𝑗

��
𝐻𝐻𝐻𝐻𝑖𝑖𝑗𝑗
𝑑𝑑𝑓𝑓𝑖𝑖𝑗𝑗

�

𝑛𝑛

 

 

(17) 

where 𝜇𝜇i is the mean of condition i, 𝜇𝜇j is the mean of condition j, SSij is the sum of squares 
between the conditions i and j, dfij is the degrees of freedom of the conditions i and j, and 
n is the number of samples conducted for each condition. I conduct the Tukey test using 
the built-in multcompare  function to compare each combination of the conditions and 
determine the significance of the differences between the conditions. I reject the null 
hypothesis that the means are equal if the p-value that is returned from the Tukey test is 
less than 0.05.  

1.4.3 Calculation of molar yields reported in the literature 

Until the introduction of the molar yield, the characterization of a population of GUVs was 
done almost exclusively by quantifying the sizes of a portion of the GUV population and 
reporting histograms showing the distribution of sizes12,17,19,20,23,31–40. Direct comparisons 
between these histograms are extremely difficult due to the sheer number of experimental 
parameters involved in both a single GUV harvest as well as the consequent analysis. I 
show for the first time fair comparisons of GUV populations from data across important 
contributions in the literature for surface-assisted methods in Table 5 and for solvent-based 
methods in Table 6.  

For both tables, I collect the data from each publication in rows that are signified 
by the numbers in column (a). The table consists of 16 rows with 15 unique columns 
(distributed on multiple pages to improve readability). The columns contain a 
comprehensive collection of the important parameters relevant to the assembly of GUVs 
from each (b) literature source when they are mentioned including (c) the method of 
growth, (d) the substrate used, (e) the composition of lipids, (f) the total mass of lipids 
deposited, (g) the mass per area of substrate covered with lipid, (h) the volume of the 
hydration solution used, (i) the solution conditions, (j) the incubation parameters such as 
the time and the temperature during growth, (k) the size range of GUVs analyzed, (l) the 
largest size analyzed, (m) whether the histogram of sizes was reported, (n) the percentage 
of the total population analyzed (typically reported as the volume of the harvested solution 
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over the volume analyzed), and (o) the counts per microgram of lipid deposited. In the final 
column (p), I report the molar yield of GUVs for the literature sources that provide enough 
information for it to be calculated.  

To calculate the molar yields in the final column, I require at minimum the amount 
of lipid that is initially deposited, the fraction of the GUV population that is analyzed, and 
the histograms showing the distribution of sizes of the GUVs. I extract the counts of the 
GUVs from the size distribution histograms using an online “WebPlotDigitizer” tool41. I 
consider the size of the GUVs in each bin to be equal to the size at the bin center. I then 
calculate the molar yield by plugging the sizes, counts, total lipid used, and fraction of the 
population analyzed (given as the volume of the aliquot, 𝑉𝑉𝑎𝑎, over the total volume 
harvested, 𝑉𝑉ℎ) into Equation 114. The rows in the tables are organized by the method used 
to prepare the GUVs. Although it is generally considered that the electroformation and gel-
assisted hydration methods can be used to obtain high yields of GUVs compared to the 
gentle hydration method in the literature42, the calculations in the Table 5 indicate that 
using the current data available, molar yields above 1% are not obtainable. These lower 
than expected molar yields are also observed in Table 6 where data from various solvent-
based assembly methods is collected. Following the standardized protocols, I find in the 
work conducted in section 4 of this chapter, the gentle hydration method on glass in 
aqueous solutions is expected to result in molar yields of around 15% as a baseline.
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2. Materials and methods 
To allow fair comparisons between the populations of GUVs assembled using different 
substrates, I carefully follow protocols that standardize the GUV assembly process and 
minimize any effects from experimental variation. In this section, I provide details on the 
materials and chemicals used to conduct the experiments, the methods used where 
necessary to fabricate the substrates, the methods used to clean the substrates, the standard 
composition of the lipid mixture used for experiments, the procedures used to assemble the 
GUVs, the methods used to characterize the different populations of GUVs (also detailed 
extensively in Chapter 2), the methods used to characterize the different substrates, and 
any other methods referred to in the remaining sections.   

2.1 Materials 

I purchased indium tin oxide (ITO) coated-glass slides (25 × 25 mm squares with a surface 
resistivity of 8-12 Ω/sq) from Sigma-Aldrich (St. Louis, MO). A 3 wt % (w/v) aqueous 
suspension of nanofibrillated cellulose was obtained from the University of Maine Process 
Development Center. (Seattle, WA). Whatman Ashless Grade 1, Grade 41, and Grade 42 
Filter Papers (70 mm diameter, 200 µm thickness), Fisherbrand Regenerated Cellulose 
Dialysis Tubing (MWCO-12 000−14 000), glass coverslips (Gold Seal™ , 22 mm x 22 
mm), premium plain glass microscope slides (75 mm x 25 mm), glass media bottles 
(Pyrex™, 100 mL),  and glass Petri dishes (Pyrex™, 150 mm diameter) were purchased 
from Thermo Fischer Scientific (Waltham, MA). Unbleached cotton fabric composed of 
100 % organic cotton (Organic Cotton Plus (Lubbock, Texas), artist quality tracing paper 
(Jack Richeson & Co., Inc.), circular hole punches (EK Tools Circle Punch, 3/8 in.), and a 
hollow punch cutter kit (Amon Tech) were all purchased from Amazon Inc.  

2.2 Chemicals 

Sucrose (BioXtra grade with purity ≥ 99.5%), glucose (BioXtra grade with purity ≥ 99.5%),  
dextran from Leuconostoc (average mol wt ~100,000), low gelling temperature agarose 
(BioReagent grade) , and casein from bovine milk (BioReagent grade) were all purchased 
from Sigma-Aldrich (St. Louis, MO). I purchased chloroform (ACS grade with a purity ≥ 
99.8% and 0.75% ethanol added as preservative) and acetone (ACS grade, purity ≥99.5%) 
from Thermo Fischer Scientific (Waltham, MA). I obtained 18.2 MΩ ultrapure water from 
an ELGA Pure-lab Ultra water purification system (Woodridge, IL). I purchased lipids 1,2-
dioleoyl-sn-glycero-3-phosphocholine (18:1 (Δ9-cis) PC (DOPC)) and 23-
(dipyrrometheneboron difluoride)-24-norcholesterol (TopFluor-Cholesterol), from Avanti 
Polar Lipids, Inc. (Alabaster, AL). 

2.3 Fabrication of the substrates  

2.3.1 Fabrication of nanocellulose paper  

Using a 3 wt % (w/v) suspension of nanofibrillated cellulose, I fabricate nanocellulose 
paper using solution casting43,44. I dilute the suspension of nanofibrillated cellulose to 0.7 
wt % using ultrapure water and then fill a 150 mm diameter glass Petri dish with 60 mL of 
the 0.7 wt % suspension. I obtain smooth sheets of nanocellulose by allowing the water to 
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evaporate over the course of 2 – 3 days at room temperature (approximately 25 °C.) The 
process can be accelerated if the Petri dish is placed in a 65 °C oven where the water 
evaporates within 2 hours instead of 2 – 3 days. However, I find that the faster drying 
process causes wrinkles in the dry nanocellulose sheet. These wrinkles can be smoothed 
by refilling the Petri dish with around 30 mL of ultrapure water and allowing the water to 
evaporate at room temperature for about 12 hours. This process can be used to decrease the 
time necessary to fabricate nanocellulose paper suitable for PAPYRUS to about 14 hours.  

2.3.2 Fabrication of nanohybrid paper  

I obtain hybrid cellulose-nanocellulose paper substrates (nanohybrid paper) by dehydrating 
films of nanocellulose on pristine grade 1 Whatman™ filter papers. The films are 
dehydrated through vacuum filtration by placing a circular piece of the filter paper of size 
70 mm in diameter into a vacuum funnel of size 70 mm in diameter. I then pour 40 mL of 
a the desired concentration of a suspension of nanocellulose (typically around 0.05 wt% 
(w/v) to obtain surface densities of nanocellulose around 5.2 g/mm2) on top of the filter 
paper. The filter paper and suspension are held under vacuum for 30 minutes until the paper 
is completely dry and a mat of nanocellulose fibers remain at the surface of the filter paper. 

2.4 Procedures for cleaning the substrates  

2.4.1 Cleaning of the paper substrates 

In an abundance of caution, I develop standard procedures to clean the substrates before 
use in experiments. In a 500 mL glass beaker in a chemical fume hood, I soak the 
nanocellulose paper, artist grade tracing paper, and filter paper substrates in 100 mL of 
chloroform while applying occasional manual agitation with a glass stir rod. The substrates 
are allowed to soak for 30 minutes and then the chloroform is carefully discarded in a waste 
container. I repeat the process once more with fresh chloroform. Before removing the 
substrates from the chemical fume hood, I set the pieces of paper down on glass Petri dishes 
and allow any residual solvent to evaporate for 1 hour. I then soak the pieces of paper in 
100 mL of ultrapure water for 30 minutes. I discard the water and repeat the process once 
more with fresh ultrapure water. The papers are then placed in a glass Petri dish and then 
moved to a 65 °C oven for 2 hours to dry.    

2.4.2 Cleaning of the ITO-covered glass slides  

Previous reports have shown that the electric field degrades ITO-covered slides after each 
use resulting in GUVs of smaller sizes and lower yields45. To reverse these effect it is 
possible to anneal the slides in air at 150 °C for 20 minutes45. To ensure the highest possible 
yields from electroformation while nominally mimicking the pattern of use of this 
expensive substrate in a typical laboratory, I reuse pristine ITO-covered slides a maximum 
of five times. Before each use, I clean the slides by sonicating sequentially for 20 minutes 
in acetone, ethanol, and ultrapure water. I allow the slides to dry at room temperature for 1 
hour and then anneal the slides (with the conductive ITO-coat facing up) on a hot plate set 
at 150 °C for 20 minutes.  

2.4.3 Cleaning of the regenerated cellulose dialysis membranes  
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I follow the instructions provided by the manufacturer to remove any preservatives and 
traces of metal that may remain after purchasing the regenerated cellulose dialysis 
membrane. Briefly, I cut the dry dialysis tubing into 10 cm long pieces (1cm wide) and 
soak the tubing in 50 mL of ultrapure for 30 minutes providing occasional manual agitation. 
I then cut the tubing open down the middle along the length and transfer the tubing to new 
clean glass beaker filled with fresh ultrapure water for 60 minutes. The tubing is then 
moved to soak in a 10 mM solution of sodium bicarbonate at    80°C for 30 minutes. After 
30 minutes, the tubing is moved to a solution of 10 mM EDTA for another 30 minutes at 
room temperature. The tubing is finally rinsed under flowing ultrapure water for 10 minutes 
and transferred into a clean glass jar with ultrapure water. The glass jar is placed onto a hot 
plate set at 80°C and the water is mixed with a magnetic stirrer for 30 minutes. After 30 
minutes, I remove the wet membrane from the glass jar and allow it to dry ambiently. I find 
winding the tubing around a glass slide can prevent excessive wrinkling or shrinking that 
occurs during drying.   

2.5 Standardized procedures used to assemble GUVs 

2.5.1 Lipid mixture 

Significant degradation of lipids through lipid oxidation, or the spontaneous reaction of 
lipids with atmospheric oxygen, can alter the overall behavior of a lipid membrane and is 
associated with numerous diseases in vivo such as inflammation, atherosclerosis, and 
cancer15,46–48. Removed from a larger biological framework containing a wide distribution 
of natural antioxidant substances, lipids can be particularly susceptible to oxidation48,49. To 
control for any variation that could be caused by contamination through lipid oxidation or 
otherwise, I developed standardized protocols and lipid mixtures to be used for 
experiments. I purchase lipid that has been purified and lyophilized as powder (which is 
significantly more stable to oxidation than in solution) from Avanti® Polar Lipids. For 
experiments on various substrates, I purchase a synthetic phosphocholine lipid DOPC (1,2-
dioleoyl-sn-glycero-3-phosphocholine) which has enjoyed a significant amount of use in 
the literature along with a fluorescent lipid TopFluor® Cholesterol (TFC) (23-
(dipyrrometheneboron difluoride)-24-norcholesterol) which allows visualization of the 
lipids through confocal fluorescence microscopy. I prepare stock solutions of the lipids by 
dissolving the powder in chloroform in a glass vial at a concentration of 25 mg/mL for 
DOPC and 1 mg/mL for TFC. After working with any lipid solutions, I purge the 
atmospheric oxygen with argon gas, seal the glass vial, wrap the cap and vial with Teflon 
tape, and then place the lipids in a -20 °C fridge to minimize degradation. For almost all 
quantitative experiments in this chapter, I prepare a working lipid mixture (300 µL) of 1 
mg/mL of 99.5:0.5 mol % DOPC:TFC in chloroform. When down to the last 20 – 30 µL 
of any lipid mixture, I discard the remaining solution and prepare a new mixture.  

2.5.2 Deposition of lipids 

To ensure the same surface area of paper is covered with the same mass of lipid for each 
experiment, I punch out circular disks with a diameter of 9.5 mm from the cleaned tracing 
paper, nanocellulose paper, filter paper and regenerated cellulose membrane substrates 
using a circle hole punch (EK Tools Circle Punch, 3/8 in.). I deposit 10 𝜇𝜇𝜇𝜇 of the working 
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solution of lipid using a glass syringe (Hamilton) onto the papers. Holding the circular 
disks of paper with forceps, I carefully spread the lipid at a rate of 2 𝜇𝜇𝜇𝜇 every 5 seconds 
around on the surface of the paper and ensure it is covered evenly. For the glass, 
electroformation, and agarose gel-assisted hydration techniques, I similarly spread 10 µL 
of the working lipid solution onto a 9.5 mm diameter circular area on each of these 
substrates. To ensure, the same area of the substrate is covered with the same mass of lipid, 
I place a 9.5 mm diameter paper cutout on the back surface of the slides to serve as guide 
for spreading the lipid. Once the lipid is deposited, all of the substrates were placed into a 
standard vacuum desiccator for a minimum of 1 hour to remove any traces of solvent before 
proceeding to the GUV assembly stage (Figure 53).   

 
Figure 53: Preparation of substrate. Cartoon (top) and photographs (bottom) showing 
the a deposition of lipids onto circular disks of cellulose paper and b placement of the lipid-
coated papers under vacuum. 

 

2.5.3 Hydration of the paper substrates 

I place the lipid-coated paper substrates into individual wells of a 48-well plate. Using a 
pipette, I add 150 𝜇𝜇𝜇𝜇 of a 100 mM sucrose solution at the bottom corner of the well to fully 
immerse the substrate with the solution. I cover the 48-well plate with the lid and allow the 
papers to incubate in the solution for 2 hours.    

2.5.4 Hydration of the glass substrates 

To hydrate the lipid-coated glass and agarose-coated glass substrates, I affix circular PDMS 
gaskets (inner diameter × height = 12 × 1 mm) to construct a barrier around the lipid films. 
I then add 150 µL of a 100 mM sucrose solution into the gaskets and carefully place a glass 
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coverslip on the top surface of the PDMS gasket. I allow the samples to incubate for 2 
hours.  

2.5.5 Hydration of the ITO-coated slides followed by electroformation  

I adapt established protocols to prepare GUVs through electroformation12,45,50.  I first affix 
a circular PDMS gasket (inner diameter × height = 12 × 1 mm) to construct a barrier around 
the lipid film. I carefully add 150 µL of a 100 mM sucrose solution into the chamber and 
then place a second ITO-coated glass slide (conductive side facing down) on top of the 
PDMS gasket to form a closed chamber. I then connect the ITO surfaces to leads of a 
function generator (33120A Agilent) using conductive copper tape and apply a sinusoidal 
AC field at a field strength of 1.5 V/mm peak-to-peak and frequency of 10 Hz for 2 hours.  

2.5.6 One-step modulation of salts  

To allow adjustments of the concentration of salts during hydration, I place the lipid-coated 
tracing paper on a glass slide in a circular PDMS gasket (inner diameter × height = 12 × 1 
mm) and hydrate in 142.5 µL of the 100 mM sucrose buffer for 10 minutes. After 10 
minutes, 7.5 µL of 20× PBS is carefully expelled beneath the paper and a glass coverslip 
is placed on top to cover the chamber. Following addition of the salts the paper is allowed 
to incubate for 1 hour.  

2.6 Standardized procedures for harvesting  

For the glass, agarose-coated glass, and ITO-coated glass chambers that required a seal, I   
disassemble the chamber by carefully removing the top cover. For the paper substrates that 
used the 48-well plate no disassembly was required. To harvest the GUVs attached to each 
substrate identically I gently aspirate 100 µL of the sucrose solution into a cut 1000 µL 
pipette tip. I repeat this procedure exactly 6 times on different regions to ensure I have 
applied some gentle shear flow on every region of the substrate. On the seventh time, I 
aspirate all of the liquid, around 150 µL, and transfer the harvested GUV solution into an 
Eppendorf tube. For characterization experiments, aliquots of the GUV solutions were 
taken immediately for imaging.  

2.7 Procedures used to characterize the GUV populations   

2.7.1 Confocal microscopy based methods 

I collect images of the GUVs following the confocal microscopy based methods detailed 
in Chapter 2. Briefly, I construct imaging chambers by covalently bonding custom-made 
PDMS gaskets with a square opening (width × length × height = 6 × 6 × 1 mm) to glass 
microscope slides2. Before use, I passivate the chamber with a solution of 1 mg/mL casein 
to prevent rupture of the GUVs on the bare glass51. I fill the passivated chamber with 58 
µL of a 100 mM solution of glucose and add a 2 µL aliquot of the suspension of the 
harvested GUVs. I allow the GUVs to sediment for 3 hours before imaging. I capture 
images using an upright confocal laser-scanning microscope (LSM 880, Axio Imager.Z2m, 
Zeiss, Germany). I excite the TopFluor® dye with a 488 nm argon laser and collected 
fluorescence using a 10× Plan-Apochromat objective with a numerical aperture of 0.45. I 
collect images of the entire area of the chamber using an automated tilescan routine (64 
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images [850.19 µm × 850.19 µm (3212 pixels × 3212 pixels)]). The routine used an 
autofocus feature at each tile location. The confocal pinhole is fully opened resulting in a 
slice thickness of 79.3 µm.  

2.7.2 In situ confocal microscopy imaging of the vesicles on the substrates 

For in-situ imaging, the lipid-coated substrates are placed in PDMS gaskets that is affixed 
to glass slides (inner diameter × height = 12 mm  × 1 mm) and is hydrated in 150 µL of 
100 mM sucrose. The chamber is sealed with a glass coverslip and imaged using a confocal 
microscope. I collect z-stack images using a 10× Plan-Apochromat objective with a 
numerical aperture of 0.45. I typically imaged an area of 850.19 µm × 850.19 µm (3212 
pixels × 3212 pixels) and set the pinhole to 1 Airy Unit which gives a confocal slice 
thickness of 5.6 µm. To obtain the depth-coded projections from the z-stack images, I select 
areas of the vesicles on each substrate with width × length × height dimensions of 200 µm 
×  200 µm ×  88 µm and apply a depth-color coding process to the images using ImageJ 
(NIH, Bethesda, MD).  

2.7.3 Image processing and data analysis  

The tilescan images are analyzed using the custom routine detailed in Chapter 2. Briefly, 
the routine thresholds the images and applies a watershed algorithm to segment the 
fluorescent objects from the background. I use the native regionprops function to obtain 
the equivalent diameters and mean intensity of the segmented objects. I select the GUVs 
from the detected objects based on a size-based analysis of the coefficient of variation and 
mean intensity of the segmented objects.  intensity. Objects that fall within 1.5× times the 
location of the highest peak in the coefficient of variation  and mean intensity histogram 
for their size class are selected as GUVs. Once selected, I typically obtain histograms of 
diameters of the GUVs and calculate the molar yield for the different populations of GUVs. 

2.8 Comparing size distributions and yields of GUVs across different techniques 

2.8.1 Plotting size distributions 

Following protocols developed in Chapter 2, I use Matlab to collect and plot histograms of 
the vesicle diameters into 1 µm wide bins. The bins are normalized to show the GUV counts 
per µg of lipid deposited (typically 10 𝜇𝜇𝜇𝜇). I take a mean of the counts in each bin of the 
histograms from 5 independent repeat samples to obtain the size distribution plots for each 
of the substrates tested in this work.  

2.8.2 Calculation of population size statistics 

I calculate the median diameter of the population from 5 independent repeats using the 
native median command in Matlab. I then take a mean of these values from each of the 5 
independent repeats to produce an average median size across the repeats with some 
standard deviation. I also develop a statistic to provide information on 100 of the largest 
GUVs in each population called the extreme diameters.  To calculate the extreme diameter, 
I calculate the mean of the largest 100 GUVs for each population and determine an average 
of the extreme diameter sizes from 5 independent repeats and a standard deviation.   
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2.8.2 Calculation of substrate costs 

To calculate the substrate costs related to GUV formation, I normalize the cost of each 
substrate by the area (𝜋𝜋𝜋𝜋2). To determine the cost of each substrate per area, I use the 
lowest posted prices in July 2020 from the websites of the largest suppliers of scientific 
materials and divide by the area that is provided. I then normalize the size histograms from 
the different substrates by dividing the total counts in each bin by the area of the substrate 
that lipid was deposited (70.88 𝜋𝜋𝜋𝜋2). Lastly, I divide the counts per area by the substrate 
cost per area to obtain the plots of the substrate cost per vesicle. Although not included, 
other equipment such as the solvent, buffers, lipids, and fluid receptacles can also factor 
into the total costs but are constant for all of the substrates. For the electroformation 
procedures, other sources of costs which were not considered include the additional 
equipment such as the function generator and a source of electrical power, however these 
factors will only add to the total costs and would not change the conclusions from the cost 
analysis.  

2.9 Other methods 

2.9.1 Scanning electron microscopy 

To characterize the surface properties of each of the substrates tested in this work, I collect 
scanning electron microscopy (SEM) images using a field emission scanning electron 
microscope (Gemini SEM 500, Zeiss, Germany). Typically I cut the substrates into the 
small squares around 3 mm × 3 mm to minimize the amount of charging that can occur at 
the surface. For the glass slides I cut relatively larger pieces using a diamond scribe. I place 
a piece of double-sided copper tape on an aluminum stub and attach the substrates onto the 
tape. I often also add a piece of copper tape at the surface of the substrates and attach the 
other end to the stub to allow a conduction pathway for electrons from the top surface to 
the stub. To image the samples, I use a beam accelerating voltage of 1 kV and collect the 
secondary electrons using an Everhart-Thornley detector. The lower magnification images 
were typically captured with a lateral pixel resolution of 1.09 µm/pixel resulting in an 
image size of 1120 µm × 840 µm (1024 pixels × 768 pixels), while the higher magnification 
images were typically captured with a lateral pixel resolution of 21 nm/pixel resulting in 
an image size of  22.76 µm  ×  17.07 µm (1024 pixels x 768 pixels).  

2.9.2 Hydrophobic modification of the substrates 

For experiments used to understand the effect of the hydrophilicity of the substates on the 
assembly of GUVs, I carry out procedures to make glass and tracing paper substrates 
hydrophobic. To obtain hydrophobic glass slides, I follow previously described protocols52 
on the vapor phase transfer of silanes onto surfaces. Briefly, I place a 500 𝜇𝜇L solution of 
methyltrichlorosilane in a 10 mL glass vial. I then place the uncapped glass vail in a 
laboratory vacuum (contained inside a chemical fume hood) with plasma-cleaned glass 
slides as well as with a desiccant (DrieRite™). After 12 hours, the silane is fully evaporated 
and the glass surface is covalently bound with silanes. As a control, I compare the 
properties of a 5 𝜇𝜇L droplet on the now hydrophobic glass slide compared to the a 
hydrophilic glass. The droplet on the hydrophobic glass slide forms a bead on the surface 
while on the hydrophilic glass slide the droplet wets the surface confirming the glass has 
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been rendered hydrophobic. To obtain hydrophobic tracing paper, I prepare a mixture of 
the methyltrichlorosilane with anhydrous toluene at a 80 by 20 volume mixture in a glass 
vial. I then submerge several pieces of tracing paper into the solution and cap the glass vial. 
I allow the paper to incubate in the silane solution for 30 minute before removing the paper 
carefully and rinsing the paper in excess toluene for 30 seconds. I allow the paper to dry a 
chemical fume hood for 30 minutes before transferring to a 65 °C oven for 2 hours.  

2.9.3 Recycling tracing paper for repeated use in GUV formation 

I follow the standard procedures to assemble GUVs on tracing paper. Once the GUVs are 
harvested, I rinse the tracing paper under a flowing stream of ultrapure water for around 1 
minute and then soak the tracing paper in an excess of ultrapure water. I allow the tracing 
paper to soak for 30 minutes and occasionally agitate the paper by manually shaking the 
container. This process removes any water-soluble sugars left behind during hydration. 
Once clean, I dry the paper at 65 °C in an oven. To remove any lipid left behind on the 
surface, I soak the tracing paper in 10 mL of chloroform for 30 minutes. I occasionally 
agitate the paper by manually shaking the container. I then carefully remove the tracing 
paper, discard the chloroform, and place the tracing paper in a vacuum chamber for 1 hour 
for 1 hour to remove any traces of chloroform. After 1 hour in vacuum, I start the next 
growth cycle.  

2.9.4 Scaling up the production of GUVs from tracing paper  

To evaluate the scalability of tracing paper for the production of GUVs, I use a Paasche 
airbrush and compressor to spray the lipid onto the whole sheet of tracing paper with size 
dimension of 12 inches × 8 inches (305 mm × 203 mm). I use PVA-coated gloves when 
working with the chloroform in large amounts. All experiments were performed inside a 
chemical fume hood. I prepare a 9.6 mL of a 1 mg/mL solution of the DOPC:TFC (99.5:0.5 
mol %) lipid mixture. To spray the lipid onto the surface I fill the lipid solution into a 10 
mL Teflon cup attachment that the airbrush takes the solvent from. I use a 0.66 mm cap at 
the end of the airbrush and set the compressor air pressure to 20 PSI. I airbrush the lipid 
across the surface at a rate of approximately 1 inch per second and hold the airbrush 
approximately 2 inches from the surface of the paper. Once the lipid is added to the entire 
sheet, I place the lipid-coated sheet under vacuum for 1 hour and allow the residual solvent 
to evaporate. I then place the sheet into a baking sheet with size dimensions of 13 inches 
× 9 inches and hydrate the entire sheet in a 100 mL solution of 100 mM sucrose. I allow 
the GUVs to assemble for two hours and then harvest the GUVs by pipetting gently across 
the entire surface of the paper using a 1 mL plastic transfer pipette with the end cut off. 
Once harvested, I store the GUVs in 50 mL centrifuge tubes.    

2.9.5 Fluorescence recovery after photobleaching (FRAP) experiments on GUV buds 
and harvested GUVs  

To confirm the GUV buds are connected to each other on the surface, I carry out 
fluorescence recovery after photobleaching (FRAP) experiments on the confocal 
microscope. Using the 488 nm argon laser at 100 % power, I bleach circular regions of 
tightly-packed GUV buds on the surface. I collect time lapse images of the fluorescence 
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recovery at 1 second intervals for 250 seconds setting the laser power for the image 
acquisition at 0.1 %. The mean intensity of the bleached region was measured in Image J, 
and the data was normalized by the pre-bleach intensity of the vesicles. To obtain closely-
packed harvested GUV samples, I pooled the GUVs from 3 tracing paper samples together. 
I centrifuge the 450 µL solution of GUVs at 10,000 × g for 3 minutes and then remove the 
top 300 µL leaving behind a 150 µL solution of concentrated GUVs. To sediment the 
GUVs, I add a 30 µL aliquot of the concentrated solution to a 30 𝜇𝜇L solution of glucose in 
a PDMS imaging chamber. I allow the vesicles to sediment for 5 hours, and then conduct 
the FRAP experiments using the same conditions as those used for the GUV buds. 

2.9.6 Sodium green assay to evaluate the diffusion of salts inside the GUVs 

I follow the one-step modulation of salts procedures but also add 1.5 µL of a 1 mM sodium 
green indicator solution beneath the paper to obtain a final concentration of 10 µM in the 
chamber. After 1 hour of growth, I image the vesicles on a glass slide contained within a 
custom double-sided tape chamber (inner diameter ≈ 13 mm and height ≈ 0.1 mm). I place 
20 µL of the undiluted vesicle solution directly within the tape chamber and sealed the 
chamber with a glass coverslip. To confirm the encapsulation of the salts, I directly 
compared the interior mean fluorescence of 50 vesicles to the fluorescence of the exterior 
solution.   
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3. Results 
3.1 Effect of cellulose substrate properties on the populations of GUVs 

In this section I determine the effect of properties such as the porosity and the organization 
of the fibers on the assembly of GUVs. I systematically conduct experiments to test the 
sizes and yields of GUVs obtained from three different filter papers and one cotton fabric.  

3.1.1 Properties of three cellulose filter papers and one cotton fabric 

Found in the cell wall of all plant cells, cellulose is considered the most abundant natural 
polymer on Earth53–55. Cellulose is composed of monomers of glucose that are joined by a 
distinctive 𝛽𝛽 − 1,4 glycosidic linkage which causes it to pack closely together into a 
hierarchy of fibril structures56,57. Figure 54 shows this hierarchy of fibril structures where 
nanometer fibrils naturally bundle together to form the micrometer scaled cellulose fibers. 
These micrometer scaled fibers are most commonly extracted from plants that contain a 
high percentage of cellulose such as cotton (nearly 95% cellulose58–60) and are then 
processed to form paper. Depending on the manufacturing process, papers with different 
properties such as varying porosities or liquid flow rates can be obtained. To determine an 
optimal cellulose substrate to use to assemble GUVs, I conduct experiments using three 
different types of cellulose filter papers and 1 cotton fabric61.  

The cellulose filter papers are manufactured from fibers that are that are 
approximately 1.5 mm − 6 mm in length and obtained from bolls that form around the 
seeds of the cotton plant60. During manufacturing these fibers become entangled and form 
the randomly percolated network of fibers of filter paper62. I test three different ‘grades’ of 
filter paper each  

 

Figure 54: Hierarchical structure of cellulose. Schematic illustrating the hierarchical 
nature of cellulose fibers which are composed of tightly wrapped bundles of microfibrils, 
which are each composed of tightly wrapped bundles of nanofibrils, which are composed 
of polymer chains of glucose monomers that are linked together with many hydrogen 
bonds.  



115 
 

with different effective porosities and liquid flow rates. The porosities are measured 
through particle retention63 and reported by the manufacturer. The liquid flow rates are 
measured using the Herzberg flow rate where the time it takes for 100 mL of water to flow 
through the paper is measured64 and are also reported by the manufacturer. In order of 
decreasing porosity, I conduct experiments on i) Grade 41 filter paper (G41) with an 
effective porosity of 25 µm and a Herzberg flow rate of 54 seconds/100 mL, ii) Grade 1 
filter paper (G1) with an effective porosity of 11 µm and Herzberg flow rate of 150 
seconds/100 mL, and iii) Grade 42 filter paper (G42) with an effective porosity of 2.5 µm 
and a Herzberg flow rate of 1870 seconds/100 mL. As expected, the decrease in the 
effective porosity also directly corresponds to the increase in the Herzberg flow rate.   

 In contrast to the different grades of cellulose paper, the cotton fabric is obtained 
from only the longer staple fibers present in the cotton bolls which can have lengths 
between 20 mm – 40 mm60. These staple fibers are carefully spun together to form tightly 
twisted bundles of yarn that is then weaved together to form the interlaced network of 
fabric60. Different than the randomly organized fibers of the filter papers, the cotton fabric 
is composed of fibers that are highly aligned and have a very uniform size and shape.  

 To examine the microstructure of the cellulose substrates, I collect scanning 
electron microscopy (SEM) images of regions at the surfaces (Figure 55a-d). The cellulose 
fibers at the surface of the papers appear as twisted and flattened cylinders with diameters 
between around 15 𝜇𝜇𝜋𝜋 − 20 𝜇𝜇𝜋𝜋. The G41 paper has larger pores between the fibers (dark 
regions in the images) compared to the G1 paper, and the G1 paper has larger pores than 
the G42 paper. This observation is consistent to the reported particle retention capacities 
and flow rates of the filter papers. The cotton fabric however appears as a highly ordered 
network of twisted cellulose fibers with regions that are devoid of any cellulose where the 
yarn is intertwined (white arrows). I also characterize the microstructure, in particular the 
diameters of the fibers, while the substrates are hydrated similar to during the assembly of 
the GUVs. Figure 55e-h shows the maximum intensity projection from confocal z-stack 
images of the substrates. I used a bandpass filter on the images to highlight the edges of 
the fibers and more easily measure the fiber diameters in ImageJ. The histograms of the 
diameters of the cellulose fibers measured are shown in Figure 55i-l. From the histograms, 
the average diameter of the fibers, 𝑑𝑑𝑓𝑓, was 21± 5 µm for G41, 20 ± 6 µm for G1, 16 ± 7 
µm for G42, and 16 ± 4 µm for the cotton fabric. Thus, the G41 and G1 paper have on 
average larger diameter fibers, while G42 paper and the cotton fabric have smaller diameter 
cellulose fibers. 
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Figure 55: Microstructure of the cellulose filter papers and cotton fabric. a-d SEM 
images showing the surface structure of a) G41, b) G1, c) G42, and d) cotton fabric 
substrates. e-h Maximum intensity projections of confocal z-stack images of the hydrated 
cellulose substrates. The contrast is enhanced using a band pass filter to better observe the 
width of the fibers. i-l Histograms of the diameters of the fibers in the images. Scale bars 
(a-h) 100 µm. Images were published61 and reproduced here with permission from the 
American Chemical Society. 

 

3.1.2 Size distributions of giant liposomes assembled on G41, G1, G42, and cotton 
fabric  

I standardize the assembly of GUVs on the filter paper and cotton fabric substrates by 
depositing 3 𝜇𝜇𝜇𝜇 of lipid for every 1 mg of cellulose. I find this adaptation to the normal 
protocols necessary since the filter papers and cotton fabric are significantly more porous 
at the surface compared to the other substrates tested in this work. To allow fair 
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comparisons regarding yields across the techniques, I normalize the data obtained from 
these experiments by the amount of lipid deposited initially following the standardized 
protocols detailed in the methods (Section 2.5.2). Figure 56a,b shows the GUVs on the 
surface of the cellulose fibers before harvesting. The GUVs appear to rest in tight clusters 
attached only to the fibers and do not span across the pores of the paper. In addition, manual 
measurements conducted of the sizes of the GUVs that are observable in the images suggest 
that most of the GUVs have sizes < 20 𝜇𝜇𝜋𝜋 in diameter.  

Representative confocal images of the harvested GUV populations produced from 
the four substrates are shown in Figure 57 a-d. Qualitatively, the GUVs appear similar from 
each of the substrates. To evaluate the populations quantitatively, I collect tilescan images 
and characterize more than 100,000 GUVs from each of the different populations of GUVs 
using the standardized methods developed in Chapter 2. Figure 57e shows a histogram of 
the diameters of one sample of GUVs assembled from G41 filter paper and normalized to 
the amount of lipid deposited. The distribution is asymmetric and has a long right tail 
matching results of populations of GUVs  

 

Figure 56: GUV buds rest on the fibers of the cellulose paper. a,b Observation of GUVs 
on the surface of G1 paper reveal GUVs are only located on the surface of the fibers and 
do not span the pores of the paper. Manual measurements of the GUVs on the surface 
reveal right-tailed size distributions. Scale bar: a 50 𝜇𝜇𝜋𝜋 b 25 𝜇𝜇𝜋𝜋. Images were published61 
and reproduced here with permission from the American Chemical Society. 
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Figure 57: Characterization of populations of GUVs produced from the cellulose 
substrates. a-d Representative confocal images of the GUVs (green rings) harvested from 
a G41, b G1, c G42, and d Fabric substates. e Size distribution from one sample of cotton 
fabric. Inset shows a zoom in of the right tail. f Box and whisker plots of the distribution 
of sizes of GUVs assembled from the different samples. The bottom whisker shows the 
lowest GUV size, the bottom line of the box shows the 25th percentile, the red line of the 
box shows the 50th percentile, the top line of the box shows the 75th percentile and the top 
line shows the 98th percentile. The red diamonds show the outlier points, and the gray 
boxes show the diameter of the fibers of the different papers. Scale bars: a-d 50 𝜇𝜇m.  
Images were published61 and reproduced here with permission from the American 
Chemical Society. 

obtained from other thin film hydration techniques7,11,31,32,65 as well as the results obtained 
in Chapter 2. Populations with an extended right-tail have also been reported for other 
colloidal systems66 such as small unilamellar vesicles67, raindrops68, and draining foam 
bubbles69. These right-tailed fits have been used to develop theoretical models to help 
describe fundamental processes such as coalescence, fragmentation and nucleation66,68–71. 
Similar models for GUVs have previously not been reported but will, however, be 
discussed later in this chapter.  

In Figure 57f, I show box and whisker plots of the distribution of sizes of GUVs 
obtained from 3 replicate samples of each of the four cellulose substrates. The lowest 
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whisker of the box represents the minimum size of the GUVs analyzed which is 1 1 𝜇𝜇𝜋𝜋. 
The bottom, middle (red), and top line of the box shows the 25th, 50th, and 75th percentile 
respectively. The top whisker indicates the 98th percentile of the GUVs, and the red 
diamonds represent the remaining points which consists of less than 2 % of the GUVs. The 
plots are overlayed with the data on the diameter of the fibers measured in Figure 55 where 
the mean diameter is marked as a blue dashed line and the standard deviation is marked in 
gray.  

Comparing the box and whisker plots from different samples of the same substrate, 
it is clear that there is little sample-to-sample variation. Comparing the box and whisker 
plots from the samples from different substrates, it is also clear that the size distributions 
are extremely similar between the three different grades of filter paper and the cotton fabric. 
For each different substrate, the median diameter of the GUVs was between 3 𝜇𝜇𝜋𝜋 − 4 𝜇𝜇𝜋𝜋 
and more than 98% of the GUVs were below the fiber diameter of the substrates.  

3.2 Lower porosity cellulose substrates produce higher yields of GUVs 

3.2.1 Comparison of yields from G1, G41, G42 papers and cotton fabric 

To compare the yields of GUVs obtained between the substrates I normalize the GUV 
counts by the mass of lipid deposited. Figure 58 shows a bar plot of the average number of 
GUVs obtained per 𝜇𝜇𝜇𝜇 of lipid deposited for each of the four substrates. The error bars 
show the standard deviation of the mean from 3 replicate samples, and the inset shows the  
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Figure 58: Yields of GUVs produced from the cellulose substrates. Bar plot showing 
the yields of GUVs from the different substrates. Each bar is an average of the number of 
GUVs obtained from 3 samples. The average is normalized per 𝜇𝜇𝜇𝜇 of lipid deposited on 
each of the substrates. The error bars show the standard deviation of the samples from the 
mean. The inset shows the coefficient of variation between the samples. Images were 
published61 and reproduced here with permission from the American Chemical Society. 

 

coefficient of variation. Both the G41 and G1 substrates produced much lower yields of 
GUVs compared to the G42 and cotton fabric substrates. Compared to the G41 and G1 
substrates, the G42 and cotton fabric substrates also have smaller average fiber sizes which 
can be more densely packed together. This result suggests that it may be possible to 
increase GUV yields using cellulose substrates with lower porosity.  Interestingly, the 
highly ordered cellulose fabric substrate results in the lowest variation in the yields of 
GUVs between samples. 

 

3.2.2 Assembly of GUVs on hybrid cellulose-nanocellulose papers 

To test the hypothesis that decreasing the pore size of the cellulose paper increases the 
yields of GUVs, I design an experiment to incrementally fill the pores of G1 filter paper 
using small nanometer-sized cellulose fibrils that can pack much more tightly together than 
ordinary cellulose fibers. I call these hybrid papers composed of cellulose and 
nanocellulose fibers nanohybrid paper. To prepare the nanohybrid papers with decreasing 
porosity, I first prepare suspensions of nanocellulose fibrils in ultrapure water at 
concentrations of 0.2 wt %, 0.35 wt %, and 0.7 wt % (w/v). I then place a circular piece of 
the G1 filter paper of size 70 mm in diameter into a vacuum funnel and turn on the vacuum. 
To obtain the nanohybrid paper with the desired porosity, I pour the 40 mL of the 
nanocellulose suspension on top of the filter paper. The 0.2 wt %, 0.35 wt %, and 0.7 wt 
% suspensions result in a surface density of nanocellulose of 2.6 g/mm2, 5.2 g/mm2, and 
10.4 g/mm2 respectively. The filter paper and nanocellulose suspension are held under 
vacuum for 30 minutes until the paper is completely dry and a mat of nanocellulose fibers 
remain at the surface of the filter paper.  

Figure 59a-d shows SEM images of the nanohybrid papers (NHP) after drying. The 
pores (dark regions) that are clearly present in the G1 paper image appear almost 
completely filled by nanocellulose in the NHP images confirming the vacuum filtration 
method of forming nanohybrid paper was successful. To observe the effects of 
incrementally filling the pores of G1 paper using nanocellulose on the assembly of the 
GUVs, I conduct in situ experiments and collect confocal images after 2 hours of hydration 
of the GUVs present at the surface of each of the different nanohybrid papers (Figure 59e-
h). The samples are prepared using the exact same conditions and the exact same amount 
of lipids. The images show a remarkable increase in the sizes of the GUVs at the surface 
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of the papers as the surface density of nanocellulose increases. The GUVs at the surface of 
the G1 filter paper appear to be no larger than around 20 𝜇𝜇𝜋𝜋 in diameter as expected. In 
addition, large pores and fibers are clearly visible in the G1 image. The vesicles appear to 
be only coating the fibers and do not span over the distance of the pores of the paper. In 
the image of the nanohybrid paper with a surface density of 2.6 g/mm2 nanocellulose, more 
GUVs appear to be present on the surface and some of the GUVs appear to have larger 
sizes around 30 𝜇𝜇𝜋𝜋 in diameter. The fibers are still clearly visible, however, and there are 
still regions devoid of lipid similar to the G1 paper. In the image of the nanohybrid paper 
with a surface density of 5.2 g/mm2 nanocellulose, the GUVs are both more in number and 
larger in size compared to the lower surface density nanohybrid paper sample, with the 
largest GUVs reaching sizes of more than 50 𝜇𝜇𝜋𝜋 in diameter. In the image of the 10.4 
g/mm2 nanohybrid paper, which has the same surface density of nanocellulose as 
nanopaper, the entire surface is covered with GUVs. Remarkably, some of the largest 
GUVs reach sizes of more than 100 𝜇𝜇m in diameter which was a size previously 
inaccessible to the filter paper substrates. Compared to the papers with a lower surface 
density of nanocellulose, the 10.4 g/mm2 nanohybrid paper appears to have the most counts 
and largest sizes of GUVs. At this magnification the fibers and pores at the surface of the 
paper are not visible and the GUVs appear to span areas larger than the fibers and pores of 
the paper.  

 

Figure 59: Effect of the density of nanocellulose on the assembly of GUVs at the 
surface. a-d SEM images of the surfaces of the various nanohybrid papers. The pores and 
larger fibers become hidden on the surface of the nanohybrid papers with higher surface 
concentrations. e-h Representative confocal images showing the GUVs resting on the 
surface of the different substrates 1 hour after hydration. Scale bars: a-h100 𝜇𝜇m.  
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3.2.3 Sizes and molar yields of GUVs produced from various nanohybrid papers 

Following the confocal microscopy methods developed in Chapter 2, I characterize the 
populations of GUVs produced from the four nanohybrid paper samples. Figure 60a shows 
the distribution of sizes from each of the four nanohybrid paper samples. The GUVs per 
𝜇𝜇g lipid from each nanohybrid sample is plotted as an average from 3 replicates. The 
distributions are significantly different from one another. Clearly the extension of the right 
tail present in the distributions increases significantly as the density of nanocellulose 
increases. The G1 sample appears to have almost no GUVs with diameters ≥ 50 𝜇𝜇m in 
diameter whereas the higher density nanohybrid paper samples appear to have GUVs with 
diameters up to around 130 𝜇𝜇m.  

Since the distributions are heavy-tailed, I use the molar yield metric to quantify the 
populations of GUVs instead of the counts per 𝜇𝜇g lipid as before. The molar yield metric 
allows for more clear comparisons between the different populations assembled from the 
nanohybrid substrates since the large GUVs are only produced in some of the nanohybrid 
samples and are comprised of a significantly larger amount of the lipid compared to the 
small GUVs. This difference is much more difficult to appreciate in a counts plot. Figure 
60b shows the bar plots of the molar yields are 3.1 ± 1 % for the G1 paper, 6.9 ± 1% for 
the 2.6 g/mm2 nanohybrid paper, 15.2 ± 3% for the 5.2 g/mm2 nanohybrid paper, and 30.3 
± 2% for the nanopaper samples. The significant differences in the molar yields between 
the samples confirm that increasing the density of the nanocellulose at the surface of the 
paper directly responds to increasing yields of GUVs.  

 
Figure 60: Sizes and yields of GUVs assembled on nanohybrid paper. a Distributions 
of sizes of the GUVs assembled from various nanohybrid paper substrates. Each point is 
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an average of the counts of GUVs obtained from 5 samples and is normalized per 𝜇𝜇g of 
lipid deposited. The inset shows the color assignment of the points from each paper. b Bar 
plot showing the molar yields of GUVs assembled from the various nanohybrid paper 
substrates. Each bar shows the average from 5 samples and the error bars show the standard 
deviation of the samples from this average.  

 

3.2.4 Losses of GUVs in pores of cellulose papers 

To confirm that the increases in molar yield are due to decreasing losses of lipids in the 
less porous nanocellulose papers and are not a product of the nanocellulose fibers 
themselves, I collect images of the dry nanohybrid papers coated with lipids (Figure 61).  

 
Figure 61: Characterization of the penetration of lipid into the surface of the various 
nanohybrid papers. The left column shows reflected confocal images of the surface 
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structure of the dry nanohybrid papers covered with nanocellulose. The larger fibers are 
more visible on the surfaces with less nanocellulose, differences in porosities are unclear. 
The middle column shows fluorescence confocal images of the coverage of the lipids at 
the surface of the paper while dry. The lipids do not coat the surface as evenly on the less 
nanocellulose dense substrates. This is likely due to the lipid penetrating deeper within the 
papers. A composite image combining the reflected and fluorescence images are shown in 
the rightmost column. Scale bar: 50 𝜇𝜇𝜋𝜋. 

 

The first column shows the reflected channel image of the fibers from the three nanohybrid 
papers. The second column shows the fluorescence channel image of the lipids after 
depositing 10 𝜇𝜇g of the lipid solution onto each of the nanohybrid papers. The third column 
shows a composite of the images in the first two rows. From the images it is clear that there 
is significantly less lipid (green) at the surface of the less densely-packed nanohybrid paper 
substrate suggesting that some of the lipid becomes lost in the pores. As a second line of 
evidence that the pores are an important factor leading to the lower yields of GUVs, I also 
collect images inside the pores of G1 paper after hydrating and harvesting the GUVs. This 
is possible since I expect some amount of the solution to remain trapped in the pores after 
harvesting to keep the GUV intact until I can carefully add more solution and collect 
images. Figure 62a shows the maximum intensity projection of confocal z-stacks of the 
vesicles on G1 paper before harvesting. The vesicles are stratified on fibers that range from 
the lowest point inside of a pore where vesicles are visible in the image surface to the top 
surface 80 𝜇𝜇m above the pore. Figure 62b,c show representative regions inside pores of the 
G1 paper after harvesting. Clearly a significant fraction of the GUVs that have formed 
remained trapped in the pores of the paper. 

 

Figure 62: GUVs remain trapped in the pores of the G1 paper after harvesting. a 
Depth coded z-projection showing that the vesicular buds on G1 paper are distributed 
within the open porous matrix of the cellulose fibers. b,c Representative images taken a 
few micrometers into the pores of the filter paper showing that many GUVs remain trapped 
in the pores of the G1 paper after harvesting. Scale bars: 25 µm.  
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3.3 Reusability of cotton fabric to assemble GUVs 

Since cotton fabrics are much more resilient to mechanical stresses that occur during 
washing than ordinary cellulose papers, I also conduct experiments to determine if I can 
obtain multiple populations of GUVs from reusing the same piece of cotton fabric. I follow 
the standard procedures to prepare and harvest the vesicles. After harvesting, I rinse and 
soak the fabric in ultrapure water to remove traces of dissolved salts and sugars. I then 
allow the fabric to dry in a 65 °C oven for 1 hour. Once dry I then follow standard washing 
procedures detailed in the methods section and use the fabric once again to assemble the 
GUVs. Figure 63 shows that the cotton fabric can be cleaned and reused to assemble 
multiple populations of GUVs without any significant changes in the sizes and yields of 
the GUVs. The harvested populations between the first and fifth cycle appear similar 
visually. The number of GUVs produced in each cycle remain similar with between 
1.4×105−1.6×105 GUVs per 𝜇𝜇g lipid produced, and the size distributions all appear similar 
with most of the GUVs having sizes smaller than 5 𝜇𝜇m.  In addition, the fabric appears 
unaffected at the surface even after 5 cycles of washing and rehydration. This 
demonstration of the reusability of the fabric provides an economical route for the large-
scale production of GUVs. 

 

Figure 63: Cotton fabric supports the assembly of multiple cycles of GUVs. a,b 
Confocal images showing the appearance of the harvested vesicle populations obtained 
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after a the first cycle and b the fifth cycle. c Distribution of sizes of the populations of 
GUVS obtained after each cycle. The bottom whisker represents the GUVs with sizes of 1 
𝜇𝜇m, the bottom of the box represents the 25th percentile, the middle of the box represents 
the 50th percentile, and the top of the box represents the 75th percentile. The top whisker 
represents the 98th percentile and the red diamonds represent outliers. The fiber diameter 
of the cotton fabric is marked with the blue dashed line. d Bar plot showing the yield of 
GUVs normalized per 𝜇𝜇g of lipid deposited after each cycle. e,f SEM images showing the 
appearance of the cotton fabric after the first cycle and after the fifth cycle. Images were 
published61 and reproduced here with permission from the American Chemical Society. 
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4. Effect of substrate properties on the assembly of GUVs  
4.1 Properties of the substrates tested 

To evaluate the effect of the substrate properties on the assembly of GUVs, I conduct a 
systematic series of experiments on specifically selected substrates. In this section, I extend 
previous work (Publication 3) and examine effects such as the curvature of the substrate, 
the manufacturing methods used to obtain the substrate, the permeability of the substrate, 
the hydrophilicity of the substrate, and the application of electric fields using each of the 
following i) lab-made nanocellulose paper, ii) commercially available tracing paper, iii) 
commercially available regenerated cellulose dialysis membranes, iv) silanized tracing 
paper, v) pristine glass slides, and vi) indium tin oxide (ITO)-coated glass slides.  

4.1.1 Tracing paper as potential substrate to assemble GUVs 

Overall, the nanohybrid paper experiments (Sections 3.2.2−3.2.4) reveal that the molar 
yields of GUVs are significantly improved upon when the lipid does not become trapped 
in the pores of the cellulose paper. Following procedures detailed in the methods (Section 
2.3.2), I fabricate whole sheets of pure nanocellulose paper through solution casting to 
confirm the significant increase in molar yields of GUVs observed in nanohybrid paper is 
also observed in pure nanocellulose paper. Figure 64a shows a photograph of the 
nanocellulose paper (outlined by black dashed lines) on top drawings of the UC Merced 
bobcat mascot. The drawings are clearly visible through the nanocellulose paper 
highlighting the translucency of the paper. The opaque properties of normal paper are due 
to the filling of the pores in the paper with air72. Since the pores are significantly smaller 
and more compact on the nanocellulose paper compared to more ordinary cellulose paper 
(visible in SEM images Figure 64b,c), the paper appears translucent. A commercially 
available alternative to nanocelluose paper, artist-grade tracing paper, is also identified as 
a potential substrate to assemble GUV. Since tracing paper is manufactured to be 
translucent, I expect the pore sizes to also be much smaller and more compact in 
comparison to ordinary cellulose paper. I confirm that the artist-grade tracing paper both 
has smaller pores than ordinary cellulose paper and is also transparent in Figure 64d,e.  

To obtain the solutions of nanocellulose, the nanocellulose fibers must be liberated 
from the micrometer-sized cellulose fibers that are present naturally in plants73. For the 
solutions of nanocellulose used in this work, this process involves the mechanical 
homogenization under high pressures of pulps of cellulose58,74,75. This homogenization 
process liberates the nanocellulose fibers from the bundles of cellulose fibers and allows 
for the regeneration of these smaller fibers into films (nanopaper) with pore sizes on a 
similar scale to the fibers which typically have widths between 20−100 nm43,76,77.  
Different than nanopaper, tracing paper is typically fabricated by mechanically pressing 
out the air in the fibers of ordinally cellulose paper and allowing the paper to soak in 
sulfuric acid to obtain flattened paper with smaller pores73. These flattened fibers have 
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similar dimensions to the cellulose fibers and remain on the surface after manufacturing 
(red arrows in Figure 64d). Overall, due to its widespread use, tracing paper is a much more 
economical and commercially available substrate in comparison to nanocellulose paper. 
Figure 64f-h show a higher magnification view of regions of the filter paper, nanocellulose 
paper, and tracing paper. As expected, when observing a fiber from the filter paper at a 
higher magnification the bundles of nanocellulose fibers become apparent. These fibers 
randomly entangle leaving behind nanometer sized pores (red arrows). The nanocellulose 
fibers and nanometer sized pores appear to be a similar size and scale on the nanocellulose 
paper and tracing paper substrates confirming the physical properties that effect the 
assembly of the GUVs (in particular the porosity) should be similar. Using ImageJ to 
quantify the fiber dimensions, I find the nanocellulose fibers appear to be around 17 ± 6 
nm in radii and around 5000 ± 2000 nm in length. 

 

Figure 64: Characterization of nanocellulose and tracing paper a Photograph of 
nanocellulose paper (outlined by black dashed lines) resting on top of a separate piece of 
paper with a printed logo. b-d Lower magnification SEM images of the b filter paper, c 
nanocellulose paper, and d tracing paper surfaces. The filter paper is composed of 
micrometer scale fibers and pores, whereas the fibers and pores are not visible at this 
magnification on the nanocellulose paper. The tracing paper has some micrometer scale 
fibers (red arrows), but the pores are not visible. e Photograph of tracing paper (outlined 
by black dashed lines also resting on top of a separate piece of paper with a printed logo. 
f-h Higher magnification images of f a fiber from the filter paper, g the nanocellulose paper 
surface, h the tracing paper surface. At this magnification the nanoscale fibers and pores 
(red arrows) are visible on all three substrates. Scale bars: b-d 100 𝜇𝜇m, f-h 2 𝜇𝜇m. Images 
were published4 and reproduced with permission from the American Chemical Society. 
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4.1.2 Regenerated cellulose membranes and hydrophobic nanocellulose paper as 
potential substrates to assemble GUVs 

Using chemical processes it is possible to convert natural cellulose (cellulose I) into a 
dissolvable chemical derivative called cellulose II78–80. This cellulose II can then be 
regenerated together to form a polymer that results in smooth cellulose membranes that do 
not contain cylindrical nanofibers78–80. These membranes are typically used for processes 
such as dialysis since the pore size can be carefully controlled down to the nanometer scale 
to allow only molecules with small sizes to pass81–83. Previously, I was a part of work that 
showed fabrics composed of hydrophilic cylindrical fibers with distinct chemistries could 
be used as novel substrates to assemble GUVs (Publication 4)84. Populations of GUVs 
obtained from cellulose I cotton fabric membranes and cellulose II spun into rayon fabric 
membranes were not significantly different emphasizing that the slight chemical difference 
between cellulose I and cellulose II membranes does not have an effect on the assembly of 
the GUVs.  

To allow direct comparison on the effect of the nanoscale curvature of the 
nanocellulose fibers in the absence of significant chemical differences, I conduct 
experiments using completely smooth regenerated cellulose membranes with pore sizes 
that result in the exclusion of  molecules (molecular weight cut-off) of around 13kDa. This 
molecular weight cut-off is similar to values reported for nanocellulose papers55,74. Along 
with the physically distinct cellulose substrates with nanoscale pores, I also test the effect 
of the hydrophilicity of the substrate by grafting methyl groups onto the tracing paper 
surface using a silanization reaction85. This treatment results in the fabrication of a 
hydrophobic nanocellulose paper substrate that allows for the probing of the effect of 
hydrophilicity in the absence of significantly altering the geometry of the surface. Figure 
65a-d shows SEM images of the surfaces of the nanocellulose paper, tracing paper, 
silanized tracing paper, and regenerated cellulose membranes. As expected the nanoscale 
fibers are apparent in the images of the nanocellulose paper, tracing paper, and silanized 
tracing paper substrates but are not present in the regenerated cellulose membrane. The 
nanoscale pores are just becoming visible on this scale for all four substrates as well with 
the regenerated cellulose appearing more as bumps than pores in most places at this scale 
suggesting the pores are slightly smaller than the other papers. The silanized tracing paper 
also appears to have some additional flat pieces of surface that are left behind from the 
grafting procedure.  

Before quantitative experiments, I qualitatively examine the assembly of the GUVs 
on the surface of each of these cellulose substrates 2 hours after the initial hydration (Figure 
65e-h). As expected, dense and stratified layers of GUVs with sizes reaching more than 
100 𝜇𝜇m are present at the surface of the nanocellulose paper. The surface of the tracing 
paper is also covered with these dense and stratified layers of GUVs and appears similar to 
the nanocellulose paper. Compared to the nanocellulose and tracing paper substrates, the 
silanized nanocellulose paper surface is covered in significantly fewer GUVs with the 
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largest sizes observable around 20 𝜇𝜇m in diameter. The flat regenerated cellulose 
membranes also have significantly smaller GUVs present on the surface with a more sparse 
coverage of the GUVs over the surface of the membrane. Before quantitative experiments 
it appears that all four substates do in fact produce GUVs, however, the nanocellulose paper 
and tracing paper substrates appear to produce more in number and more with larger sizes. 
In addition, the nanocellulose paper and tracing paper surfaces appear to be able to 
assemble GUVs more than 200 𝜇𝜇m in diameter (Figure 66) which had not observed in any 
of the other surfaces I tested up until this point and are uncommon in the literature45.  

Figure 65: Characterization of the substrates and the assembled giant vesicle buds. 
a−d SEM images showing the microstructure of the a nanocellulose paper, b tracing paper, 
c silanized nanocellulose paper, and d regenerated cellulose dialysis membranes. e−h 
Confocal images of the lipid film after 2 hours of hydration in aqueous solutions on the e 
nanocellulose paper, f tracing paper, g silanized nanocellulose paper, and h regenerated 
cellulose dialysis membranes. Scale bars: a−d 2 μm, e−h 50 μm. Images were published4 
and reproduced here with permission from the American Chemical Society. 

 

Figure 66: Supergiant vesicles growing on nanocellulose paper and tracing paper. 
Selected regions on the surface of a nanocellulose paper and b tracing paper during vesicle 
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growth showing that supergiant vesicles with sizes as large as 200 µm in diameter are 
observed. Scale bars: a,b 100 µm. Images were published4 and reproduced here with 
permission from the American Chemical Society. 

4.1.3 Characterization of GUV buds on the surfaces  

To compare the populations of GUVs with the most commonly employed  methods in the 
field as well as quantitatively evaluate the effect of their different properties, I conduct 
additional experiments using glass slides and indium tin oxide (ITO)-coated glass slides. 
These substrates are completely flat and are devoid of any features on the surface in SEM 
images. I qualitatively examine the assembly of the GUVs on each of the surfaces 
collecting representative images of 400 𝜇𝜇m × 400 𝜇𝜇𝜋𝜋 regions of the lipid film at the 
surface after 2 hours of hydration. Figure 67a shows confocal images of lipids covering the 
glass surface in regions of low and high coverage. The coverage of the GUVs is sparse in 
both images and the membranes of the GUVs are unclear since the sizes are mostly smaller 
than 10 𝜇𝜇m. Clearly within the surface area where the lipid is deposited on the glass there 
are large regions where not enough lipid is deposited to form GUVs (dark regions in low 
coverage images). As a comparison I also show images of low and high coverage from the 
flat regenerated cellulose membrane (Figure 67b). As seen on the glass surface, there are 
large regions on the regenerated cellulose surface where there is not enough buds to form 
GUVs in the low coverage area. In the high coverage area, although there appears to be a 
few, less than 10, large GUVs with sizes more than 10 𝜇𝜇𝜋𝜋 in diameter,  a vast majority of 
the GUVs appear to have sizes smaller than 10 𝜇𝜇m.  

Similar to the glass slides and regenerated cellulose surfaces, the ITO-coated glass 
slides are also flat surfaces. However, these slides are used to conduct an electric current 
following protocols from the gold standard method of producing vesicles that is termed 
electroformation. This application of an electric field is reported to increase the sizes and 
yields of the vesicles in comparison to the gentle hydration on the glass slides12,50,86. 
Observations  of the various regions of the surface of the ITO-coated glass slides after 2 
hours of electroformation reveal a significant difference in comparison to the other flat 
substrates where many, more than 100, GUVs with sizes larger than around 10 𝜇𝜇m appear 
visible and stratified above the surface over the same area of image. Although appearing 
less sparse than the other flat surfaces, the elctroformation sample still contains some 
regions with a low coverage of GUVs.   

As a comparison, Figure 67d-f shows 400 𝜇𝜇m × 400 𝜇𝜇𝜋𝜋 representative areas where 
there are low and high coverage of the GUVs on the curved nanocellulose substrates. The 
silanized nanopaper appears to have mostly smaller vesicles with sizes less than around 
10 𝜇𝜇m, but does have a few, less than 10, that are more than 10 𝜇𝜇m. The counts of the 
GUVs depend on the coverage of the lipid with lower coverage having lower counts, and 
higher coverage having higher counts. However, even in the higher coverage areas, there 
is still a sparse coverage of GUVs. Both the nanopaper and tracing paper appear similar on  
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Figure 67: Characterization of the coverage of vesicle buds on the substrates. a-d 
Confocal images of regions with low and high vesicle bud coverage on a silanized glass 
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slides, b glass slides, c regenerated cellulose and d electroformation. e-g Images of regions 
with low and high vesicle coverage on e silanized tracing paper, f nanopaper, and g tracing 
paper. Scale bar 100 µm. Images were published4 and reproduced here with permission 
from the American Chemical Society. 

 

the surface with both low coverage and high coverage areas being covered in GUVs Similar 
to the electroformation there are significantly more counts of larger GUVs with more than 
100 GUVs in each of the images, including the low coverage images, with sizes larger than 
10 𝜇𝜇m in size.  

 I perform a qualitative analysis of the GUVs over the entire surface of each of the 
substrates by collecting tilescan images over the 9.5 mm area where the lipid is deposited 
after 2 hours of growth. The bud coverage is initially manually scored in each image as a 
percentile from 0 to 100%. As a second qualitative metric, I also threshold the images in 
ImageJ since regions where GUV buds are present typically leave behind a fluorescence 
signature with intensities above around 30 A.U. I find a good correlation between the GUV 
bud coverage scores, within 3%, between the manually scored and automatically 
thresholded images. Figure 68a,b shows an example of a 7 mm × 7 mm tilescan at the 
center of the tracing paper substrate along with a magnified view of individual tiles each 
of the tilescans. The bud coverage that was determined using the threshold is written onto 
each image. Figure 68c-h shows the results of the qualitative analysis over the area at the 
center of the surfaces. The heatmaps show the amount of bud coverage in each of the 
images. Only the nanopaper and tracing paper substrates have almost their entire surfaces, 
more than 96%, being covered with GUV buds. The other substrates have more frequent 
regions that are devoid of GUV buds with the bud coverage in order from highest to lowest 
at 83% for electroformation, 72% for regenerated cellulose, 21% for silanized tracing paper 
and 18% for the glass slides.   

From the tilescans of the buds at the surface of the different substrates it is clear 
that the coverage of the buds is nonhomogeneous. However along with being laterally 
nonhomogeneous, the buds are also often tightly packed and distributed at different z-
heights. Figure 69 shows depth-coded maximum intensity projects of confocal z-stack 
images on the surfaces where this axial distribution is most noticeable. Larger GUV buds 
often appear further away from the surface (lighter colors) and obstruct the view of smaller 
buds beneath them. This axial packing of the buds makes it difficult to quantitatively 
determine the boundaries and sizes of the GUVs on surface images highlighting the 
importance of standardized harvesting procedures that allow for the collection of the GUV 
buds free into solution. Once the GUV buds are harvested and free in solution, they are 
free to diffuse around and do not pack tightly together making them much easier to identify. 
Along with the technical challenges that make quantification of the buds on the surface 
difficult, the buds are also not particularly useful for applications while the harvested 
GUVs are much more desirable1–3. 
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Figure 68: GUV bud coverage on each of the substrates. a An example of a whole 
tilescan covering a 7 mm × 7 mm area at the center of the tracing paper (TP). b Selected 
tiles showing examples of regions with lower and higher bud coverage from the tracing 
paper (TP), electroformation (EF), regenerated cellulose (RC) and glass slide (GS) 
surfaces. The qualitative score given to the image is written at the top of each image. c-h 
Heat maps showing the results from the qualitative score on each of the tiles for each of 
the substrates. Dark blue represents complete bud coverage, whereas white represents no 
bud coverage. The total GUV bud coverage from the tilescan images is written at the top. 
Scale bars: a 1 mm, b 100 𝜇𝜇m.  



135 
 

 
Figure 69: Axial distribution of GUVs on surface. Depth-coded maximum intensity 
projections of the axial distribution of the vesicles on the surface of the a nanopaper, b 
tracing paper, c glass slides, and d electroformation. The color bar shows the z-height of 
the objects above the surface. Scale bar: a-d 100 𝜇𝜇m.  

 

 

4.2 Quantitative analysis of populations of GUVs from the selected substrates 

4.2.1 Characterization of populations of GUVs using confocal microscopy based 
methods  

Using the standardized conditions developed in Chapter 2, I find that on nanopaper a 
typical harvest of GUVs results in the collection of more than 5 million GUVs. Current 
comparisons of the sizes and yields of GUVs from even the most commonly employed 
formation methods such as gentle hydration on glass slides and electroformation on ITO-
coated glass slides are unclear due to the lack of data on a statistically relevant portion of 
the population where typically less than a thousands GUVs are counted16,32,86–89. However, 
in the cases where a statistically significant amount of data is collected31,35,88,90 
experimental variables are often not carefully controlled for to allow fair comparisons with 
other techniques including factors collected in Table 5 such as the amount of lipid 
deposited, the type of lipid used, the surface area where the lipid is deposited, the hydration 
solution, the percentage of the population analyzed, whether the population is forced to 
concentrate near the bottom of the imaging chamber due to sedimentation, or the 
percentage of the population that is non-GUV structures.  

In the previous chapter, I carefully developed methods to standardize the conditions 
used to assemble the GUVs and optimize the confocal tilescan methods used to characterize  
of populations of GUVs. These standardized methods provide for the first time a 
framework to allow fair comparisons on the properties of the different populations of 
GUVs obtained from different formation methods. I reproduce some of the images from 
Chapter 2 in Figure 70 to show the general overview of these confocal microscopy based 
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methods. The important procedures are standardized including the careful deposition of 10 
𝜇𝜇g of lipid over a 9.5 mm diameter area of the substrate, the hydration of the lipid in 100 
mM sucrose solution for 2 hours, the controlled harvesting of the GUVs from each 
substrate, the sedimentation of the GUVs for 3 hours to the bottom of an imaging chamber, 
the standard confocal tilescan imaging routine, and the selection of GUVs from other non-
GUV objects in the images using an automated image analysis code (refer to the materials 
and methods section for the complete standardized methods involved in production of the 
GUVs).  

 

Figure 70: Quantitative analysis of populations of GUVs. a Schematic of the buds 
resting on the surface. The schematic was based on an example of typical experimental 
images from the assembly on a glass slide (below). b Schematic showing the procedures 
used to measure the distribution of sizes and molar yields of GUVs. c Stitched confocal 
images from a single tilescan imaging experiment. The insets show progressive zoomed in 
views of a single tile and a region within the tile. d (Left) Montage showing an example of 
the objects selected by the image analysis code as GUVs (red). (Right) A histogram of the 
diameters of GUVs obtained from on tracing paper sample. The counts were normalized 
by the total mass of lipid deposited on the surface. Bin widths are 1 μm. Note the 
logarithmic scale on the y-axis. Scale bar: a 50 μm. Images were published4 and reproduced 
here with permission from the American Chemical Society. 
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4.2.2 Nanocellulose and tracing paper produce the highest counts of GUVs 

The typical appearance of an aliquot of the harvested populations of GUVs obtained 
following the standardized methods are shown in Figure 71. As detailed in Chapter 2, 
GUVs often appear in the images as a circular bright object with a single distinct ring at 
the edge and a dim interior. Some of the larger GUVs, which were not nearly as common 
in the previous filter paper samples characterized in Section 3, appear to have a less 
pronounced bright ring and instead a more diffuse halo at the edges. This appearance is 
expected due to their equatorial planes being further above the focal plane and is 
characterized extensively in Chapter 2. The images show a 200 𝜇𝜇m × 200 𝜇𝜇m area that is 
representative of the typical counts and sizes of the GUVs obtained from a 2 𝜇𝜇L aliquot of 
the harvested GUV solution obtained from each substrate. The flat substrates are placed in 
the top row and the substrates composed of nanoscale cylindrical fibers are placed in the 
bottom row. Compared to the hydrophilic surfaces, both the silanized glass and silanized 
tracing paper surfaces appear qualitatively to have significantly fewer and smaller GUVs. 
The glass surface appears to produce fewer and smaller GUVs in comparison to the 
electroformation, nanopaper and tracing paper samples, but appears similar to the 
regenerated cellulose surface. The electroformation surface appears to produce more GUVs 
than the other flat surfaces but fewer GUVs than the nanopaper and tracing paper surfaces. 
The GUVs obtained from the nanopaper and tracing paper surfaces appear overall similar 
in the images. 

 

Figure 71: Images of the GUVs harvested from each of the different substrates. 
Confocal images showing qualitatively the differences in the sizes and yields of vesicles 
obtained from a-d the flat substrates a silanized glass, b glass, c regenerated cellulose, and 
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d electroformation, and e-g the substrates composed of nanoscale cylindrical fibers e 
silanized glass, f nanopaper, and g tracing paper. Scale bar: a-g 50 𝜇𝜇m.  

  

To determine quantitatively the differences between the populations of GUVs 
obtained from each of the different substrates, I characterize the GUVs in the images using 
the automated image analysis routine developed in Chapter 2. For each of the 7 substrates, 
I obtain 5 replicate samples repeating the standard growth and characterization procedures 
exactly. Figure 72 shows histograms of the resulting distribution of sizes of the GUVs 
obtained from each of the substrates normalized by the amount of lipid initially deposited 
(10 𝜇𝜇g). Note the logarithmic scaling of the y-axis. The height of each bin represents the 
average number of counts obtained from the 5 replicate samples and the step size of the 
each bin is 1 𝜇𝜇𝜋𝜋 wide. The average total counts of the GUVs (N) for each substrate is 
shown inside each plot.  

For all of the surfaces, the size distributions appear similar with a single peak that 
occurs in the first bin at 1 𝜇𝜇m and then an extended right-tail where the counts decease as 
a function of increasing diameter. The extension of the tail varies significantly between the 
techniques with the shorter tails, which correlate to the amount of larger GUVs, apparent 
in the hydrophobic surfaces and the longer tails more apparent in the electroformation, 
nanopaper and tracing paper surfaces which produce a significant more number of GUVs 
greater than around 50 𝜇𝜇m than the other surfaces. However, overall smaller GUVs are 
clearly much more abundant than larger GUVs. 

 

Figure 72: Size distributions of GUVs obtained from the surfaces tested. a-g 
Normalized histograms of the diameters of the GUVs harvested from a silanized glass, b 
glass, c regenerated cellulose, d electroformation, e silanized tracing paper, f nanocellulose 
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paper, and g tracing paper. Each bin shows the average normalized counts from 5 replicate 
samples. The total number of GUVs per 𝜇𝜇g lipid (N) is added to each plot. Bin widths are 
1 µm. Note the logarithmic scale of the y axis. Images were published4 and reproduced 
here with permission from the American Chemical Society. 

Figure 73a shows a bar plot of the average counts of GUVs obtained from each 
surface. The flat surfaces are marked in red while the surfaces composed of nanoscale 
cylindrical fibers are marked in blue. The counts are split into three size classes that include 
small GUVs which have diameters (𝑑𝑑) from 1 ≤ 𝑑𝑑 < 10, large GUVs with diameters from 
10 ≤ 𝑑𝑑 < 50, and very large GUVs with diameters from 𝑑𝑑 ≥ 50. The error bars show one 
standard deviation of the mean. Of the flat substrates, the electrofomration surface clearly 
produces a higher number of counts of the larger GUVs while maintaining a similar number 
of counts of the smaller GUVs when compared to the regenerated cellulose and glass 
surfaces. The number of GUVs produced by the regenerated cellulose surface appears to 
increase slightly overall for all of the size ranges when compared to glass, and the glass 
only produces more GUVs than the hydrophobic silanized glass surface. The tracing paper 
and nanopaper surfaces appear to produce significantly more counts of all different size 
ranges of the GUVs when compared to the flat substrates. In addition, the tracing paper 
and nanopaper substrates do not appear to result in significant differences in the counts of 
the different size classes of GUVs. The counts of GUVs obtained from silanized tracing 
paper appear to be significantly lower than all of the other surfaces except the silanized 
glass. Figure 73b,c shows the average median diameter and the average extreme diameter, 
which I define as the average diameter of the largest 100 GUVs, for each of the surfaces. 
Overall the median diameters are all within 1 𝜇𝜇m of each other and appear slightly higher 
on the curved surfaces with the largest disparity ranging from 2.6 ± 0.5 𝜇𝜇m on glass to 3.4 
± 0.4 𝜇𝜇m on nanopaper. The extreme diameters, however, vary by a much more significant 
amount with the largest extreme diameters produced by the tracing paper and nanopaper 
surfaces at 65 ± 4 𝜇𝜇m and 64 ± 5 𝜇𝜇m respectively. After the hydrophobic surfaces which 
produce the smallest extreme diameters (both less than 25 𝜇𝜇m), the extreme diameters of 
the GUVs from glass were smallest at 30 ± 4 𝜇𝜇m. The regenerated cellulose and 
electroformation were both larger with extreme diameters at 42 ± 9 𝜇𝜇m and 55 ± 12 𝜇𝜇m 
respectively.  
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Figure 73: Counts and size statistics of GUVs obtained from the substrates tested. a 
Bar plots showing the average GUV counts normalized by the amount of lipid deposited. 
The bars colored in red show the flat surfaces which include electroformation (EF), 
regenerated cellulose (RC), glass (GS) and silanized glass (CH3 − GS). The bars colored 
in blue show the surfaces composed of nanoscale cylindrical fibers which include tracing 
paper (TP),  nanocellulose paper (NP) and silanized tracing paper (CH3 − TP). The bar 
plots are split different into diameter ranges that are indicated in the plots. b Scatter plot 
showing the median diameter of the populations of GUVs obtained from the surfaces. c 
Scatter plot showing the extreme diameters, which is the mean of the largest 100 GUVs in 
each distribution. Error bars are standard deviations of the mean obtained from the 5 
replicate samples for all of the plots. Images were published4 and reproduced here with 
permission from the American Chemical Society. 
 
 
4.2.3 Nanocellulose paper and tracing paper produce highest molar yields of GUVs 

To evaluate the differences in the GUV yields, I calculate the average molar yield 
obtained for each substrate. As detailed in Section 1, the molar yield is the ratio between 
the mols of lipid within the GUVs over the mols of lipid initially deposited. I then 
determine the statistical significance of the differences between the molar yields from these 
experiments following the methods detailed in Section 1. The results of the average molar 
yield calculations obtained from each substrate are shown in the stacked bar plot in Figure 
74a. The bars colored in red indicate the flat surfaces and the bars colored in blue indicate 
the surfaces composed of nanoscale cylindrical fibers. Each bar is split into three size 
classes which include small GUVs which have diameters (𝑑𝑑) from 1 ≤ 𝑑𝑑 < 10, large 
GUVs with diameters from 10 ≤ 𝑑𝑑 < 50, and very large GUVs with diameters from 𝑑𝑑 ≥
50. The error bars show one standard deviation from the mean. I also show the statistical 
significance between the molar yields determined from a one-way analysis of variance 
(ANOVA) test and a post-hoc test using Tukey’s honestly significant difference criteria 
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(HSD). I show the results of the Anderson Darling and Bartlett’s test used to confirm the 
samples meet the underlying assumptions required to use the ANOVA in Table 7 and the 
show results of the ANOVA and post-hoc test in Table 8.  

 The average molar yields of GUVs obtained from the tracing paper and nanopaper 
samples were highest at 31 ± 4 % and 31 ± 3 % respectively and were not significantly 
different from each other (𝑝𝑝 = 0.99,𝑁𝑁𝐻𝐻). The molar yields of GUVs obtained from the 
electroformation, regenerated cellulose, and glass surfaces were 22 ± 2 %, 19 ± 2 % , and 
16 ± 1 %  respectively. This decrease in molar yield compared to the tracing paper and 
nanopaper surfaces was statistically significant for all three samples (all 𝑝𝑝 < 0.001, ∗∗∗). 
The difference between the molar yield of the electroformation and the glass surface was 
also statistically significant (𝑝𝑝 = 0.005, ∗∗), while the difference between the molar yield 
of the regenerated cellulose and glass surface was not statistically significant 
(𝑝𝑝 = 0.383, 𝑁𝑁𝐻𝐻). The silanized tracing paper and silanized glass samples produced the 
lowest molar yields at 8 ± 2 % and 1 ± 0.4 % and were both significantly different when 
compared to their respective hydrophilic substrates (both 𝑝𝑝 < 0.001, ∗∗∗). Overall these 
results are also all in agreement with the trends expected from the qualitative images as 
well as the size histogram data on the counts and size statistics.  

The results of the molar yield data reveal the effects of several different properties 
of these substrates that were systematically selected including i) the differences in 
manufacturing of the tracing paper and nanocellulose paper do not have a significant effect 
on the yields of GUVs, ii) the substrates composed of nanoscale cylindrical fibers produce 
significantly higher yields of GUVs in comparison to the flat substrates, iii) the application 
of an electric field during hydration does significantly increase the yields of GUVs, iv) the 
increased permeability of water at a surface does not lead to a significant increase in yields 
of GUVs, and v) lastly the hydrophobic modification of a surface results in a significant 
loss in the yields of GUVs.  

The correspondence between the percentage of the molar yield occupied by the 
large GUVs versus the total molar yield is also shown in Figure 74b. The x and y error bars 
at each point show the standard deviation from the mean from the 5 replicate samples. The 
orange dashed line shows the point where half of the total lipid contained in GUVs (molar 
yield) is from GUVs greater than 10 𝜇𝜇m in diameter. The substrates with the highest yields, 
electroformation, tracing paper, and nanopaper are the only substrates where more than 
half of the molar is from GUVs larger than 10 𝜇𝜇m.  
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Figure 74: Molar yields of GUVs obtained from the substrates tested. a Stacked bar 
plots showing the molar yields of the GUVs obtained from the flat substrates (red) which 
include the electroformation (EF), regenerated cellulose (RC), glass (GS) and silanized 
glass (CH3 − GS) surfaces, and substrates composed of nanoscale cylindrical fibers (blue) 
which include the tracing paper (TP), nanopaper (NP) and silanized tracing paper (CH3 −
TP) surfaces. Each bar shows the average molar yield from 5 replicate samples and is split 
into the three size categories described in the legend. The error bars show one standard 
deviation from the mean of the smallest size category (bottom) and the two largest size 
categories (top). The statistical significance between the molar yields determined from a 
one-way ANOVA and Tukey’s HSD posthoc test is shown where the significance is given 
by * = p < 0.05, ** = p < 0.01, *** = p < 0.001, and NS = not significant. b Scatter plot 
showing the molar yield of the GUVs larger than 10 𝜇𝜇m versus the total molar yield. The 
orange dashed line corresponds to half of the molar yield coming from GUVs larger than 
10 𝜇𝜇m. The x and y error bars show one standard deviation from the mean. Images were 
published4 and reproduced here with permission from the American Chemical Society. 

 

 Value Electro. Regen. 
Cellulose Glass Silanized 

Glass 
Tracing 
Paper 

Nano-
paper 

Silan. 
Tracing 
Paper 

Anderson 
Darling p 0.5241 0.3831 0.847 0.4885 0.5251 0.3119 0.3739 

Bartlett's 
Test p 0.3462 

Table 7: Satisfying ANOVA assumptions. Results of the Anderson-Darling and Bartlett 
tests confirming the populations have enough experimental variation to accurately perform 
a one-way ANOVA. NS not significant, * p < 0.05, ** p < 0.01 *** p < 0.001. Table was 
published4 and reproduced here with permission from the American Chemical Society. 



143 
 

 

 

 

Group 1 Group 2 p-value Significance Comments 

Glass Electro-
formation 0.00542 ** Effect of electric field 

significant  

Glass Regenerated 
Cellulose 0.383 NS Effect of permeability not 

significant  

Glass Nanopaper 5.28E-08 *** Effect of curvature 
significant 

Glass Tracing Paper 4.31E-08 *** Effect of curvature 
significant 

Glass Silanized 
Glass 6.23E-08 *** Effect of hydrophilicity 

significant 

Glass Silanized TP 0.00304 ** Effect of hydrophilicity 
significant 

Electro-
formation Nanopaper 5. 22E-04 *** Effect of curvature 

significant 
Electro-

formation Tracing Paper 1.72E-04 *** Effect of curvature 
significant 

Electro-
formation 

Regenerated 
Cellulose 0.439 NS Effect of electric field not 

significant  
Electro-

formation 
Silanized 

Glass 3.71E-08 *** Effect of hydrophilicity 
significant  

Electro-
formation Silanized TP 1.14E-07 *** Effect of hydrophilicity 

significant 

Tracing Paper Nanopaper 0.999 NS 
Effect of manufacturing 

paper not significant 

Tracing Paper 
Regenerated 

Cellulose 9.63E-07 *** 
Effect of curvature 

significant 

Tracing Paper  
Silanized 

Glass 3.71E-08 *** 
Effect of curvature 

significant 

Tracing Paper Silanized TP 3.71E-08 *** 
Effect of hydrophilicity 

significant 

Source SS df MS F Prob > F, 
(p-value) 

Columns 3725.24 6 620.873 90.53 5.0591E-17 
Error 192.04 28 6.858 

  

Total 3917.27 34 
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Nanopaper 
Regenerated 

Cellulose 2.71E-06 *** 
Effect of curvature 

significant 

Nanopaper 
Silanized 

Glass 3.71E-08 *** 
Effect of curvature 

significant 

Nanopaper Silanzied TP 3.71E-08 *** 
Effect of hydrophilicity 

significant 
Regenerated 

Cellulose 
Silanized 

Glass 3.73E-08 *** Effect of hydrophilicity 
significant 

Regenerated 
Cellulose Silanized TP 1.18E-05 *** 

Effect of hydrophilicity 
significant 

Silanized TP 
Silanized 

Glass 0.00162 ** 
Effect of curvature 

significant 
Table 8: Statistical significance of differences between molar yields of substrates. 
ANOVA table and table of p-values from post hoc Tukey’s HSD tests of the  molar yields 
of GUVs obtained from the glass, regenerated cellulose, nanopaper, tracing paper, silanized 
glass, silanized tracing paper and electroformation surfaces. Tables were published4 and 
reproduced here with permission from the American Chemical Society. 

 

4.3 Insights from the substrate molar yield data  

4.3.1 Practical advantages of using tracing paper to assemble GUVs  

The quantitative data obtained on the populations of GUVs from the different substrates 
allows for a more practical consideration of parameters such as cost or technical difficulty. 
Table 9 shows the lowest online prices in US dollars of the glass, ITO-glass, regenerated 
cellulose, and tracing paper substrates across the largest suppliers of scientific materials. 
Following the protocols described in the methods section, I normalized the substrate costs 
by the area. I use the size distributions to obtain the GUV counts and calculate the cost per 
GUV produced from each substrate. The average costs per GUV as a function of the GUV 
diameter are shown in Figure 75. Note the logarithmic scaling of the y-axis. The shaded 
regions around the points show one standard deviation from the mean (N = 5). The 
differences between the distributions are large with the costs associated with obtaining 
GUVs using tracing paper (blue circles) falling significantly lower than all of the other 
substrates. The tracing paper also provides a larger range in the sizes of the GUVs that are 
accessible compared to the other substrates ranging from 1 𝜇𝜇m up to around 150 𝜇𝜇m in 
diameter. The electroformation samples also regularly produce GUVs up to around 110 
𝜇𝜇m, but the difference in substrate cost is large where obtaining a single 100 𝜇𝜇m GUV 
using electroformation costs around0.16 USD while using tracing paper it costs around 
1.3 × 10−6 USD. The differences between the substrate costs can also be appreciated at 
the lower sizes considering a scalable example of producing 1L of red blood cell-sized 
GUVs as potential compartments for substitutes for blood, an area of research currently of 
unsolved91,92. Since the equivalent mean spherical diameter of the biconcave cells is around 
5.6 𝜇𝜇m93, I consider the GUVs with sizes between 5.0 𝜇𝜇m and 5.9 𝜇𝜇m for each of the  
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Substrate Cost 
(USD) Unit of measure Cost (USD) 

per mm2 Source of cost 

Glass Slide 733.61 1440 glass slides, 
25 mm × 75 mm 2.72E-04 Fischer 

Scientific 

ITO-slide 144 10 slides, 25 mm × 
25 mm 2.30E-02 Sigma Aldrich 

Regenerated 
Cellulose 224.5 1 roll, 30,000 mm 

× 90 mm 
8.31E-05 

 
Fischer 

Scientific 

Tracing paper 26.93 500 sheets, 228.6 
mm × 304.8 mm 7.73E-7 Amazon 

Table 9: Material costs of the substrates used to assemble GUVs. The costs (USD) per 
area (𝜋𝜋𝜋𝜋2) were calculated using the lowest price available online across different large 
scientific supply companies. Table published4 and reproduced here with permission from 
the American Chemical Society. 

 
Figure 75: Comparison of substrate costs. Plots showing the substrate costs in USD 
associated with obtaining GUVs of different sizes. The cost is normalized as USD per 
vesicle in each size bin. Each bin is 1 𝜇𝜇m wide and shows the average cost from 5 samples. 
The shaded regions show one standard deviation from the mean. The red colors show the 
costs associated with the flat substrates and the blue colors show the costs associated with 
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the substrates with nanoscale cylindrical fibers. The legend shows the symbol and color 
correspondence to the different substrates.  

 

substrates in the distributions. At a typical red blood cell concentration93 of around 
million USD for electroformation, 230,000 USD for the glass surfaces, 43,000 USD for 
the regenerated cellulose, and 270 USD for the tracing paper. Compared to previous 
formation methods, the tracing paper significantly lowers the substrate cost barrier 
associated with scaling up the production of GUVs. 

 Another practical advantage offered by the tracing paper substrate is the ease with 
which cellulose materials can be adapted for scale-up applications. Similar to the 
reusability experiments conducted on cotton fabric in Section 3, I test the ability of tracing 
paper to assemble multiple populations of GUVs. Due to the increased mechanical 
resilience of nanocellulose substrates94,95 and the similarities I show in the properties 
between the tracing paper and nanocellulose papers, I expect the tracing paper to be able 
to be sustain the washing cycles required to be reused for GUV formation. Following the 
protocols detailed in the methods section, I hydrate, wash, and then reuse the same piece 
of tracing paper for five experiments. Figure 76a-d shows the appearance of the populations 
of GUVs as well as the appearance of the tracing paper at the surface after one cycle and 
after five cycles. Qualitatively the populations appear similar with no large differences in 
the counts or sizes of the GUVs. Additionally, the tracing paper surface appears unchanged 
after 5 cycles. Figure 76e shows quantitatively the molar yield of GUVs obtained from 
each of the cycles. The variation between the samples is small overall and the molar yield 
does not change significantly with cycle, confirming the tracing paper can be reused for 
multiple growth cycles.  

Along with recyclability, paper can be easily manipulated in ways that make scale-
up more straightforward. To demonstrate as a proof of concept, I adapt the typical 
procedures that use a small 9.5 mm diameter circular area of tracing paper and a 48-well 
plate to assemble GUVs for an around 800× scaled experiment. To scale the experiment, I 
use a whole sheet of tracing paper which has size dimensions of 12 inches × 8 inches (305 
mm × 203 mm). Following the procedures in methods section, I deposit the lipids evenly 
across the surface of the whole sheet using a commercial air-brush that is suitable for 
spaying volatile solvents. I then hydrate the entire paper in  a baking tray with size 
dimensions of 13 inches × 9 inches (330 mm × 229 mm). After 2 hours of growth, I harvest 
solution of GUVs and store the GUVs in a centrifuge tube. Figure 77 shows stacked bar 
plots of the average molar yields obtained from 3 replicate 48-well plate sized experiments 
and 3 replicate whole sheet sized experiments. Note the logarithmic scaling of the y-axis 
which compresses the stacks within the bars. I find that compared to the 48-well plate the  
yields obtained from the whole sheet increase by more than two orders of magnitude by a 
factor of around 600 times, measured as the total mols of lipid harvested as GUVs.  
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Figure 76: Characterization of the GUV populations obtained from the reused tracing 
paper surface. a,b Confocal images of the harvested GUVs obtained from tracing paper 
after a the first cycle and b the fifth cycle. c,d SEM images showing the surface structure 
of the tracing paper remains unchanged after c the first growth cycle and after d the fifth 
growth cycle. e Stacked bar plot showing the yields of GUVs obtained from each of the 
five cycles. The legend marks the color correspondence of the molar yield from GUVs 
from each size classification. Scale bars: a,b 50 µm, c,d 50 𝜇𝜇m.  Images were published4 
and reproduced here with permission from the American Chemical Society. 

 
Figure 77: Scale-up of yields from tracing paper. Stacked bar plots showing the mols of 
lipids obtained from a small piece of tracing paper in a 48-well plate and an entire sheet of 



148 
 

tracing paper. Note the logarithmic scaling of the y-axis. The legend marks the color 
correspondence of the molar yield of GUVs from each size classification. Images were 
published4 and reproduced here with permission from the American Chemical Society. 

  

4.3.2 GUV buds are attached through membrane connections on the surfaces  

Current proposed models that describe the GUV formation mechanism21,96–99, do not 
explain the new molar yield data I obtain from the different substrates. Thus, the 
quantitative data that I collected was used to build and test the budding and merging 
thermodynamic model which was published in ACS AMI4. To start to develop a model 
that could be used to inform experiments and rationalize the results from the molar yield 
data, the morphology of the lipid film on the surfaces was examined. Figure 78a,b shows 
a schematic of two possible configurations of the GUV buds on the surface and the two 
possible scenarios that could result from each configuration after a fluorescence recovery 
after photobleaching100 (FRAP) experiment. FRAP experiments to bleach the all of the  

 

Figure 78: GUV buds on the surface are connected. a,b Schematic illustrating the 
expected results of a FRAP experiment where a the fluorescence of vesicles remains 
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bleached over time (black) and b the fluorescence of buds recovers over time (green). 
Confocal images from FRAP experiments where c harvested GUVs are imaged after 
photobleaching and d budding GUVs on the surface of tracing paper are imaged after 
photobleaching. The white dashed regions show the regions where the average mean 
intensities were calculated (right) corresponding to each experiment. The scatter plots are 
normalized to the initial intensity from the image at 𝑡𝑡 = -1s. Scale bar: c,d 10 𝜇𝜇m. Images 
were published4 and reproduced here with permission from the American Chemical 
Society. 

 

fluorescence dye within multiple vesicles on the surface and observe the recovery of the 
fluorescence over time were conducted. If the vesicles are closely packed together but do 
not share any membrane connections with each other the vesicles will remain bleached and 
there will be no recovery of the fluorescence signal over time. However, if the membranes 
of the vesicles are connected to each other on the surface, diffusive lipid exchange occurs 
between the vesicles and lipids that were not bleached diffuse into the region that was 
bleached. If the second scenario occurs, an increase in the fluorescence signal over time is 
observed and confirms that the vesicles do share membrane connections with each other. 
Figure 78c shows a control experiment of performing FRAP on the GUVs after harvesting 
from tracing paper. The first panel on the left shows the appearance of the GUVs before 
bleaching with the region where the bleach was made outlined in white dashed circle. The 
second panel shows the appearance of the GUVs directly after bleaching and the third panel 
shows the appearance of the GUVs 250 s after bleaching. The GUVs do not appear to 
recover their fluorescence over time. The fourth panel shows normalized fluorescence 
intensity within the white dashed circle region over time confirming that the fluorescence 
of the GUVs does not recover with time. Figure 78d shows the FRAP experiment of the 
buds on the surface of the tracing paper after hydration. The fluorescence of the buds on 
the surface is bleached and then recovers with time confirming that the buds were indeed 
still connected to each other through membrane connections on the surface before being 
harvested. 

4.3.3 Assembly of GUV buds occurs through energetically favorable merging  

From observations of the buds after hydration on the surfaces, one dynamical phenomena 
that can be commonly observed is the apparent merging of GUV buds together. This bud 
merging process has also been described by others32,101. Merging is distinct from another 
dynamical phenomena, vesicle fusion, which assumes the vesicle membranes are initially 
fully sealed before fusing together to form one bud102–105. Figure 79 shows as a control that 
even in tightly packed groups of the GUVs harvested from tracing paper fusion does not 
occur. This result is expected since forming an opening in the membrane in an aqueous 
environment costs a significant amount of energy106. In the merging process the buds are 
not fully sealed and are free to move laterally along the lipid membrane which is a 
configuration that is in agreement with the FRAP experiments. 
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Figure 79: Appearance of harvested GUVs remains constant over course of 1 hour. 
Confocal images from time lapse experiments of the harvested GUVs resting on the surface 
of the glass over the course of 60 minutes. Scale bar: a-c 10 𝜇𝜇m. Images were published4 
and reproduced here with permission from the American Chemical Society. 

 

Figure 80 shows the dynamics of 7 GUV buds on the tracing paper surface merging 
together over the course of the first 500 s of hydration. At the first time frame, 242 s, all 7 
buds are marked with numbers, and the location of the buds that will merge together 
between the next time frame are marked with white arrows. At the second time frame, 284 
s, bud 1 and bud 2 merge together forming the larger GUV bud that now occupies the area 
where both buds occupied previously. This is also the case for bud 3 and bud 4 which 
merge together as well.. In the third time frame, 372 s, buds 6 and buds 7 appear to have 
merged together, and in the fourth time frame at 463 s, the new bud that was at the first 
time point buds 3 and 4 now merge together with bud 5. In the fifth time frame at 472 s, 
only 2 of the 7 buds remain, and in the final point at 501 s all 7 buds appear to have merged 
together into a single bud.    

The data can be understood by using principles from membrane thermodynamics 
and by considering the lipid membrane as an elastic sheet that has some preferred 
equilibrium state107,108. Any deviation from a preferred equilibrium state requires an input 
of energy107. This process can be thought of as analogous to a spring which also has some 
preferred equilibrium position where if energy is added through pulling and then releasing, 
the spring will spring back into its preferred equilibrium position. In the case of the bilayer 
forming lipid membranes, the membranes are expected to prefer flat configurations at 
equilibrium107. Thus, with the prior knowledge from observations that the initial state of 
the lipid membrane after hydration is to have many buds on the surface that are merging 
together, the system is not at an equilibrium state. To describe the energy cost associated 
to each bud, a membrane bending modulus, 𝜅𝜅𝑏𝑏 (analogous to a spring constant), is used to 
describe the amount of energy it costs to pull the membrane away from equilibrium. This  
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Figure 80: Merging of buds on the surface of tracing paper. a Confocal time lapse 
images showing the merging of the 7 number buds marked in the top left image over time. 
The white arrows indicate the buds that merge before the next image. b Schematic showing 
the energy cost to wrap the membrane into two spherical buds (left), through diffusion and 
a minimization of the free energy of the system merging for the buds is favorable (middle) 
resulting in a single larger bud (right). Scale bar: a 10 𝜇𝜇m. Images were published4 and 
reproduced here with permission from the American Chemical Society. 

 

elastic energy due to the curvature of the lipid film can be described using the membrane 
curvature equation in Equation 18109 

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = � 𝑑𝑑𝐻𝐻 �
𝜅𝜅𝑏𝑏
2

(2𝐻𝐻 − 𝐻𝐻0)2 + 𝜅𝜅𝐺𝐺𝐺𝐺 + 𝜅𝜅𝑎𝑎�
𝑆𝑆

 (18) 

where 𝜅𝜅𝑏𝑏 is the bending modulus, 𝜅𝜅𝐺𝐺  is the Gaussian bending modulus, 𝐻𝐻 = 1
2

(𝜅𝜅1 + 𝜅𝜅2) 
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is the mean curvature of the membrane, where 𝜅𝜅1 and 𝜅𝜅2 are the principle curvatures on 
the surface, 𝐺𝐺 =  𝜅𝜅1𝜅𝜅2 is the Gaussian curvature, 𝐻𝐻0 is the spontaneous curvature, and 𝜅𝜅𝑎𝑎 
is the area expansion modulus. For the GUV buds where bending an initially flat membrane 
(𝐻𝐻0 = 0) into a sphere results in equal radii along both principle axes and a Gaussian 
curvature of zero110 (𝐺𝐺 = 0), Equation 18 can be simplified to Equation 19: 

𝐸𝐸𝑐𝑐𝑐𝑐𝐺𝐺𝑖𝑖𝑐𝑐𝑎𝑎𝑐𝑐 = 8𝜋𝜋𝜅𝜅𝑏𝑏  (19) 
 

Since the energy stored in a vesicle bud is independent of the radius of the vesicle, the 
number of buds that are present at the surface is directly related to the global energy cost 
of the system, or in other words when a higher number of buds are present the energy in 
the system is also higher. Thus, merging of the buds together into fewer total buds would 
result in the relaxation of the total energy of the system and would be energetically 
favorable (Figure 80b).  

 

4.3.4 Emergence of nanobuds is energetically favorable on substrates composed of 
nanoscale cylindrical fibers   

Considering only the membrane thermodynamics discussed in Section 4.3.3, it would be 
expected that all of the GUV buds, if given enough time, would eventually merge together 
and form one single supergiant GUV to minimize the curvature energy4. However, from 
observations of the buds at the surface over longer incubation times (discussed in detail in 
Section 5), it appears the GUV buds become kinetically trapped and the dynamics at the 
surface slow considerably likely due to an unknown dissipative mechanism4. Assuming 
that the dissipative mechanism acts universally across all of the substrates, the only 
parameter that could cause the differences in the molar yields of GUVs observed in 
experiments is the number of buds that initially emerge from the surface4.  

Since the molar yields were significantly higher from surfaces composed of 
nanoscale cylindrical fibers compared to flat surfaces (Figure 74a), the model to describe 
the bud emergence first includes the effects of curvature4. Along with substrate geometry, 
a term that allows for the adjustment of the surface chemistry due to rendering the surfaces 
hydrophobic is also included4. Finally, although there are no osmotic gradients in the 
experiments conducted in this section, since the effect of osmotic pressure on budding of 
lipid membranes is well documented104,106,106,111–113, a term for the osmotic pressure 
difference is also included4. In total, the energy of a vesiculating membrane supported by 
a surface can be modeled using Equation 204 

𝐸𝐸1 = � 𝑑𝑑𝐻𝐻 �
𝜅𝜅𝑏𝑏
2

(2𝐻𝐻 − 𝐻𝐻0)2 + 𝜅𝜅𝐺𝐺𝐺𝐺 + 𝜅𝜅𝑎𝑎�
𝑆𝑆

+ � 𝑑𝑑𝐻𝐻[𝜉𝜉(ℎ)] + � 𝑑𝑑𝑉𝑉∆𝑝𝑝 
𝐺𝐺

 
𝑆𝑆

 (20) 

where the first term is related to the curvature of the surface and is the same as Equation 
19. The second term is related to the surface chemistry of the surface where 𝜉𝜉(ℎ) is the 
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microscopic interaction potential normal to the surface and includes the effects from the 
intermolecular forces, electrostatic forces, van der Waals forces and structural forces114. 
Lastly, the third term is related to the osmotic pressure where ∆𝑝𝑝 is the osmotic pressure 
gradient. The terms are integrated over either 𝐻𝐻 the surface of the membrane or 𝑉𝑉 the 
volume that the membrane encloses. 

For the flat surfaces, the first term in Equation 20 is set equal to 0 since the 
membrane is considered in its preferred equilibrium state. For the nanocellulose and tracing 
paper surfaces, the energy associated with wrapping an elastic sheet around a cylindrical 
fiber is given by Equation 214 

𝐸𝐸𝑐𝑐𝑐𝑐𝑎𝑎𝑖𝑖𝑛𝑛𝑑𝑑𝑐𝑐𝑐𝑐 =
𝜋𝜋𝜅𝜅𝑏𝑏𝜇𝜇𝑐𝑐
𝑅𝑅𝑐𝑐

 (21) 

 
where 𝜇𝜇𝑐𝑐 is the length of the cylindrical fiber and 𝑅𝑅𝑐𝑐 is the radii of the cylindrical fiber. For 
the second term in Equation 20, the membrane interaction potential 𝜉𝜉(ℎ) is simplified 
following work by Helfrich109,115 and considers only the adhesion potential between the 
lipid bilayer and the surface. For the adhesion potential a value of −1 × 10−5 𝐽𝐽 𝜋𝜋−2 for 
each of the surfaces, which is reported for phosphocholine lipid bilayers is in aqueous 
solutions116,117, is typically used, and the osmotic pressure gradient is set equal to 0 for each 
of the surfaces.  
 The change in energy caused by lifting a spherical bud from the surface is the 
difference between curvature energy cost of the a spherical bud and the energy cost of the 
lipid remaining on the surface and can be given by Equation 224:   
 

∆𝐸𝐸 = 𝐸𝐸2 − 𝐸𝐸1 = � 𝑑𝑑𝐻𝐻(2𝜅𝜅𝑏𝑏𝐻𝐻2)
𝑆𝑆2

− � 𝑑𝑑𝐻𝐻(2𝜅𝜅𝑏𝑏𝐻𝐻2) −� 𝑑𝑑𝐻𝐻(𝜉𝜉)
𝑆𝑆1

+ � 𝑑𝑑𝑑𝑑(𝜆𝜆)
𝐶𝐶1

 
𝑆𝑆1

 (22) 

 
The first three terms are for curvature of the spherical bud, curvature of surface, and the 
adhesion energy respectively. The additional fourth term adds a constraint that if there is 
no source of lipid for the membrane to draw from, for a section of a membrane to transition 
into a bud it must form breaks which have edges that cost energy (𝜆𝜆)4.  
 To show the budding energies associated for the possible surfaces and scenarios 
plots of the change in energy calculated from the model were collected. The plots are 
normalized relative to the thermal energy scale, 𝑘𝑘𝐵𝐵𝑇𝑇 and are plotted on a logarithmic scale 
on both the x and y axes. First the change in energy from lifting a spherical bud with radius 
𝑅𝑅𝐵𝐵 from a flat membrane disk with a radius 𝑅𝑅𝑑𝑑 is reproduced from published work4. Note 
that following geometric constraints the radii are related by 𝑅𝑅𝐵𝐵 = 𝑅𝑅𝑑𝑑

2
. Solving Equation 22 

for this scenario results in Equation 234 
 

∆𝐸𝐸𝑅𝑅𝐵𝐵,𝑑𝑑 = 8𝜋𝜋𝜅𝜅𝐵𝐵 − 𝜋𝜋𝑅𝑅𝑑𝑑2𝜉𝜉 (23) 
 
 which only depends on the curvature energy of the bud and the adhesion energy. Plugging 
in the values of five different adhesion energies 𝜉𝜉 = 0,−1 × 10−7,−1 × 10−6,−1 ×
10−5, and −1 × 10−4, and solving for various bud sizes ranging from 10−8 m and 10−5 m 
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using Matlab, the curves in Figure 81a4 can be reproduced. The adhesion energy used for 
each curve from is marked by color (lowest is brightest, and highest is darkest). 
Considering the curves, regardless of bud size and adhesion energy the model predicts that 
the formation of buds is positive above 100𝑘𝑘𝑏𝑏𝑇𝑇 and thus not favorable. The change in 
energy from lifting a spherical bud from a flat membrane disk with an additional 2𝜋𝜋𝑅𝑅𝑑𝑑𝜆𝜆 
term added to consider the scenario without a lipid source where 𝜆𝜆 is the edge energy is 
reproduced in Figure 81b4. Similar to the first scenario, regardless of bud size or adhesion 
energy the model predicts that the formation of buds is positive (around or above 1000𝑘𝑘𝑏𝑏𝑇𝑇) 
and is not favorable.  

Isolines where the change in energy due to lifting a spherical bud from a cylindrical 
section of the membrane is zero, ∆𝐸𝐸𝑅𝑅𝐵𝐵,𝑐𝑐 = 0, and where the lipid is drawn from a source 
are reproduced in Figure 81c4. The isolines are plotted as a function of the length of the 
cylindrical fiber (𝜇𝜇𝑐𝑐) versus the radius of the cylindrical fiber (𝑅𝑅𝑐𝑐).  In this case the 

geometric constraints for the radii are related by 𝑅𝑅𝐵𝐵 = �𝑅𝑅𝑐𝑐𝐿𝐿𝑐𝑐
2

. Resolving Equation 22 for 

this scenario results in Equation 244 
 

∆𝐸𝐸𝑅𝑅𝐵𝐵,𝑐𝑐 = 𝜋𝜋𝜅𝜅𝐵𝐵 �8 −
𝜇𝜇𝑐𝑐
𝑅𝑅𝑐𝑐
� − 2𝜋𝜋𝑅𝑅𝑐𝑐𝜇𝜇𝑐𝑐𝜉𝜉 + 4𝜋𝜋𝑅𝑅𝑐𝑐𝜆𝜆 (24) 

 
where the first term balances the curvature energy cost of i) a spherical bud and ii) a 
cylindrical nanofiber, the second term considers the energy cost of the adhesion to a 
cylindrical nanofiber, and iii) considers the energy cost if the system were to form breaks 
in the membrane. Considering Equation 24, a negative first term relates to a higher energy 
cost of wrapping the membrane around a cylindrical fiber than the energy cost for forming 
a bud4. As the fiber becomes longer in length and smaller in radii, or more specifically 
when 𝐿𝐿𝑐𝑐

𝑅𝑅𝑐𝑐
≥ 8, the first term becomes negative and the formation of buds from the surface 

becomes more favorable4. Looking at the isolines for the different adhesion values, any 
regions above (higher 𝜇𝜇𝑐𝑐) and to the left (lower 𝑅𝑅𝑐𝑐) of the isolines indicate the regions 
where the energy for the formation of a spherical bud is negative and is favorable4. Using 
the dimensions of typical nanocellulose fibers63,74,118,119 which have a radius of around 12 
nm (and a length of around 2000 nm), the radius of the outer membrane (𝑅𝑅𝑐𝑐) should be 
around 20 nm. Interestingly, comparing the dimensions of 𝑅𝑅𝑐𝑐 = 20 nm and 𝜇𝜇𝑐𝑐 = 2000 nm 
to the isolines, the formation of buds is favorable for all adhesion energies except the 
highest value at 1 × 10−4 𝐽𝐽 𝜋𝜋−2. Considering the scenario where the lipid membrane 
forms edges and using the same cylindrical membrane dimensions as previously the 
formation of buds is again favorable for all adhesion energies except the highest value 
(Figure 81d)4. Lastly, since the adhesion potential for membranes on hydrophobic surfaces 
can be as high as −1 × 10−1 𝐽𝐽 𝜋𝜋−2 due to the formation of depleted membranes120, the 
plots also show that the formation of buds would be unfavorable on the hydrophobic 
rendered tracing paper surfaces4.   
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Figure 81: Change in energy associated with forming a spherical bud on the 
substrates. The schematics above each plot show the scenario being modeled where if a 
lipid source is involved it is marked, the surface area that transitions into a bud is marked 
in black dashed lines and labeled, and the configuration of the membrane on the surface is 
illustrated. a,b Plots showing the change in energy associated with forming a spherical bud 
(𝑅𝑅𝐵𝐵) from a a flat surface with a lipid source and b a flat surface without a lipid source. c,d 
Plots showing the isoenergy lines where the change in energy for forming a spherical bud 
from a cylindrical fiber is zero. The plots are shown in 𝑅𝑅𝑐𝑐 and 𝜇𝜇𝑐𝑐 phase space where the 
magnitude and sign of ∆𝐸𝐸𝑅𝑅𝑏𝑏,𝑑𝑑 can be calculated using Equation 24. The colors of the lines 
mark the adhesion energies, 𝜉𝜉, used to obtain each plot. The energies are shown relative to 
the thermal energy scale 𝑘𝑘𝑏𝑏𝑇𝑇. Note the logarithmic scaling of both the x and y axis. Images 
were published4 and reproduced here with permission from the American Chemical 
Society. 
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Parameter Description Magnitude Source 

𝜅𝜅𝑎𝑎 Area expansion 
modulus 80 − 200 × 10−3 J m−2 114 

𝜉𝜉 Adhesion energy −1 ×  10−1 − 
−5 ×  10−9 J m−2 

114,117,121 

𝜆𝜆 Membrane edge 
energy 1 × 10−11 J m−1 114 

𝜅𝜅𝑏𝑏 Bending modulus 8.22 to 82.2 × 10−20 J 114 

𝜅𝜅𝐺𝐺 Gaussian bending 
modulus −0.9𝜅𝜅𝐵𝐵 to− 1.0𝜅𝜅𝐵𝐵 110 

Table 10: Parameters for budding and merging model. Values for the physical 
parameters of phosphocholine membranes reported in the literature. Table was published4 
and reproduced here with permission from the American Chemical Society. 

 

 Other factors such as the process of hydration could introduce external energy into 
the system and might explain the assembly of GUVs on the flat glass and regenerated 
cellulose surfaces97. Assuming the external factors involved in the formation of buds on 
glass is constant between the other techniques, the budding and merging model provides a 
basis to explain the differences in molar yields observed from the substrates tested in this 
section that could not be explained otherwise. Figure 82 shows an overview of the budding 
and merging model on tracing paper. The idealized dimensions and configuration of the 
nanocellulose fibers with a length, 𝜇𝜇𝑓𝑓,  and a radius, 𝑅𝑅𝑓𝑓 are shown on the left. Once 
hydrated, the lipid film wraps around the cylindrical fiber resulting in a membrane radius 
of 𝑅𝑅𝑐𝑐. Due to the curvature energy stored in the wrapped cylindrical membrane, the 
formation of a spherical nanobud at every critical length 𝜇𝜇𝑐𝑐 is favorable. The size of the 
nanobud is directly related to the critical length that results in a free energy change equal 
to 0. Once formed, the buds begin to merge together to lower the total global curvature 
energy of the system. The nanobuds merge together and form the micrometer-scaled GUV 
buds that are observable and more abundant on the tracing paper surface. One advantage 
of the model is that an exact size range per area of lipid membrane can be correlated to a 
the initial size of the nanobud before merging. Since the amount of lipid membrane on the 
surface is controlled and the movement of the buds is expected to be diffusion-limited, this 
framework provided by the budding and merging model opens avenues for understanding 
the evolution of the buds on the surfaces through different approaches such as through 
simulations that allow for the testing of parameters like fiber dimensions. These new 
avenues could contribute to further insights on the continuing understanding of the 
mechanism of the surface-assisted formation of GUVs.  
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Figure 82: Overview of budding and merging model. Schematic showing the concept 
of a budding and  merging framework that results in the assembly of GUVs from 
nanocellulose fibers. Illustrations of the lipid membranes on the surface at the micrometer 
scale is shown on the top with a magnified illustration (red lines) shown coming down. a 
Lipid membranes coat cylindrical nanocellulose fibers with dimensions of lengths 𝜇𝜇𝑓𝑓 and 
radii of 𝑅𝑅𝑓𝑓. When the lipid membrane dimensions are equal to 𝑅𝑅𝑐𝑐 and 𝜇𝜇𝑐𝑐 the energy cost 
to form a spherical bud falls to zero. b Buds with a radii 𝑅𝑅𝑏𝑏 are expected to emerge from 
the fibers. Once merged the buds are free to diffuse and can minimize the global curvature 
energy through merging resulting in c micrometer-scaled GUV buds that are observed on 
the surface. Images were published4 and reproduced here with permission from the 
American Chemical Society. 
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5. Optimization of assembly of GUVs in physiological conditions  

For both biophysical studies as well as potential practical applications relevant to biological 
systems, obtaining GUVs in physiological conditions is desirable3. In this section, I 
characterize the effect of factors such as the sample incubation time and the ionic strength 
of the solution on the populations of GUVs obtained from surface-assisted techniques. 
Through these experiments, I develop novel methods to obtain high yields of physiological 
GUVs using tracing paper.  

5.1 Effect of incubation time on the sizes and yields of the GUVs  

5.1.1 In situ characterization of bud dynamics reveals bud mering and bud growth  

Following previous observations of the tracing paper surface during the first 10 minutes of 
incubation (Figure 83), I expect that buds will merge together and result in more larger 
buds as the incubation time is allowed to increase. I qualitatively determine the timescales 
over which I expect significant merging to occur by observing the evolution of the buds 
after 5 minutes, 30 minutes, 60 minutes, and 120 minutes of gentle hydration on glass 
slides, electroformation, and gentle hydration on tracing paper. Figure 83a shows the 
evolution of the same buds over a typical 200 𝜇𝜇m × 200 𝜇𝜇m region of the glass slide. The 
buds on the glass slide appear to be less than around 25 𝜇𝜇m in diameter at all time points 
and do not significantly increase in size at any point between 5 minutes and 120 minutes. 
This suggests that most of the bud merging occurs rapidly after the initial hydration on 
glass. In contrast, the GUV buds at the surface during both electroformation (Figure 83b) 
and gentle hydration on tracing paper (Figure 83c) appear to increase in size significantly 
between the 5 minute and 30 minute time points with some buds reaching sizes larger than 
50 𝜇𝜇m in diameter. After 30 minutes the sizes of the buds appear to mostly stabilize and 
increase only slightly in size over the course of 120 minutes. This observation of an 
increase in bud sizes for only the electroformation and tracing paper surfaces but not for 
the glass surface is in agreement with the quantitative data on the counts of large GUVs (d 
≥ 10 𝜇𝜇m) from Section 4).  

To quantitively examine whether most of the observable bud merging occurs before 
60 minutes on each of the surfaces, I collect time lapse images of the buds merging with 
one time lapse starting after 10 minutes of hydration and a second time lapse starting after 
60 minutes of hydration. In each time lapse, I collect images of a representative 150 𝜇𝜇m2 
area of buds for 7 minutes. The interval between each image is 3 seconds. Using ImageJ, I 
then manually count the number of merging events that occur during the 7 minute time 
lapse and determine a merging rate as observable merging events per minute. Figure 84 
shows a bar plot of the merging rate determined from the time lapse images. For each 
surface, I obtain an average from 3 independent replicate samples (error bars show one 
standard deviation from the mean). The merging rate observed at the surface of the glass  
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Figure 83: Evolution of GUV buds during common surface-assisted hydration 
techniques. Confocal images showing the typical evolution of buds after 5 minutes, 30 
minutes, 60 minutes, and 120 minutes of incubation through a gentle hydration on glass 
slides, b electroformation, and c gentle hydration on tracing paper. The sizes of the vesicle 
buds appear to increase with time for electroformation and tracing paper, while there 
appears to be no change in the buds with time on glass. Scale bar: a-c 25 𝜇𝜇m.  

 

at 10 minutes is less than 1 observable event per minute and is around 8 times lower than 
the rate observed on the electroformation surfaces and 10 times lower than the rate 
observed on the tracing paper surfaces. After 60 minutes, the merging rate from the 
electroformation and tracing paper surfaces also fall to below 1 observable event per 
minute. Interestingly, the merging rate observed in the electroformation samples appears 
to only fall by a factor of around 8 while in comparison the tracing paper falls by a factor 
of around 13 which could be due to the effects of the continuous electric field. 

 Along with micrometer-scale bud merging, bud growth without observable 
merging is also common at the surface. Figure 85 shows the growth of specific buds over 
the course of 60 minutes. As expected the buds overall appear to increase in size from 3 
minutes (Figure 85a) to 60 minutes (Figure 85) . A closer look at specific buds reveals that 
some buds appear to increase in size without any observable bud merging (Figure 85c). 
Other buds can be observed merging together as expected (Figure 85d). Analyzing the time  
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Figure 84: Decrease in the rate of bud merging at 60 minutes. Bar plot of the average 
merging rate for the buds on the three surfaces. Error bars show one standard deviation 
from the mean (N = 3). At 10 minutes (blue), tracing paper had the highest initial merging 
rate followed by electroformation and then glass. At 60 minutes (orange), the merging rates 
all fall to below 1 observable event per minute. 

 

lapse images in ImageJ, I quantify the change in size of the buds where no bud merging is 
apparent in Figure 85e. Most of the buds are visible 3 minutes after the initial hydration 
and increase only slightly in size over the course of 60 minutes. Two buds (buds 3 and 5) 
appear in the time lapse images after around 10 minutes and grow rapidly to around 10 𝜇𝜇m 
in size and then grow slowly similar to the others. I also quantify the change in size of the 
buds that grow due to observable merging (Figure 85f). Although these merging events are 
clearly visible in the plots as spikes in the bud size, even these buds appear to slowly 
increase in size at times where observable merging events are not present. Following the 
predictions of the budding and merging model which was developed using the data in 
Section 4, I expect that the bud growth that I observe without micrometer-scale merging is 
due to the merging of nanometer-scaled buds that are below the resolution of the images.  

Although much more rare, occasionally I also observe the disappearance of buds 
from the surface in the absence of clear merging. Figure 86 shows an example of a bud 
disappearing back into the surface 55 minutes after the initial hydration along with a plot 
of the sizes of all of the vesicles that were observed to disappear in a 150 𝜇𝜇𝜋𝜋2 over the 
course of 60 minutes. Disappearance appears to typically be caused in places where the 
vesicles appear strained and either contained inside another vesicle bud or overcrowded 
between other vesicle buds. The buds can be observed retracting back onto the surface. 
Since the disappearance of micrometer-scaled buds is so rare however, it likely does not 
play a major role in the dynamics of the buds at the surface.  
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Figure 85: Buds increase in size over the course of 60 minutes. Stills from confocal time 
lapse images of buds growing on the surface of tracing paper at a 3 minutes and b 60 
minutes after initial hydration. c,d Magnified stills of buds c growing without observable 
merging, and d with observable merging at 3 minutes, 30 minutes, and 60 minutes after 
initial hydration. e,f Plots showing the increasing diameter (𝜇𝜇m) of the buds from the time 
lapse images e without observable merging (buds marked in a,b as e1−e6) and f with 
observable merging (area marked in a,b as f). Scale bars: a,b 50 𝜇𝜇m, c,d 10 𝜇𝜇m.  
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Figure 86: Disappearance of buds over time. a Stills from confocal time lapse images of 
a bud (marked with white arrow) disappearing on the surface of tracing paper at 55 minutes. 
b Plots showing the change in diameter (𝜇𝜇m) of various disappearing buds over time. Scale 
bar: a 10 𝜇𝜇m.  

 

5.1.2 Stopped-time technique reveals size distributions broaden with increasing 
incubation time 

The studies of the dynamics of the buds at the surfaces reveal that the incubation time can 
have an effect on the sizes of the buds. Since the harvesting procedures to obtain GUVs 
are designed to free these same buds from their membrane connections at the surface, I 
also expect the sizes of the GUVs can be controlled by the incubation time. To confirm 
quantitively that the incubation time will have a significant effect on the populations of 
GUVs obtained from the glass, electroformation and tracing paper substrates, I conduct 
experiments to harvest and stop the assembly of GUVs at various time points. I characterize 
the populations of GUVs obtained by stopping the growth at various time points using the 
confocal tilescan methods. Using this stopped-time technique, I arrest the dynamics of the 
buds and provide a snapshot of the populations of GUVs obtained at stopping times of 1, 
10, 30, 60, and 120 minutes. Figure 87 shows a schematic of the stopped time technique 
along with representative images of the GUVs harvested from each of the substrates after 
1 minute, 10 minutes and 120 minutes. Qualitatively, the sizes and counts of the GUVs 
obtained from all 3 surfaces clearly increase with longer incubation times. It also appears 
that the largest GUVs, greater than 50 𝜇𝜇m in diameter, are much more common after 120 
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Figure 87: Larger vesicles appear more abundant at later stopping times. a Schematic 
showing the effect of stopping time on the sizes of vesicles harvested. b-j Representative 
confocal images of GUVs harvested from b-d glass, e-g electroformation, and h-j tracing 
paper surfaces. From left to right, the columns of the schematic correspond to the images 
of the harvested GUVs obtained after 1 minute (left), 10 minutes (middle) and 120 minutes 
(right) of incubation. Scale bar: b-j 50 𝜇𝜇m.  
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minutes of incubation. These results are both in agreement with the observations of the 
dynamics at the surface.  

 For each substrate and each stopping time point, I collect data from 3 independent 
replicate samples. Figure 88a-c shows the average counts of GUVs obtained from the 
samples normalized by the amount of lipid initially deposited (which was 10 𝜇𝜇g lipid for 
all of the samples). The error bars show one standard deviation from the mean. The average 
counts of GUVs obtained from glass do not change significantly with time and remain 
between 6 × 105 and 7 × 105 counts per 𝜇𝜇g lipid for each time point over the course of 
120 minutes. The average counts of GUVs obtained from electroformation start out at 
around 6 × 105 counts per 𝜇𝜇g lipid at 1 minute and then increase significantly to above 9 
× 105 counts per 𝜇𝜇g lipid for the 30 minute and 60 minute time points, before falling back 
down to an average of 6 × 105 counts per 𝜇𝜇g lipid at 120 minutes. The average counts of 
GUVs obtained from tracing paper start higher at around 9 × 105 counts per 𝜇𝜇g lipid at 1 
minute, increase to above 11 × 105 counts per 𝜇𝜇g lipid at 30 minutes, and then fall back 
down to an average of around 9 × 105 counts per 𝜇𝜇g lipid at 120 minutes.  

At both the 1 minute and 120 minute time points the glass and electroformation 
samples have similar average counts of GUVs. However, after around 30−60 minutes of 
electroformation there are on average significantly more GUVs that are harvested 
suggesting that the presence of the electric field leads to the emergence of more buds during 
the first hour of growth. At 120 minutes the average counts fall significantly likely due to 
both a limit being reached of emerging buds as well as the merging of the additional buds 
into fewer but larger buds. This explanation that the decrease in counts is due to the 
emergence and consequent merging of additional buds assembled through electroformation 
and is not an effect of the buds disappearing entirely from the surface is also in agreement 
with the data from Figure 88 showing the counts of large and very large GUVs is 
significantly higher from the electroformation samples compared to the glass samples. The 
tracing paper samples also produce higher average counts of GUVs over the course of the 
first 30 minutes of growth in comparison to the glass and electroformation samples 
suggesting that the effect of the curvature energy leads to the emergence of more buds. 
After 30 minutes the average counts begin to decrease likely due to the merging of the 
additional buds into fewer larger buds. For all 3 substrates, the average counts at the 120 
minute time point are also within the ranges expected.  

The distribution of sizes of the GUVs obtained from the stopped-time samples are 
plotted in Figure 88d−f. The size distribution plots show the average GUVs counts 
normalized per 𝜇𝜇g of lipid with the counts distributed into 1 𝜇𝜇m sized diameter bins. Note 
the log scale of the axes. The legend shows the color correspondence of the sample stopping 
time to the size distribution obtained (the lighter colors show the earlier time points and 
the darker colors show the later time points). The size distribution of the glass sample 
harvested after 1 minute of incubation appears to have more smaller GUVs than all of the 
other time points since the points corresponding to the 1− 3 𝜇𝜇m diameter bins are slightly 
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above all the other time points. The 1 minute sample also appears to have fewer counts of 
the larger GUVs in comparison to the rest of the other time points since the bins from 
around 8 𝜇𝜇m and larger are visible below all of the other time points. The largest GUVs 
obtained at 1 minute appear to have sizes of around 30 𝜇𝜇m in diameter. The size 
distributions from 10 minutes to 120 minutes appear to mostly overlap with one another 
suggesting that the incubation time only effects the size distributions of the GUVs obtained 
on glass during the course of the first 10 minutes. The tail of the size distributions of the 
electroformation and tracing paper samples at 1 minute, which I define as GUVs with 
diameters greater than 10 𝜇𝜇m in diameter, appear to have similar slopes to the size 
distribution from the glass slide at 1 minute. All three tails approximate to a straight line in 
the log-log plot which is a characteristic of power law distributions66,122. At the 1 minute 
time point, the slope of the lines are all similar starting at around 1.2 × 103 GUV counts 
per 𝜇𝜇g lipid at the 10 𝜇𝜇m diameter bin and falling to around 5 GUV counts per 𝜇𝜇g lipid at 
the 30 𝜇𝜇m diameter bin. Power law fits to all 3 distributions at 1 minute result in a negative 
power law exponent of 3. Different than the glass samples however, the electroformation  

 

Figure 88: Effect of stopping time on the counts and size properties of the GUVs. a-c 
Average counts of the GUVs obtained from a glass, b electroformation, and c tracing paper 
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substrates plotted as a function of stopping time. The counts are normalized per 𝜇𝜇g of lipid 
deposited for each sample. d-f Distribution of sizes of GUVs obtained from d glass, e 
electroformation, and f tracing paper substrates. The stopping time is shown by the color 
indicated in the legend. The bin widths are1 𝜇𝜇m. g,h Size statistics showing g the mean 
diameter and h the instantaneous mean diameter of the populations of GUVs obtained from 
each of the substrates. The points associated with each substrate are indicated in the legend. 
In all of the plots each point represents an average from 3 independent replicate samples. 
Error bars show one standard deviation from the mean.  

 

and tracing paper size distributions appear to broaden significantly more with increasing 
stopping time. For both plots the tails of the 10 minute, 30 minute, and 120 minute size 
distributions are visible with each distribution broadening with increasing incubation time. 
Interestingly, it appears that extra incubation time between 60 minutes and 120 minutes 
does not have a significant effect on the size distributions from the electroformation and 
tracing paper substrates,  confirming that the size distributions do not appear to broaden 
after 60 minutes of incubation. Between the plots, the incubation time has the largest effect 
on the distribution of sizes of the GUVs obtained from tracing paper where the tail of the 
60 minute and 120 minute size distributions are the broadest compared to all of the other 
distributions and are the only one that appear to reach sizes of 100 𝜇𝜇m in diameter without 
any gaps.  

I characterize the broadening of the size distributions by calculating the mean 
diameter of the GUVs as a function of time (Figure 88g). Since the size distributions 
broaden for each of the substrates with increasing stopping time, the mean diameter also 
increases with stopping time. As expected this increase in mean diameter is largest for the 
tracing paper samples which broaden the most with increasing stopping time. Figure 88h 
shows the instantaneous mean diameter, which is just the rate of change of values from the 
mean diameter plot. The plot shows that the rate of increase of the mean diameter of the 
GUVs from all of the samples is mostly similar around 0.1 𝜇𝜇m per minute during the first 
10 minutes and then remains mostly constant at 0 𝜇𝜇m per minute after 30 minutes.  

 

5.1.3 Highest yields of GUVs reached within one hour for all substrates  

Rationalizing the observed dynamics of the buds at the surface using the budding and 
merging model, the process of bud merging can be described using three supplementary 
mechanisms. The first mechanism is when nanobuds merge together with other nanobuds 
to form micrometer-scaled buds. This process results in the rapid emergence of the more 
than 1 million micrometer-scaled buds that can be harvested within the first minute from a 
typical sample. The emergence of new micrometer-scaled buds is also observed in time 
lapse images during the first 60 minutes of hydration (Figure 85). The second mechanism 
is when a nanobud merges with micrometer-scaled bud. This process results in the bud 
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growth in the absence of any observable merging events that is commonly observed during 
the first 60 minutes of hydration (Figure 85). The last mechanism is when a micrometer-
scaled  bud merges with another micrometer-scaled bud. This process is often described in 
literature as coarsening of the buds32,101 and is the most common dynamical phenomena 
observed during the first 60 minutes of hydration (Figure 80). 

 To characterize the dynamics of nanobud-nanobud merging a higher 
spatiotemporal resolution than is currently feasible would be needed123–125. Quantitative 
metrics such as the amount of lipid (molar yield) that converted to nanobud could be 
measured by preserving the small unilamellar vesicles (SUVs) that are produced and 
characterizing the SUV populations. Challenges using these techniques arise, as addressed 
in Chapter 2, due to the presence of other non-unilamellar lipid structures as well as the 
losses of vesicles that are unavoidable during sample preparation. However, quantification 
of the amount of lipid (molar yield) that converted into buds due to nanobud-microbud and 
microbud-microbud merging is more straightforward since both mechanisms result in 
GUVs that can be quantified using the confocal microscopy tilescan methods developed in 
Chapter 2. Since the molar yield directly corresponds to the amount of lipid in GUVs, 
which corresponds to the amount of microbuds that emerge, the molar yield provides a 
quantitative metric on the amount of nanobud-microbud merging that occurs for a sample. 
Differences in the amount of microbud-microbud merging that occurs only results in 
changes in the size distributions. In addition to providing a key insight into quantifying the 
amount of nanobud-microbud, quantification of the molar yield also makes direct 
comparisons of the yields obtained from different stopping times, as well as from the 
different substrates, much more clear in contrast to analyzing the size distributions which 
often are difficult to compare.  

 I report the molar yield data obtained from the stopped-time experiments in Figure 
89. The area plots show the average molar yield of GUVs produced from the glass, 
electroformation, and tracing paper substrates as a function in time. Each point is an 
average of 3 samples (same samples as Figure 88) and the error bars show one standard 
deviation of the mean. Each area plot is divided into three subsections that show portion of 
the total molar yield that is comprised of i) the small GUVs that have diameters between 
1 𝜇𝜇𝜋𝜋 ≤ 𝑑𝑑 < 10 𝜇𝜇𝜋𝜋 (dark blue), ii) the large GUVs that have diameters between 10 𝜇𝜇𝜋𝜋 ≤
𝑑𝑑 < 50 𝜇𝜇𝜋𝜋 (light blue), and iii) the very large GUVs that have diameters greater than 50 
𝜇𝜇m (white). The molar yield of the GUVs produced from the glass increases slightly with 
stopping time going from 11.7 ±  1.7 % at 1 minute, 13.0 ±  2.3 % at 10 minutes, 12.2 ±
 2.7 % at 30 minutes, 15.5 ±  1.4 % at 60 minutes and to 16.0 ±  1.7 % at 120 minutes. 
The molar yield of the GUVs produced from electroformation increases significantly with 
stopping time going from 9.2 ± 1.1 % at 1 minute, 10.9 ±  2.0 % at 10 minutes, 16.1 ±
 4.8 % at 30 minutes, 22.4 ±  1.4 % at 60 minutes and to 21.7 ±  1.2 % at 120 minutes. 
The molar yield of the GUVs produced from tracing paper increases the most dramatically 
with stopping time going from 13.4 ±  1.2 % at 1 minute, 24.8 ±  2.7 %  at 10 minutes, 
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31.0 ±  1.4 % at 30 minutes, 31.3 ±  1.7 % at 60 minutes and to 31.2 ±  1.4 % at 120 
minutes.  

For all three surfaces the average molar yield of GUVs reaches a peak within 60 
minutes and does not increase significantly after. These results for each surface are in 
excellent agreement with the average molar yield data collected in Section 4 (collected at 
120 minutes). In addition, for all three surfaces the average molar yields at the earliest, 1 
minute, time point are all similar at around 10 %. This result is in agreement with the size 
distributions at the 1 minute time point (Figure 88) which were similar and suggests that 
there is likely some commonality shared between the hydration of the lipid films on 
hydrophilic surfaces devoid of large pores. This hydration process appears to drive the 
formation of approximately 10 % of the yield of giant vesicles as long as the surface is 
hydrophilic and devoid of large pores.  

After the first minute of hydration, the average molar yields from glass remain 
relatively constant increasing by no more than 5 %. This result suggests that the emergence 
of new micrometer-scaled buds after the initial hydration of the film is rare. The average 
molar yields from electroformation however, climb steadily increasing by more than 10 % 
over the course of 60 minutes before stabilizing at around 22 % for the 60 minute and 120 
minute time points. The average molar yields from tracing paper climb rapidly increasing 
by around 20 % within the first 30 minutes before stabilizing at around 31 % for the 30 
minute, 60 minute and 120 minute time points. Thus, the emergence of new micrometer 
scaled buds appears to become more rare after the first 60 minutes on the electroformation 
surface and after the first 30 minutes on the tracing paper surface. In addition, since the 
molar yield directly correlates to the amount of nanobuds that merge into micrometer-
scaled buds, these results suggest that the effects of the electric-field appear to drive the 
formation of around 10 % more nanobuds on the surface and the effects of the nanoscale 
curvature of the fibers appear to drive the formation of around 20 % more nanobuds on the 
surface. 

Since the area plots indicate the percentage of the total molar yield that comes from 
small and large GUVs, the amount of micrometer-scaled bud merging, or coarsening, that 
occurs can also be understood. Most simply, coarsening of the buds can be observed in the 
molar yield plot as a widening in the portion of the large GUVs (light blue and white) 
compared to the small GUVs (dark blue) when moving from left to right. For glass, the 
area occupied by the large GUVs widens slightly after 10 minutes and then stays relatively 
constant over the course of 120 minutes increasing slightly between the 30 minute and 60 
minute time points. This result suggests that the majority of the coarsening that occurs on 
glass happens within the first 10 minutes and becomes less prominent with time. From the 
electroformation plots it is clear that the area occupied by the large GUVs widens 
constantly over the course of 120 minutes reaching the largest percentage of the molar yield 
at the 120 minute point. This result suggests that coarsening continues during the course of 
120 minutes as a result of the electric-field. The area occupied by the large GUVs in the 
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tracing paper plots widens over the course of 60 minutes and then appears to stabilize at 
120 minutes suggesting that coarsening occurs for around 60 minutes as a result of the 
nanoscale curvature of the substrate and then slows down significantly at around 60 
minutes.  

The relationship between the percentage of the molar yield occupied by the large 
GUVs from the total molar yield is shown in scatter plots in Figure 89d−f. The arrows 
connect the data between each stopping time point and the x and y error bars at each point 
show the standard deviation from the mean (N = 3). Points above the gray dashed line show 
samples that have more than half of the total lipid (molar yield) contained in in large GUVs. 
The scatter plots supplement the data from the area plots emphasizing the time points where 
coarsening is apparent as any movement up along the y-axis, and emphasizing the time 
points where the amount of new emerging micrometer-scaled buds is apparent as any 
 

 
 
Figure 89: Effect of stopping time on molar yield and coarsening of vesicles. a-c Area 
plots showing the average molar yield from 3 replicate samples harvested from a glass, b 
electroformation, and c tracing paper surfaces at 1 minute, 10 minutes, 30 minutes, 60 
minutes and 120 minutes of incubation. The error bars show one standard deviation of the 
mean. The colors of the plots show the percentage of the molar yield that is comprised from 
the different size classifications listed in the label. d-f Scatter plots showing the average 
percentage of the molar yield from large GUVs (sizes greater than 10 𝜇𝜇m) versus the 
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average total molar yield for the d glass, e electroformation, f, and tracing paper surfaces. 
Points above the gray dashed lines are points where more than 50 % of the molar yield 
comes from large GUVs. The arrows show the sequential organization points from each 
sample. The x and y error bars show one standard deviation from the mean.   

movement along the x-axis. In agreement with the area plots, the scatter plots show for the 
glass, electroformation and tracing paper surfaces that the emergence of new buds ends at 
around 10 minutes, 60 minutes and 30 minutes for each substrate respectively and the 
coarsening of buds ends at around 60 minutes, 120 minutes, and 60 minutes for each 
substrate respectively. Additionally, the scatter plots show that amount of lipid present in 
large GUVs compared to the total amount in GUVs never reaches more than half on the 
glass surface, while for electroformation and tracing paper it reaches more than half at 
around 120 minutes and 60 minutes respectively. 

5.1.4 Budding and merging process is diffusion-limited   

 To explain the results from the dynamic molar yield data, I show schematically the 
effect of the emergence of a higher number of nanobuds on the amount of GUVs produced 
in in a diffusion-limited model (Figure 90). Starting with the glass surface, nanobuds 
emerge as a result of the exogenous energy input from hydration. These nanobuds, which 
are depicted in the magnified view of the surface (dashed lines), merge when they are close 
enough in proximity (arrows) to form microbuds that can emerge within the first minute of 
hydration. Note that since the buds are in the nanoscale and the lipid film behaves as a 
liquid laterally, the buds are expected to be able to diffuse as well following Brownian 
motion. The growth of microbuds as a result of nanobuds merging into microbuds and the 
coarsening as a result of microbuds merging with other microbuds is also depicted. When 
the number of nanobuds decreases to low enough numbers that the nanobuds are not close 
enough in proximity to merge together by diffusion, new micrometer-scaled buds stop 
emerging. On the electroformation and tracing paper surfaces a similar number of 
nanobuds are expected to emerge from the exogenous energy input from hydration (red 
buds). However, an additional number of nanobuds are also expected to emerge due to the 
energy inputs from the electric field and the curvature of the fibers (green buds). The 
additional buds that emerge due to the effects of the electric field are fewer in number 
compared to the additional buds that emerge due to the effects of curvature. Similar to 
glass, the buds from the electroformation and tracing paper surfaces merge together until 
there are not enough buds close in proximity to merge. The additional nanobuds produced 
initially by the two substrates result in more micrometer-scaled buds, with the most 
micrometer-scaled buds being produced by the tracing paper. 

 The data from the stopping time experiments can also be used to optimize the GUV 
formation methods to obtain specific populations of GUVs. A scalable example of this is 
to produce populations of GUVs that mimic the membrane size characteristics of red blood 
cells. Table 11 shows the average counts of red blood cell sized GUVs (5.0 𝜇𝜇m – 5.9 𝜇𝜇m)  
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 Figure 90: Diffusion limited budding and merging model. Schematic showing the 
evolution of the buds on the glass (top), electroformation (middle) and tracing paper 
(bottom) as predicted by the budding and merging model. a Initially after hydration buds 
emerge from the exogenous energy input during hydration of the lipids (red). A magnified 
view of an empty region of the surface on the glass (dashed box at top) reveals the 
formation of nanobuds which can diffuse and merge together if close enough (arrows). b 
Application of an electric field (AC symbol in middle) result in more nanobuds (green) 
from electroformation. Curvature energy of fibers results in even more nanobuds on tracing 
paper. c Once buds are far apart and limited by diffusion the system reaches equilibrium.  

 

produced from the glass, electroformation, and tracing paper surfaces at the different 
incubation times tested. The counts on glass appear to increase slighlty with time, while 
the counts from electrofoormation and tracing paper appear to peak at around 60 minutes 
and 30 minutes respectively and then fall back down due to coarsening. The highest counts 
of 5 𝜇𝜇m sized GUVs can be obtained on tracing paper over the course of a 30 minute 
incubation. However, since in a practical scale-up problem, samples prepared with shorted 
incubation times can be repeated multiple times within the same time frame needed by the 
longer incbuation time, I also show the amount of 5 𝜇𝜇m GUVs that are produced per minute 
for each sample. For all three samples the highest amount of 5 𝜇𝜇m GUVs produced per 
minute occurs in the 1 minute samples (orange) with the total highest amount being 
produced from the tracing paper surface at 1 minnute. Along with being able to optimize 
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Average counts of red blood cell-sized GUVs (5 𝝁𝝁m bin) 

Stopping 
time 

(minute) 
Glass Glass (per 

minute) 
Electro-

formation  

Electro-
formation 

(per 
minute) 

Tracing 
paper 

Tracing 
paper (per 

minute) 

1 3.49E+04 3.49E+04 2.78E+04 2.78E+04 5.16E+04 5.16E+04 

10 3.64E+04 3.64E+03 3.53E+04 3.53E+03 7.42E+04 7.42E+03 

30 3.55E+04 1.18E+03 3.82E+04 1.27E+03 8.13E+04 2.71E+03 

60 3.63E+04 6.06E+02 4.88E+04 8.14E+02 5.83E+04 9.72E+02 

120 4.44E+04 3.70E+02 3.43E+04 2.86E+02 5.70E+04 4.75E+02 

Table 11: Counts of red blood cell-sized GUVs. Table showing a prototypical example 
of the time required to produce red blood cell sized GUVs. The first column shows which 
row corresponds to which stopping time for each of the consequent columns. The second 
and third columns show the average total number of counts of GUVs and the average 
normalized number of counts per minute (second column divided by first column) for glass. 
The next four rows show the electroformation counts and normalized counts and tracing 
counts and normalized counts respectively. The boxes colored in orange show the highest 
average counts of red blood cell-sized GUVs that can be obtained in each minute from each 
technique.  

 

features of the size distributions, information on the incubation times necessary to 
maximize the yields of GUVs from the different surfaces was also determined from the 
stopping time data. Using the fits to the data the molar yield was determined to reach a 
maximum (within 0.5 %) at 21 minutes of incubation time on glass, 50 minutes of 
incubation time on electroformation, and 24 minutes of incubation time on tracing paper. 
Knowledge of these parameters allows for the optimization of experimental time without 
comprimising yields.  

One remaining questions is whether coarsening has a significant effect on the molar 
yields after 120 minutes. Figure 91 shows bar plots of the molar yields from 
electroformation and tracing paper at 180 minutes. For the electroformation sample, the 
molar yield drops slightly where the amount of small GUVs remains relatively constant 
and the amount of large GUVs decreases slightly. For the tracing paper sample the molar 
yield also drops slightly, where the amount of small GUVs drops slightly while the amount 
of large GUVs appears increase slightly. These results confirm that although coarsening 
may continue after 120 minutes, increasing the incubation time to time points longer than 
120 minutes does not result in any significant increase in the molar yields and may result 
in an overall decrease in the molar yields.  
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Figure 91: Molar yields at longer incubation times. Molar yield of GUVs obtained after 
120 minutes and after 180 minutes of growth on a electroformation and b tracing paper 
surfaces. The colors correspond to the amount of the molar yield that comes from the 
different size classifications of shown in the legend.  

 

5.2 A one-step modulation of the ionic strength results in high yields of GUVs in 
physiological salt solutions  

5.2.1 Physiological concentrations of salts significantly lower the yields of GUVs from 
surface-assisted assembly techniques  

  All previous quantitative experiments I conducted on the surface-assisted assembly 
of GUVs (Sections 3, 4, and 5.1) have been in low salt conditions. Since obtaining 
physiological concentrations of salts in the aqueous environment on the inside and outside 
of the GUVs is desirable3,12,16,17, I conduct quantitative experiments to optimize the 
formation of GUVs in high salt conditions. Figure 92 shows the dramatic effect of adding 
a commonly used physiological buffer, phosphate-buffered saline (PBS)21,34,126,127 directly 
to the lipid-coated glass and tracing paper substrates at a concentration of 1× PBS (the 
typical concentration of 1× PBS contains 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 
and 1.8 mM KH2PO4). The large number of GUV buds that are typically present at the 
surface during hydration in low salt conditions do not appear at both the glass and tracing 
paper surface during hydration in 1× PBS. The few GUVs that are observable in the 1× 
PBS appear to be smaller than around 5 𝜇𝜇m in diameter and appear to be less circular. I 
also observe this result in other physiological buffers such as tris suggesting that the 
mechanism for GUV formation through surface-assisted assembly is suppressed in 
physiological concentrations of salts.  
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Figure 92: Suppression of formation of GUV buds in physiological concentrations of 
salts. Confocal images showing representative regions of GUV buds after 2 hours of 
assembly on a,b glass in a low salt and b high salt conditions and on c,d tracing paper in c 
low salt and d high salt conditions. Scale bars: a-d 25 𝜇𝜇m 

 Referring to the framework offered by the budding and merging model, I expect 
that the initial emergence of nanobuds is being suppressed due to the presence of 
physiological concentrations of salts. In section 4, I show on surfaces with fixed geometry 
that changing the surface chemistry to be hydrophobic results in a significant decrease in 
yields likely due to the increased adhesion between the membranes120,128. It has also been 
shown that the adhesion energy of zwitterionic membranes with similar lipid compositions 
as the compositions I use for quantitative experiments (99.5:0.5 mol % DOPC:TFC) can 
change in different ionic strength solutions8,117,129–131. Since the zwitterionic DOPC lipid is 
expected to have a slightly negative surface potential in low salt environments, one possible 
explanation for the observed suppression of GUV bud formation is that the additional ions 
in solution cause an electrostatic screening of the negative charges of the membrane132–134. 
This electrostatic screening could change the adhesion energy of the membrane making the 
formation of GUVs unfavorable.  
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To test this hypothesis, I allow the buds to assemble normally in low salt 
environments for 2 hours on tracing paper. I then add salts and collect images of the buds 
on the surface during incubation. Figure 93a,b shows the difference between the 
appearance of the DOPC buds at the surface with and without salts. When the GUV buds 
are pre-formed and then the 1× PBS is added the GUV buds can be seen adhering strongly 
together. This is clear since the GUV buds begin to take on non-spherical shapes due to the 
presence of long, flattening sections where the membranes adhere to one another. One 
solution to minimize the adhesion of the membranes is to incorporate a small amount of 
PEGylated lipid (lipid molecule conjugated to a PEG molecule) into the DOPC membrane 
composition to provide steric repulsion88,135,136. Repeating the experiment with a new lipid 
mixture that incorporates 3 mol % of a PEGylated lipid molecule (PEG-2000-PE described 
in the methods section) into the membrane, I find the GUV buds return to their spherical 
morphologies on the surface and do not adhere to one another with the addition of salts.      

 
Figure 93: Adhesion between zwitterionic GUV buds in 1× PBS. Confocal images 
showing representative regions of GUV buds on the tracing paper being assembled from 
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DOPC membranes a before addition of 1× PBS and b after addition of 1× PBS. The white 
arrows indicate the regions where buds appear to become much more tightly packed. The 
images for the PEG-stabilized membranes are shown in c before addition of 1× PBS and 
d after addition of 1× PBS. Scale bars: a-d 50 𝜇𝜇m.  

 

5.2.2 Assembly of GUVs from PEG-modified membranes and anionic membranes in 
physiological salts   

 To determine quantitatively the effect of the 1× PBS on the molar yields of GUVs 
obtained from the glass and tracing paper surfaces, I conduct confocal tilescan experiments 
to characterize the populations of GUVs obtained through direct hydration in both low salt 
(sucrose only) and physiological salt (1× PBS) conditions. I also collect data on the effect 
of adding 3 mol% of a PEGylated lipid to the membrane on the molar yields from each 
substrate and salt condition.  Figure 94 shows a bar plot of the average molar yields from 
each of these experiments. The error bars are split to show one standard deviation from the 
mean from the portion of the molar yield from the small GUVs (1≤ 𝑑𝑑 < 10) and large 
GUVs (𝑑𝑑 ≥ 10). The difference between the low salt and physiological salt conditions is 
impressive. For the 1× PBS samples where the typical DOPC membrane mixture was used 
the molar yields were below 1 % for both the glass and tracing paper samples resulting in 
more than a 15× and 30× drop in molar yield. Since all of the other conditions were held  

 
Figure 94: Significant decrease in molar yields of GUVs during formation in 
physiological salts. Stacked bar plots showing the average molar yield of the GUVs 
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obtained from the different substrate, buffer and lipid compositions listed. Each bar is an 
average of 3 replicate samples and the error bars show one standard deviation of the mean. 
The colors of the bars correspond to the amount of the molar yield that comes from the size 
classification of GUVs shown in the legend.  

 

constant this result should be due solely to the addition of physiological salts. Although 
addition of the PEGylated lipid prevented the adhesion between the buds on the surface, it 
appears the additional steric repulsion is not enough to overcome the increased adhesion 
of the membranes still on the surface, and the resulting molar yields from the samples 
where the PEG-modified membrane was incorporated are still low at less than 2 %. 
Notably, comparing the sucrose tracing paper samples the addition of the PEGylated lipid 
does not appear significantly change the molar yields. Comparing the portions of the molar 
comprised of small GUVs however, it appears addition of the PEGylated lipid does slightly 
increase the number of small GUVs and decrease the number of large GUVs that are 
produced. This decrease in the amount of large GUVs is likely due to some change in the 
membrane properties that is caused by the presence of PEG such as the additional 
repulsion137 or even the bending rigidity138 which would result in a decrease in the amount 
of coarsening, but overall the differences are still small.  

 Since the DOPC GUV membranes clearly adhere to one another on the surface, I 
perform control experiments before conduction more quantitative experiments to ensure 
the molar yields are not underreported since adhering GUVs may appear to be aggregates 
of lipids in the images. Figure 95a-d shows images of GUVs prepared in low salt conditions 
and then transferred into 1× PBS solutions. Qualitatively the harvested DOPC samples 
appear to have many bright aggregates and no large GUVs whereas the harvested PEG-
modified samples appear more similar to typical low salt harvested images. Adjusting the 
imaging settings away from the normal tilescan settings to allow investigation of the bright 
spots in the harvested images, I find the bright spots in the DOPC images are mostly all 
aggregates of GUVs that are adhered to one another (Figure 95c). The bright spots in the 
PEG-modified images however, appear to be more typical examples of MLVs and MVVs 
and do not appear to be aggregates of GUVs. Thus, even when the DOPC GUVs are present 
in the sample, the 1× PBS concentration results in the aggregation of the GUVs making 
them difficult to quantiy. I estimate the amount of lipid that is stored in bright spots (MLVs, 
MVVs, aggregates) in Figure 95e and confirm that compared to the low salt conditions, 
which have around 5 % of the total lipid contained in bright spots, the 1× PBS samples 
have around 35% of the total lipid contained in bright spots. Interestingly, even for the 
samples with the PEG-modified membrane the percentage of bright spots also increases 
compared to the low salt conditions. Overall, however, since adhesion of isolated GUVs 
does not appear common from PEG-modified membranes I don’t expect the molar yield to 
be underreported due to aggregates of GUVS. Thus, for the quantitative experiments in 
salts I use the PEG-modified membranes (96.5:3.0:0.5 mol % DOPC:PEG-2000-PE:TFC) 
instead of the DOPC membranes (99.5:0.5 mol % DOPC:TFC) and from this point on refer 
to the PEG-modified membrane as the zwitterionic membranes. 
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Figure 95: Adhesion between GUVs minimized using PEGylated lipid. a-d Confocal 
images showing the typical sizes and counts of GUVs assembled directly in 1× PBS from 
a DOPC membranes and b PEG-modified membranes. c The bright spots in the images 
from DOPC membranes are typically aggregates of GUVs whereas the bright spots in 
images from PEG-modified membranes are typically d MLVs or MVVs. e Bar plot 
showing the percentage of the lipid that is characterized as being too bright by the image 
analysis code. Error bars show one standard deviation from the mean. The color 
correspondence is shown in the legends. Scale bars: a,b 50 𝜇𝜇m, c,d 10 𝜇𝜇m.  

 

 In physiological systems many biological membranes have a significant amount of 
negative lipids139,140, which may change the electrostatic and adhesive properties of the 
membranes in physiological concentrations of salts. Along with the zwitterionic 
membranes, I also prepare anionic membranes with a concentration of 75:25 mol % 
DOPC:DOPG for quantitative experiments. Control experiments with these anionic 
membranes indicate that the additional negative charges on the membrane can prevent 
adhesion of the free-floating GUVs without the need to add PEGylated lipid likely due to 
an increase in the electrostatic repulsion between the membranes8. From control 
experiments, I also determine that the optimal molar yield that can be produced on tracing 
paper using the anionic membranes is around 30 %, around the same range as the 
zwitterionic membranes. One difference however, is to achieve optimal yields, the amount 
of lipid initially deposited needs to be much higher at 50 𝜇𝜇g lipid instead of 10 𝜇𝜇g lipid. 
Since the molar yield metric accounts for differences of lipids initially deposited on the 
substrates, the plots of anionic and zwitterionic membranes can be read normally and do 
not require any additional normalization. Similar to the zwitterionic GUVs, the formation 
of anionic GUVs in 1× PBS is also significantly reduced compared to in low salt conditions 
(Figure 96).  
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Figure 96: Formation of GUVs from anionic membranes suppressed in physiological 
salt conditions. Confocal images showing typical appearance of GUVs at the surface of 
tracing paper assembled from anionic membranes in a low salt conditions and b 1× PBS. 
Scale bars: a,b 25 𝜇𝜇m. 

 

5.2.3 Effect of salt concentration on the molar yields of GUVs    

To characterize the concentration range where salts have a significant effect on the 
molar yield of the GUVs, I design experiments to control the ionic strength of the solution 
during hydration. Figure 97 shows a scatter plot of the average molar yields as a function 
of the concentration of ions. Note the logarithmic scaling of the x-axis. The error bars show 
one standard deviation from the mean from 3 replicate samples at each point, and all 
samples were prepared and quantified following the standard confocal tilescan procedures 
(Chapter 2). Using sodium chloride solutions ranging in concentration from 0 mM, 0.14 
mM, 0.3 mM, 0.4 mM, 0.65 mM, 1.4 mM, 14 mM, 140 mM, to 1400 mM NaCl, I control 
the ionic strength of the solution. Starting with the zwitterionic tracing paper sample 
(orange circles), the average molar yield of the leftmost point at 0.003 mM, which 
corresponds to the concentration of ions present in ultrapure water due to the pH, is at 30.0 
± 1.9 % which is in good agreement with all previous low salt tracing paper data. Moving 
from left to right following the orange dashed lines the average molar yields remain 
constant at 0.14 mM ions at 32.0 ± 3.4 %, and then begin to decrease to 28.5 ± 3.7 % at 
0.3 mM ions, 24.1 ± 3.4 % at 0.4 mM ions, 20.8 ± 0.7 % at 0.65 mM ions, 13.7 ± 1.1 % 
at 1.4 mM ions, 6.3 ± 0.9 % at 14 mM, 2.5 ± 0.6 % at 140 mM ions, and to 1.4 ± 0.8 % 
at 1400 mM ions. The average molar yields from anionic tracing paper samples (green 
circles) follow an almost identical trend staying relatively constant at 31.2 ± 3.0 % at 0.003 
mM ions and 29.7 ± 2.7 % at 0.14 mM ions, and then decreasing to 14.2 ± 3.8 % at 1.4 
mM ions, 1.7 ± 0.8 % at 140 mM ions, and 1.0 ± 0.4 % at 1400 mM ions. The average  



180 
 

 

 
Figure 97: Effect of salts on molar yields. Scatter plot showing the average molar yield 
of GUVs as a function of the concentration of ions present during the initial hydration. The 
molar yields were obtained from samples of i) zwitterionic membranes on tracing paper 
(orange circles), ii) anionic membranes on tracing paper (green circles), and iii) 
zwitterionic membranes on glass (gray squares). Each point shows an average of 3 
replicates and the error bars show one standard deviation from the mean. Note the 
logarithmic scaling of the x-axis.  

 

molar yields from the zwitterionic glass samples stay relatively constant from 15.4 ± 1.3 
% at 0.003 mM ions to 14.0 ± 3.1 % at 0.65 mM ions to 13.8 ± 2.8 % at 1.4 mM ions and 
then decrease to 5.8 ± 0.5 % at 14 mM ions and 1.3 ± 0.4 % at 140 mM ions. 
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 From ion concentrations of 1 mM and above, the molar yield from all three samples 
is the same. This result is interesting since the glass appears to behave exactly like tracing 
paper at these higher ion concentrations supporting the prediction that the favorable 
formation of buds due to the curvature energy of the substrate (∆𝐸𝐸𝑅𝑅𝐵𝐵,𝑐𝑐 ≤ 𝑘𝑘𝑏𝑏𝑇𝑇) and the 
favorable formation of the buds due to the exogenous energy input during hydration are 
distinct mechanisms. This is because while the yields from the glass samples only start 
decreasing at concentrations of ions of around 10 mM, the yields from tracing paper appear 
to start decreasing at concentrations of ions of around 0.4 mM. Corresponding these results 
to predictions from the budding and merging model, it appears the effect of the ions on the 
ability for the external energy to produce buds is not significant until around 10 mM ions 
whereas the effect of the ions on the ability for the curvature energy to produce buds 
appears to be significant at much lower values of around 0.4 mM ions. The decrease of the 
molar yields from tracing paper is gradual instead of a sharp cut-off likely since in practice 
the fibers have a range of sizes that result in a range of different 𝜇𝜇𝑐𝑐 over 𝑅𝑅𝑐𝑐 ratio, and it is 
not until at around 1 mM ions, where the formation of buds from the curvature energy is 
positive everywhere (∆𝐸𝐸𝑅𝑅𝐵𝐵,𝑐𝑐 ≥ 𝑘𝑘𝑏𝑏𝑇𝑇). Additionally, although the electrostatic repulsion 
between the bilayers is expected to be higher for the anionic membranes compared to the 
zwitterionic membranes8,133, the difference does not result in a significant shift in the molar 
yields. I replot the results from these molar yields experiments in stacked area plots in 
Figure 98 to show the effect of the ionic concentration on the size distributions as well. 
The higher ionic concentrations appear to decrease the sizes of GUVs overall for all of the 
samples as observed by a thinning, when moving from left to right along the plots, of the 
white and light blue regions that show the percentage of the molar yield from the GUVs ≥ 
10 𝜇𝜇m. Interestingly, the initial decrease in the sizes of the GUVs appears to precede the 
decreases in the molar yields of the GUVs for all of the samples.  

 

 
Figure 98: Effect of salts on size breakdown of molar yields. a-c Stacked area bar plots 
of the a zwitterionic tracing paper, b anionic tracing paper, and c zwitterionic glass data 
from Figure 97. The colors correspond to the amount of the molar yield that comes from 
the different size classifications of GUVs shown in the legend. 
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5.2.4 Novel one-step methods to modulate the ionic strength of the solution    

 Since the decrease in the molar yields at around 1 mM salts is likely due to the 
increased adhesion between the membranes, high yields of GUVs in physiological salt 
solutions may be obtained by modulating the ionic strength of the solution in one step. To 
develop methods to modulate the ionic strength, I conduct preliminary experiments and 
find that addition of osmolytes (1× PBS) above the surface of the paper results in lower 
yields of GUVs than addition below the paper (Figure 99). Considering the potential effects 
of the additional hydrodynamic flow or the osmotic pressure gradient against the direction 
of GUV growth from the surface, I develop protocols for the one-step addition of a 
concentrated salt beneath the paper and show the process schematically in Figure 100.   

The one-step modulation process begins with the hydration of the lipid-coated 
paper in a 142.5 𝜇𝜇L solution of low salts in a chamber. After an initial incubation period in 
low salts, 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑, a concentrated solution of 7.5 𝜇𝜇L of 20× PBS is added beneath the paper. 
The chamber is then sealed with a glass slide and the sample is allowed to incubate for a 
total time, 𝜏𝜏𝑐𝑐𝑚𝑚𝑐𝑐. For the experiments conducted on the effect of the modulation of the salts, 
the total duration of the time allowed for the assembly of the GUVs is fixed to 1 hour. Once 
the incubation time is reached, the glass slide is carefully removed and the GUVs are 
harvested and stored into an Eppendorf tube following normal procedures.  

I expect the concentration of the salt to equilibrate throughout the chamber through 
diffusion. Since, the nanocellulose paper is porous and permeable to ions, and the lipid 
bilayer coverage is nonhomogeneous likely with defects, I expect the salt to be able to 
diffuse freely and reach an equilibrium concentration of 1× PBS. To estimate the time for 
diffusion, I model the system using the one-dimensional diffusion equation141. I use the 
 

 
Figure 99: Effect of addition of salts above the paper. Confocal images showing the 
qualitative differences in the yields of GUVs obtained from the addition of salts a below 
the paper and b above the paper. Scale bars: a,b 50 𝜇𝜇m.  
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Figure 100: One-step methods to modulate the solution ionic strength. Schematic 
showing the novel one-step modulation of salts methods where the a lipid-tracing paper is 
placed in a PDMS gasket (same dimensions as the ones used for gentle hydration on glass 
in the methods section) and hydrated in 142.5 𝜇𝜇L low salt buffer. b At some time 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 a 
concentrated solution of 7.5 𝜇𝜇L of 20× PBS added beneath the paper. c The chamber is 
sealed and assembly is continue. d After 60 minutes the GUVs are harvested and stored in 
an Eppendorf tube to be taken for imaging.   

 

 

quasi-steady state approximation, valid for thin membranes where the time for diffusion of 
the solute across the membrane is much faster than the time for the concentration to change 
on either side of the membrane, to solve the diffusion equation in one dimension. I set the 
volume the first chamber, 𝑉𝑉1, equal to 7.5 µL (0.0075 cm3) corresponding the volume of 
the concentrated 20× PBS added beneath the paper, and I set the volume of the second 
chamber, 𝑉𝑉2, equal to 142.5 µL (0.1425 cm3 ) corresponding the remaining volume where 
the concentration of PBS is zero (Figure 101). I determine the length of the tracing paper 
membrane, 𝜇𝜇𝑚𝑚, from SEM images to be approximately 30 µm (0.003 cm), and set the area, 
𝐴𝐴𝑚𝑚, corresponding to the area of the 9.5 mm diameter disk (0.7088 cm2). The concentration 
profile of the quasi-steady state solution is given by Equation 28141  
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(28) 

where 𝐶𝐶1 is the concentration of the first chamber, 𝐶𝐶0 is the initial concentration of the first 
chamber, 𝑉𝑉1 and 𝑉𝑉2 are the volume of the first and second chambers respectively, 𝐴𝐴𝑚𝑚 and 
𝜇𝜇𝑚𝑚 is the area and length of the tracing paper membrane, 𝐻𝐻𝑚𝑚, is the diffusivity constant of  
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Figure 101: Diffusion of salts through the nanopaper. Schematic showing an idealized 
model of the diffusion of salts through the nanocellulose paper membrane. Using the  quasi-
steady state approximation, the system is split into two chambers where one 7.5 𝜇𝜇L in 
volume and has an initial concentration of 20 and the other is 142.5 𝜇𝜇L in volume and has 
an initial concentration of 0.  

 

the solute in the membrane, 𝛷𝛷 is the partition coefficient of the solute to the membrane, 
and 𝑡𝑡 is time. I rearrange and simplify Equation 29 to isolate time, 𝑡𝑡, which gives 
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(29) 

where 𝑃𝑃 is equal to 𝐷𝐷𝑚𝑚𝛷𝛷
𝐿𝐿𝑚𝑚

 and describes the permeability of the membrane in centimeters per 
second to the solute. Setting 𝐶𝐶1 equal to 1 and 𝐶𝐶0 equal to 20, I solve for the time it takes 
for the system to reach equilibrium as a function of the nanocellulose permeability. 
Although nanocellulose membranes are often highlighted for their barrier properties in dry 
conditions, in wet conditions nanocellulose membranes are reported to display similar 
permeabilities as regular cellulose filter paper76,142 and higher permeabilities than 
regenerated cellulose membranes83,143. I use the values reported from the least permeable 
cellulose membrane, regenerated cellulose membranes, which are reported to be between 
1× 10−3 cm s-2 81 and 1× 10−4 cm s-2 144, and find the time for equilibration of the salts 
should be between 3 and 30 minutes.   

 As a control, I also conduct experiments to evaluate the concentration of salts inside 
the GUVs after harvesting using a sodium sensitive dye, sodium green, that fluoresces in 
the presence of sodium145. Figure 102 shows the results of the sodium green experiments. 
I use a rhodamine-labeled lipid dye to allow visualization of the membrane in the red 
channel since the sodium green dye is fluorescent in the green channel. From the images, 
all of the GUVs appear to have the same fluorescence inside their lumens as the outside 
environment. I measure the fluorescence signal by drawing a line profile through the GUVs 
in both channels and show the results from measuring four typical GUVs with different 
sizes in Figure 102d. The fluorescence signal in the red channel has two peaks that mark 
the edges of the GUVs with the lumen between these peaks. The fluorescence signal in the 
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green channels remains constant both inside and outside of these peaks suggesting that the 
concentrations are equal. I repeat this process for 50 randomly chosen vesicles and find 
that the fluorescence intensity of the lumens is the same as the exterior for all of the 
vesicles. This result is in agreement with the expectations from the model.  

 
Figure 102: Confirmation of sodium inside the GUVs. a-c False-colored confocal 
images showing the a red channel, b green channel, and c overlay of both channels of a 
single image of GUVs assembled using the one-step methods with 1× PBS. The 
fluorescence signal from the GUV membranes is shown in red and the fluorescence signal 
of the sodium green indicator is shown in green. d Line profiles showing the fluorescence 
intensities of the regions marked in black and numbered in c.  
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5.2.5 One-step modulation of salts experiments  

 To test the effects of the modulation time on the molar yields of GUVs, I conduct 
experiments by modulating the time the salt is added 𝜏𝜏𝑎𝑎𝑑𝑑𝑑𝑑. Using a non-dimensional 
modulation time 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 𝜏𝜏𝑎𝑎𝑑𝑑𝑑𝑑

𝜏𝜏𝑡𝑡𝑡𝑡𝑡𝑡 
 , I normalize the relationship between the time the salt is 

added by the total time before harvesting. This allows for a rational inclusion of the 
conditions when the salt is present in hydration, where 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 0, as well as the conditions 
when salt is not ever added 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 1. The remaining timepoints that are tested are 1 
minute, 5 minutes and 10 minutes after the initial hydration which correspond to 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 
values of 0.02, 0.08, and 0.17 respectively.  

 Figure 103 shows the effect of the modulation time on the sizes and counts of GUVs 
obtained from tracing paper. The data is split between experiments conducted from the 
zwitterionic membranes as well as experiments conducted from the anionic membranes. I 
collect data from 3 independent replicate samples at each modulation time point. 
Histograms showing the distribution of sizes from zwitterionic membranes are shown in 
Figure 103a. Each point represents the average counts from 3 samples normalized by the 
amount of lipid initially deposited, and the bin widths are 1 𝜇𝜇m. Note the logarithmic 
scaling of the y-axis. The shading of the colors indicate the modulation time where brighter 
colors show the earlier modulation times and darker colors show the later modulation 
times. As expected all of the size distributions have a single peak that is located at 1 𝜇𝜇m 
and have a long right tail. The size distributions of the 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 =  0 and 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 0.02 overlap 
remarkably closely and appear much more steep with a shorter tail compared to the other 
distributions. This shape highlights the sharp drop in size and counts of the GUVs due to 
the addition of salts within 1 minute of hydration. At 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 0.08, the distribution shifts 
slightly up and to the right, indicating an increase in counts and sizes. Following this same 
trend, at 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 0.17 the distribution shifts even further up and to the right appearing to 
overlap completely with the low salt conditions, 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 1. This suggests that the addition 
of salts after 10 minutes of hydration in low salt conditions results in no differences with 
the entirely no salt conditions. Figure 103b shows the size distributions from the anionic 
membranes. The shapes of the distributions are similar but with a more truncated tail than 
the zwitterionic membranes suggesting that anionic membranes form vesicles with smaller 
sizes. Compared to the other distributions, at 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 0 the distribution is significantly 
shifted down and to the left corresponding to the sharp decrease in sizes and counts of 
GUVs in the presence of salts. Since overall the histograms from anionic membranes have 
less prominent right tails, even at 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 0.02 corresponding to 1 minute in low salt 
conditions, the distribution begins to overlap well with the low salt conditions. The other 
time points 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 0.08, and 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 0.017 appear mostly indistinguishable from the 
distribution in low salt, 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 1.   

 The breakdown of the counts between the small (diameters, 1 ≤ 𝑑𝑑 < 10), large 
(10 ≤ 𝑑𝑑 < 50), and very large GUVs (𝑑𝑑 ≥ 50) is shown for the zwitterionic membranes 
in Figure 103c and for the anionic membranes in Figure 103d. The average counts are 
normalized per 𝜇𝜇g lipid and the error bars show one standard deviation from the mean. The 
counts from the samples in high salts are colored orange and the counts from the low salt 
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samples are colored green. For the zwitterionic membranes, the counts of the small vesicles 
increase steadily with modulation time, starting at 1.2 × 105 small GUVs at 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 0 until 
reaching 1.1 × 106 small GUVs at 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 0.07. The counts of the large and very large 
vesicles appear to increase sharply between 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 0.08 and 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 0.017. At 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 =
0.017 the counts appear to have reached values similar to the low salt conditions at 4 × 
104 large GUVs and 150 very large GUVs. For the anionic membranes the counts of the 
small GUVs also steadily increase from 0.5 × 105 small GUVs at 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 0 to 1.6 × 106 
small GUVs at 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 0.07, matching the low salt data. The large GUVs also steadily rise 
until reaching counts of 2.9 × 104 at 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 0.07. The counts of the very large GUVs 
remain below 50 for all of the time points.  

 
Figure 103: Sizes and counts of GUVs obtained from the one-step modulation of salts 
experiments. a,b Histograms showing the distributions of sizes of the populations of 
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GUVs obtained from a zwitterionic GUVs and b anionic GUVs assembled in 1× PBS 
using the one-step modulation of salts methods. The various modulation times marked in 
the legend where the brighter colors indicate the earlier modulation times and the darker 
colors  indicate the later modulation times. Each point represents and average of the counts 
from 3 replicate samples and is normalized by the amount of lipid deposited. The bin widths 
are 1 𝜇𝜇𝜋𝜋. Note the logarithmic scaling of the y-axis. c,d Plots showing the counts of GUVs 
normalized by the 𝜇𝜇g of lipid for the c zwitterionic GUVs and d anionic GUVs at each of 
the different modulation times. Samples where salts are added are marked in orange and 
the samples without salt are marked in green. The plots are split into the counts from each 
of the size categories labeled in each plot.  

 

I show the stacked bar plots of the molar yield as a function of the modulation time 
for both the zwitterionic and anionic GUVs in Figure 104 Each bar is split into the small, 
large, and very large size classifications marked in the legend. The red colors represent the 
samples with salt added, the blue colors represent the low salt samples. The molar yields 
of the zwitterionic GUVs increase from 0.6 ± 0.2 % at 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 0, to 7.6 ± 1 % at 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 =
0.02, to 18.5 ± 3 % at 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 0.08, and then remain constant from 29.3 ± 4 % at 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 =
0.17 to 31.1 ± 2 % at 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 1. The molar yields of the anionic GUVs trend similarly 
increasing from 0.8 ± 0.5 % at 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 0, to 11.1 ± 1 % at 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 0.02, to 18.8 ± 3 % 
at 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 0.08, and then remaining constant from 30.5 ± 2 % at 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 0.17 to 31.2 ±
2 % at 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 1. For the zwitterionic GUVs, the addition of salts any time within the first  

 
Figure 104: Molar yield of GUVs from one-step modulation of salts experiments. 
Stacked bar plots showing the average molar yield of GUVs from a zwitterionic GUVs and 
b anionic GUVs assembled in 1× PBS using the one-step modulation of salts methods. The 
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molar yield is plotted as a function of increasing modulation time (𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑). The red colors 
indicate the samples that have 1× PBS and the blue colors represent the samples in low 
salts. Each bar shows the average of 3 samples and the error bars show one standard 
deviation of the mean. The amount of the molar yield from each size classification of GUVs 
is marked in the legend.  

5 minutes, which correlates to 𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 0.08, results in a decrease in the molar yields 
compared to low salt conditions. This decrease is directly proportional to the time the salt 
is added with earlier times resulting in lower yields. After 10 minutes of hydration in low 
salts (𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 0.17),  addition of salts does significantly decrease the yields. As a control, 
I also conduct experiments adding salts at time points after 10 minutes, including at 60 
minutes after the initial hydration, and find this also does not lead to a decrease in the 
yields. The anionic GUVs appear to follow the same trend as the zwitterionic GUVs with 
the only major difference being that there appear to be fewer GUVs larger than 10 𝜇𝜇m. 
Figure 105 shows a plot of the yield of the GUVs larger than 10 𝜇𝜇m versus the total molar 
yield. The blue points represent the zwitterionic GUVs and the red points represent the 
anionic GUVs. The error bars are 1 standard deviation from the mean. All of the samples 
fall below the dashed red line which indicates that the less than half of the total molar yield 
for each sample comes from GUVs larger than 10 𝜇𝜇m. The final time-addition points 
(𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 0.17) match closely with the low salt points (𝜏𝜏𝑚𝑚𝑚𝑚𝑑𝑑 = 1) for both lipid 
compositions, suggesting that salt does not have an effect on the sizes of the GUVs. Since 
previous data from DOPC membranes on tracing paper showed a little more than half of 
the yield came from GUVs with diameters larger than 10 𝜇𝜇m, likely the PEGylated lipid 
and negatively charged lipid result in slightly smaller sizes of the GUVs.  

 
Figure 105: Molar yield of large GUVs. Scatter plot showing the molar yield of the GUVs 
larger than 10 𝜇𝜇m versus the total molar yield. The red dashed line corresponds to half of 
the molar yield coming from GUVs larger than 10 𝜇𝜇m. The x and y error bars show 
onestandard deviation from the mean. The zwitterionic GUVs are marked in blue and the 
anionic GUVs are marked in red. The modulation time is written next to each point.  
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 Overall the molar yield experiments confirm that to obtain high yields of GUVs in 
physiological salt solutions, the GUV buds need to be allowed a short 10 minute period, 
𝜏𝜏𝑏𝑏𝑐𝑐𝑑𝑑, to emerge. Once this period is reached, concentrated salt solutions can be added 
beneath the paper and allowed to equilibrate in the solution and do not have any apparent 
effects on the merging or the sizes of the GUVs compared to entirely low salt conditions. 
It also appears the suppression of the emergence of buds from the direct addition of high 
salts is due to increased adhesion between the membranes. I show these three scenarios 
schematically in Figure 106.  

 
Figure 106: Budding and merging model in salts. Schematic showing the different 
scenarios of budding and that can occur due to the salts. Starting in the middle row, when 
the buds are allowed to emerge in the absence of salts high yields can be obtained in low 
salts (middle right) as well as in high salts through the one-step method (top right). When 
high salts are added immediately during hydration higher adhesion prevents the formation 
of buds and leads to low yields in high salts. 
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5.2.6 One-step tracing paper methods to assemble GUVs are general  

With the one-stepped modulation of salts method, a much larger range of different 
experimental parameters can be used during the assembly of GUVs on tracing paper than 
previously. For example, Figure 107 shows GUVs assembled in physiologically relevant 
salt concentrations from various lipid extract mixtures. Lipid extract mixtures are lipid 
mixtures that are directly from natural membranes146,147. Forming GUVs from lipid extract 
mixtures in physiological salt solutions allows for the controllable experimentation of more 
natural-like membrane systems and has resulted in discoveries related to lateral interactions 
of lipids and as well as membrane protein interactions87,146,148. In addition working with 
proteins, which are often extremely sensitive to salt conditions149–151, is much more 
straightforward. Figure 108 shows an example of the incorporation of a salt sensitive 
globular actin protein into GUVs using the one-step method. In the presence of around 50 
mM salts the globular actin which is around 60 kDa in size can polymerize and form 
micrometer-long filaments of actin152. Thus, the one-step method allows for the loading of 
the actin into the vesicles at low salts and then consequent filling of the vesicles with high 
salts to initiate the polymerization of the actin resulting in the containment of cytoskeleton-
like frameworks inside the GUVs.  

Figure 109 shows an overview of the generality of the GUVs that can be assembled 
from tracing paper. Figure 100a shows the high yields that can be obtained in physiological 
salts using anionic GUVs composed of negatively charged lipids which are found 
commonly in biological membranes140,153. Figure 109b shows GUVs obtained from phase 
separating mixtures that contain the lipids 1,2-dipalmitoyl-snglycero-3-phosphocholine 
(DPPC), which has two saturated alkyl chains, DOPC, cholesterol, 1,2- dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rhod-PE), and the  

 
Figure 107: One-step modulation of salts method using tracing paper allows for the 
assembly of GUVs composed from biologically relevant lipid compositions in 
physiological salts. a-c Harvested GUVs assembled in physiological salts using the one-
step modulation of salts method. The membrane compositions of the GUVs that can be 
assembled are a soy extract polar, b E. coli extract total, and c brain extract total. Scale bar: 
a-c 50 𝜇𝜇m.  
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Figure 108: Encapsulation of actin inside GUVs. Confocal images showing a practical 
use of the modulation of salts method to obtain GUVs encapsulated a with globular actin 
and b,c with actin filaments. The images are each false colored with the red channels 
showing the fluorescence signal from a rhodamine labeled actin and the green channels 
showing the fluorescence signal of the lipid membrane. Scale bars: a 50 𝜇𝜇m, b,c 10 𝜇𝜇m. 

 

ganglioside GM1 at molar ration of 36:36:27.5:0.25:0.25. When the GUVs are prepared 
from the tracing paper in solutions while on a hot plate set to temperatures above 40 °C 
and then quickly cooled to room temperature, the lipids phase separate into coexisting 
liquid ordered, 𝜇𝜇𝑚𝑚, and liquid disordered, 𝜇𝜇𝑑𝑑, domains154. The coexistence can be easily 
visualized since the Rho-PE partitions in the 𝜇𝜇𝑑𝑑 phase and the GM1 partitions into the 𝜇𝜇𝑚𝑚 
phase. The GM1 although not fluorescent binds with the fluorescently labeled cholera toxin 
subunit B. Phase separation in GUVs is studied extensively and has aided in the 
understanding of various membrane related phenomena such the effect the membrane has 
on protein function and organization in membranes140,153. Lastly, for proteins that can 
denature in low salt conditions, the one-step tracing paper methods allow for the initial 
assembly of GUV buds, the loading of buds with proteins in their required high salt 
conditions, and the harvesting of high yields of protein-filled GUVs. Figure 109c shows 
the loading of zwitterionic GUVs with a labeled bovine serum albumin (FITC-BSA) 
protein. The ease, efficiency, and accessibility of the one-step tracing paper methods open 
avenue for the large-scale production of protein-filled GUVs that could potentially deliver 
large payloads of drugs155. In tandem with the confocal microscopy methods, large sample 
sizes of GUVs containing proteins can be studied over time as containers to carry out 
biological chemical reactions relevant to creating synthetic cells156–159. Overall the 
demonstrations shown here are extremely significant since up until now methods to obtain 
GUVs in physiologically relevant environments are reported to either result in low yields 
or result in the contamination of the GUVs with osmolytes17,42. 
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Figure 109:  Methods developed to assemble GUVs from tracing paper are general to 
a wide variety of conditions. Representative confocal images showing the wide variety of 
GUVs that can be obtained using the novel methods developed and studied in this 
dissertation including a anionic GUVs (green rings), b phase-separated GUVs (𝜇𝜇𝑑𝑑 domains 
are false colored red and 𝜇𝜇𝑚𝑚 domains are false colored blue), and c protein-loaded GUVs 
(membrane is colored red and protein is colored green). Scale bar: a-c 50 𝜇𝜇m. Images were 
published4 and reproduced here with permission from the American Chemical Society. 
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6. Conclusion 
Using the novel confocal microscopy methods I developed in Chapter 2, I show the 
systematic characterize the populations of GUVs from the most commonly used surface-
assisted techniques in Chapter 2. I collect data from ~100,000 GUVs from each different 
substrate tested and quantitatively compare important features of the populations using 
metrics including the counts, the distributions of sizes, and the newly introduced metric 
termed the molar yields. From these quantitative experiments, I show the advantages of 
using tracing paper over other commonly used methods to assemble GUVs due to the high 
yields of GUVs that can be produced and the commercial availability of the substrate. 
Comparing the molar yields from different substrates systematically, I show the molar yield 
data can be explained using the budding and merging model4 that considers the effect that 
the nanoscale cylindrical fibers at the surface of tracing paper could have on the lipid 
membrane. I then optimize the assembly of the GUVs from tracing paper studying a variety 
of different conditions such as the time allowed for assembly and the concentration of salts 
present during hydration. Finally, I show that high yields of GUVs with various properties 
such as being composed of anionic lipids or encapsulating proteins, can be obtained in 
physiological concentrations of salts through a one-step modulation of the ionic strength 
of the solution during the assembly on tracing paper.  The work conducted in this 
dissertation has resulted in a wealth of information on the process of surface-assisted 
assembly of GUVs and has open avenues for the large-scale production of GUVs for 
quantitative biophysical studies and for potential practical applications in drug delivery and 
synthetic cells.  
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Appendix 
 
1. Introduction  

In the appendix section of this dissertation, I include work that is supplemental to the 
research conducted in the previous chapters. In Section 2, I include the relevant materials 
and methods used only in the appendix.  In Section 3, I present data I collected on the effect 
of osmolytes on the assembly of GUVs in physiological solutions. In Section 4, I include 
work related to the use of cellulose paper as a platform for novel biosensing applications. 
Finally, in Section 5 I include the raw code I used to characterize the populations of GUVs 
from the confocal images in the previous chapters.   

 

2. Materials and methods 

2.1 Materials 

Whatman Ashless Grade 1 Filter Papers (12 cm × 12 cm), glass coverslips (Gold Seal™ , 
22 mm x 22 mm), premium plain glass microscope slides (75 mm x 25 mm), and glass 
media bottles (Pyrex™, 100 mL) were purchased from Thermo Fischer Scientific 
(Waltham, MA).  

2.2 Chemicals 

Rabbit IgG (reagent grade >= 95 %), anti-rabbit IgG (whole molecule) antiserum produced 
in goat (~17 mg/mL), polyethylene glycol (average Mn 6000, premium grade) and 
erioglaucine disodium salt (analytical standard grade >97%), sucrose (BioXtra grade with 
purity ≥ 99.5%), glucose (BioXtra grade with purity ≥ 99.5%),  dextran from Leuconostoc 
(average mol wt ~100,000), low gelling temperature agarose (BioReagent grade) , and 
casein from bovine milk (BioReagent grade) were all purchased from Sigma-Aldrich (St. 
Louis, MO). I purchased chloroform (ACS grade with a purity ≥ 99.8% and 0.75% ethanol 
added as preservative) and acetone (ACS grade, purity ≥99.5%) from Thermo Fischer 
Scientific (Waltham, MA). I obtained 18.2 MΩ ultrapure water from an ELGA Pure-lab 
Ultra water purification system (Woodridge, IL). I purchased lipids 1,2-dioleoyl-sn-
glycero-3-phosphocholine (18:1 (Δ9-cis) PC (DOPC)) and 23-(dipyrrometheneboron 
difluoride)-24-norcholesterol (TopFluor-Cholesterol), from Avanti Polar Lipids, Inc. 
(Alabaster, AL). 

2.3 Assembly of GUVs from gel-assisted methods 

2.3.1 Fabrication of agarose-coated glass coverslips 

I prepare films of agarose on glass coverslips following protocol previous reported by 
others1,2. I obtain a 1 wt % (w/v) solution of agarose by mixing 0.8 g of low gelling 
temperature agarose in 80 mL of room temperature ultrapure water. The solution is mixed 
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in a 100 mL glass media bottle and then set on a hot plate at 100 °C for 30 minutes while 
being stirred with a magnetic stir bar. I place square glass coverslips (22 mm × 22 mm) 
onto a sheet of Parafilm, and then spread 300 µL of the agarose solution onto the coverslips 
evenly moving the solution around with the pipette. The sheet of Parafilm holding the 
coated glass coverslips is then placed onto a hot plate set at 40 °C where the agarose gel is 
allowed to dehydrate for 3 hours1,2.  

2.3.2 Fabrication of the polyvinyl alcohol (PVA) coated glass coverslips 

To fabricate the polyvinyl alcohol, I followed protocols from others3. I spread 300 𝜇𝜇L of a 
5 wt % (w/v) solution of PVA evenly over a glass coverslip (22 mm × 22 mm). I then place 
the PVA-coated glass coverslip onto a sheet of Parafilm and allow the PVA film to dry at 
40 °C for 2 hours.  

2.3.3 Fabrication of dextran-tracing paper 

I fabricated dextran-tracing paper to approximate the surface concentration of agarose 
molecules on the surface of glass coverslips used for agarose gel-assisted hydration1,2. Low 
melting temperature agarose has an average molecular weight of 100,0004. Due to its 
porosity, a piece of tracing with equivalent area to a glass coverslip (22 mm × 22 mm) 
absorbs ~ 120 µL of water.  I thus deposited 420 µL of a 1% (w/v) solution of dextran 
(MW 100,000) onto cleaned pieces of tracing paper. I allowed the solution to dry for 2 
hours at 40 °C on a hot plate.  

2.3.4 Hydration of the agarose-coated glass and PVA-coated glass substrates 

To hydrate the lipid-coated glass and agarose-coated glass substrates, I affix circular PDMS 
gaskets (inner diameter × height = 12 × 1 mm) to construct a barrier around the lipid films. 
I then hydrate the surfaces in 150 𝜇𝜇L of buffer and carefully place a glass coverslip on the 
top surface of the PDMS gasket. I allow the samples to incubate for 2 hours, before 
carefully removing the coverslip and harvesting the GUVs from the surface normally.  

2.4 Pre-hydration with sucrose to obtain GUVs in physiological salts 

Controlling the concentration gradients of osmolytes between the substrate surface and the 
lipid membranes, high yields of GUVs bud from the surface during direct assembly in 
physiological salts. For experimental ease and working with small volumes the lipid-coated 
tracing paper surface is placed into a circular PDMS gasket (same as the ones used for gel-
assisted methods in section 2.3.4) instead of the standard 48-well plate. To control the 
gradients, I pre-hydrate the lipid coated tracing paper using 15 𝜇𝜇L of a 1 M solution of 
sucrose in 1× PBS. Following a 3 minute incubation period, I gently fill the rest of the 
chamber with 135 𝜇𝜇L of 1× PBS solution, resulting in a final concentration of 100 mM 
sucrose and 1× PBS. After 60 minutes of growth the GUVs are harvested normally from 
the surface.  

 

 

 



211 
 

2.5 Quantification of immunoprecipitation reactions 

2.5.1 Fabrication of microPADs 

I created a template for the devices in Adobe Illustrator. There were 45 devices on a single 
piece of chromatography paper, each a rectangular channel with a width of 5 mm and length 
of 30 mm. I printed the channels using a Xerox ColorQube 8580 wax printer with black 
wax ink. I melted the wax through the thickness of the paper, by placing the wax-printed 
paper on a hot plate set at 150°C for 3 minutes. During this process, the black wax turned 
gray and the channels were clearly visible on both sides of the paper. I printed a second 
layer to create a rectangular slit at the top of each channel (1 mm) and a millimeter scaling 
ruler along the side of each channel. To seal the bottom surface of the paper, I printed a 
complete layer of yellow wax and then a complete layer of black wax. The black wax layer 
visually printed well onto the yellow wax layer. 

2.5.2 Fabrication of nanoPADs 

I diluted a stock suspension of nanofibrillated cellulose (NFC) from 3 wt % to 0.05 wt % 
in ultrapure water. I cut off the end of a pipette tip (20-200 µL) and carefully deposited 40 
µL droplets of the NFC suspension on the entrance of the µPADs. I allowed the suspension 
to completely wick into the paper and evaporate for one hour. A mat of nanocellulose 
formed on top of the entrance.  

2.5.3 Procedure for immunoprecipitation reaction 

I diluted the anti-rabbit IgG antiserum (nominal concentration ~ 17 mg/mL, manufacturer’s 
data) in PEG buffer (4 w/v % PEG in 1X PBS buffer) to obtain a working concentration of 
2 mg/mL of antiserum. To obtain a wide range of antigen concentrations, I serially diluted 
rabbit IgG in half dilutions 7 times to obtain samples with concentrations ranging from 
1.000 mg/mL to 0.016 mg/mL. The final volume for each sample was 320 µL. I filtered all 
solutions through a regenerated cellulose syringe filter with a pore size of 0.2 µm to remove 
any dust or other large contaminants. After mixing each antigen sample with an equal 
volume of antiserum solution in 1.5 mL Eppendorf tubes, I allowed the reaction to proceed 
for 20 minutes.  

2.5.4 Procedure for turbidimetric control 

After 20 minutes, I gently mixed the reaction to redistribute the precipitates and placed 
three 200 µL aliquots from each reaction mixture into a polystyrene flat bottom 96-well 
plate (Corning Inc.). I measured the optical density using a SpectraMax M2e plate reader 
(Molecular Devices). I performed the measurements in the absorbance mode at a 
wavelength of 340 nm.   

2.5.5 Procedure for nanoPAD analysis 

I added 5 µL of FD&C Blue Dye (11 mg/mL eurioglaucine disodium salt) to each well in 
the 96-well plate. I gently mixed the solutions and deposited three 40 µL droplets onto the 
entrance of three nanoPADs. I allowed the droplets to imbibe into the devices for 5 minutes 
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before wiping the excess liquid from the entrance. After the devices completely dried the 
fluid flow path remained clearly visible as a blue stain against the white paper. I recorded 
the fluid front length of each of the solutions to the furthest millimeter traveled and then 
scanned the paper in a scanner.  

 

2.5.6 Characterization of the paper devices 

I collected electron microscopy images of the µPAD and nanoPAD devices using a field 
emission scanning electron microscope (GeminiSEM 500, Zeiss, Germany). I taped the 
samples down to a metallic SEM pin stub using copper tape to secure the sample and create 
a conduction path to minimize charging at the non-conductive paper surface. I used a low 
beam accelerating voltage (1kV) and collected signal using a secondary electron detector. 
I collected images at 10 different locations and at three different magnifications for a total 
of 30 images. The pixel size of the low, middle and high magnifications was 1.09 µm/pixel, 
0.24 µm/pixel, and 0.011 µm/pixel respectively. The dimension of the images was 1024 x 
768. Quantitative analysis of the pore size distribution was conducted on these images in 
Matlab using a custom routine. 

2.5.7 Pore size distribution analysis 

I wrote a custom Matlab routine to obtain the pore size distribution at the entrance of the 
paper devices from the SEM images. I used a threshold to convert the grayscale images 
into binary images. The pores were considered to be the 0-value pixels and the fibers were 
considered to be the 1-value pixels. I considered connected 0s to be single pores and used 
the bwconncomp routine to return the connected components. I used regionprops routine 
to determine an equivalent diameter for each of the connected components assuming they 
were circular.  

I analyzed 7 low, 10 middle and 10 high magnification images and normalized the 
pore size data from each magnification to encompass the surface area of the device 
entrance. I set criteria on the diameter of the pores that were collected from each 
magnification to prevent double counting. The pore size distributions were plotted in 
histograms as 24 equal bins between 38 nm and 90,000 nm.     
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3. Effect of osmolytes on the formation of GUVs   

3.1 Molar yields of GUVs obtained from gel-assisted methods in physiological salts 

Gel-assisted methods have been reported to be able to result in high yields of GUVs in 
physiological salts. At the conclusion of Chapter 3, I show that through a modulation of 
the ionic strength of the solution, tracing paper can be used to produce high yields of 
biologically-relevant GUVs in physiological salt conditions. This demonstration is 
significant since up until now methods to obtain GUVs in physiologically relevant 
conditions are reported to result in either low yields or, in the case of the gel-assisted 
methods, contamination of the GUVs with osmolytes5,6. However, in cases where 
contamination of the environment is not an issue, the yields of GUVs from gel-assisted are 
still quantitatively unknown. Following the procedures in the methods section, I 
quantitatively evaluate the yields of GUVs in 1× PBS solutions from agarose gels, 
polyvinyl alcohol (PVA) gels, and surfaces of tracing paper covered with dextran 
molecules. I select the dextran as a molecule to coat the tracing paper, to compare the effect 
of osmolytes that are not gels. I coat the surface of the tracing paper with the same surface 
concentration of dextran the surface concentration used in the agarose gel method. I also 
include new data relevant to the yields of GUVs in physiological salts from the 
electroformation method and replot the yields of the glass, tracing paper, and one-step 
tracing paper methods for comparisons.  

As a baseline, I show the results of the molar yields obtained in low salt conditions 
in Figure 110a. The stacked bar plots show the average molar yields from 5 independent 
replicate samples. The colors show the percentage of the molar yields that comprise of 
GUVs from the size classifications that include small GUVs (with diameters, 𝑑𝑑, 1 ≤ 𝑑𝑑 <
10), large GUVs (10 ≤ 𝑑𝑑 < 50), and very large GUVs (𝑑𝑑 ≥ 50). The error bars show the 
standard deviation of the mean of the small GUVs (bottom) and large and very large GUVs 
(top). The molar yields produced from the agarose and dextran tracing paper samples in 
low salt solutions are both around 30% and are both not statistically different than the molar 
yields produced from tracing paper. Interestingly the PVA gels result in a slight decrease 
in yields compared to the glass method. Figure 110b shows the molar yields in 1× PBS 
solutions. Direct addition of the salts without modulation of the ionic strength results in a 
decrease in the molar yields from all the substrates. Interestingly, the decrease in the yields 
from dextran tracing paper and agarose gels are similar at around ~15%. These substrates 
result in the highest molar yields in physiological conditions for any method where 
modulation of salts is not performed. The electroformation molar yields also significantly 
decrease in physiological salts dropping to around 7%. However, compared to the glass 
and tracing paper samples the electric field does appear to have a positive effect on the 
yields in high salts producing slightly higher yields. The PVA, although reported to 
produce high yields of GUVs in salt solutions, decreases significantly to a similar yield as 
the glass and tracing paper surfaces around 1%.  
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Figure 110: Molar yields of GUVs obtained from surface-assisted methods decrease 
in physiological salts. Stacked bar plots showing a a baseline of the molar yields of GUVs 
obtained in low salt, 100 mM sucrose solutions, and b the molar yields in 1× PBS solutions 
from various surfaces tested. The colors of the bars show the contributions to the total 
molar yield of the size ranges marked in the legend. Each point is from an average 5 
independent repeats with error bars showing one standard deviation from the mean.  

 

3.2 Effect of osmotic pressure gradients on the assembly of GUVs in physiological 
salts 

Considering the budding and merging model from Chapter 3, since the only 
difference between the dextran-coated tracing paper and the tracing paper substrates is the 
presence of the dextran. The presence of osmolytes on the surface could result in an osmotic 
pressure difference that overcomes the adhesion between the membranes and results in the 
formation of the buds. To investigate, I first observe the difference in the buds on the 
surface of the dextran coated paper after hydration in 1× PBS buffer. Figure 111 shows the 
effect of decreasing the amount of dextran at the surface of the tracing paper on the 
formation of the buds. As a reference, in the molar yield experiments I used a 1 wt % (w/v) 
concentration of dextran solution to obtain the dextran coated paper. At the lowest 
concentration 0.01 wt % (Figure 111a), only very few and small buds can be observed on 
the surface. At the middle concentration 0.1 wt % (Figure 111b), significantly more buds 
can be observed on the surface however the membranes appear rigid and the buds do not 
appear to e fully formed. At the highest concentration 1 wt % (Figure 111c), the GUV buds 
appear more similar to how they appear in low salt  
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Figure 111: Confocal images of GUV buds forming from various surfaces during 
hydration in physiological salts. Representative confocal images during the assembly of 
GUVs in physiological salts from the a 0.01 wt % dextran-coated tracing paper, b 0.1 wt 
% dextran-coated tracing paper, c 1 wt % dextran-coated tracing paper, d tracing paper, e 
5 wt % PVA-coated glass, and f 1 wt % agarose-coated glass surfaces. Scale bar: a-f 25 
𝜇𝜇m.   

 

conditions where they are distributed axially above the surface of the tracing paper and 
appear much larger in number and size. Interestingly at each increasing surface 
concentration, the vesicles at the surface are similar in appearance to observations I have 
made in the past, where the lowest dextran concentration 0.01 wt %, results in images that 
appear similar to tracing paper, the middle dextran concentration 0.1 wt %, results in 
images that appear similar to PVA, and the highest dextran concentration 1 wt % results in 
images that appear similar to agarose. 

Along with a qualitative analysis, I also show the results of performing confocal 
tilescan experiments to quantify the molar yields of the GUVs obtained at each 
concentration. I include a concentration of 10 wt % dextran. Figure 112a-d shows the 
previous images of the GUV buds on the different dextran-coated surfaces with the addition  
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Figure 112: Effect of osmotic pressure on the molar yield of GUVs in physiological 
salt conditions. a-d Representative confocal images from the dextran samples in 
physiological salts in Figure 111, with the addition of d a 10 wt % dextran-coated tracing 
paper sample. e Stacked bar plot showing the average molar yield of the GUVs obtained 
from the different concentrations of dextran coated on the tracing paper surface. The error 
bars show the standard deviation from the mean from 3 replicate samples. The predicted 
values for the osmotic pressure associated to the membrane are shown above.  

 

of the appearance of the 10 wt % dextran sample where most of the lipid has appeared to 
come off the surface. Figure 112e shows the stacked bar plots from an average of 3 replicate 
samples for each dextran concentrations. Since, the osmotic pressure that would be felt by 
the membranes coating the dextran-coated surface is directly correlated to the 
concentration of the dextran, I also show the expected osmotic pressure gradient that is 
expected to be felt by the membrane at each different dextran concentration at the top of 
the plot. These values were estimated assuming that at the initial hydration all of the 
osmolytes are between the surface of the tracing paper and the lipid membranes resting on 
the surface. Clearly, the concentration range where the molar yields increase significantly 
due to the presence of the dextran is extremely narrow. The molar yields at 0.01 wt %, 0.1 
wt %, and 10 wt % dextran concentrations are all ~1−2 %, while only the molar yields at 
1 wt % dextran concentration reach ~15 %.   

 

 



217 
 

3.3 Development of a pre-hydration method to assemble GUVs in physiological salts 

Overall it appears that osmotic pressure gradients can drive the formation of GUVs 
in physiological salt environments. Figure 113 shows a schematic to conceptualize this 
mechanism. The left shows the a typical hydration in salts where the amount of osmolytes 
that are present is the same on both sides of the membrane and the membranes adhere to 
one another. On the right, the addition of water-soluble osmolytes at the surface results in 
an osmotic pressure gradient that drives the influx of water resulting in the lessening of the 
effects of adhesion and the budding of the membranes from the surface.  

I hypothesize that this osmotic effect can be achieved through concentration 
gradients similar to the one-step modulation of salts. Figure 114 shows a schematic of a 
novel pre-hydration method I develop to produce high yields of GUVs in physiological salt 
solutions. On the left the lipid-coated surface is hydrated with a small 15 𝜇𝜇L solution of a 
10× concentrated amount of osmolytes in 1× PBS. During the initial hydration, the 
concentrated solution of osmolytes intercalate between the bilayers that self-assemble. 
Moving to the middle, after 3 minutes 135 𝜇𝜇l of 1× PBS buffer is added to the solution to 
obtain a final concentration of 1× osmolytes and 1× PBS. The osmotic pressure gradient 
that is formed during the pre-hydration step results in the budding of GUVs in high salt 
solutions.  

Figure 113: Schematic showing the effect of osmotic gradients . a,b Schematic showing 
the effect a no gradient and b a gradient in the concentration of osmolytes across the lipid 
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bilayer. In the example where no gradient is present in physiological conditions of salts the 
adhesion between the bilayers dominates and the bilayers remain attached to the surface. 
In the example where there is a gradient present, the additional osmotic pressure due to the 
influx of water overcome the adhesion between the bilayers and allow the bilayers to begin 
to bud.   

 
Figure 114: Schematic showing the pre-hydration methods used to obtain GUVs in 
physiological salts. The lipid-coated substrate is placed into a PDMS gasket (top left) and 
then pre-hydrated in 15 𝜇𝜇L of a high osmolyte buffer in 1× PBS. A magnified view 
illustrates the expectation that as the lipid bilayers form, the osmolyte will intercalate 
evenly around the bilayers. In addition, since there is no osmotic gradient at this point and 
the adhesion energy is higher due to the 1× PBS, no budding is expected. After 3 minutes, 
the sample is hydrated in 135 𝜇𝜇L of 1× PBS solution (middle). Since only the initial 15 𝜇𝜇L 
contained osmolytes, a higher concentration of osmolytes is expected to be present between 
the bilayers and the surface compared to the solution in bulk. The osmotic pressure gradient 
drives the emergence of buds in the physiological salts and results in GUVs over the course 
of 60 minutes (right).  

 

Figure 115 shows the qualitative results of the pre-hydration experiments from a 
variety of different substrates including 0.1 wt % dextran, 1M sucrose in ultrapure water, 
1M sucrose in 1× PBS, and 20× PBS. The difference between the no pre-hydrate sample 
(Figure 115a) and the pre-hydrate samples is significant. Clearly many more buds form 
from the surface of the samples that are allowed a 3 minute period of pre-hydration with a 
concentrated osmolyte. Interestingly, even the 20× concentrated PBS buffer can be used 
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to promote the formation of the GUVs. This result is significant since encapsulation of 
desirable molecules inside the lumen of the GUVs could be performed without worry of 
contamination since the desired encapsulant molecules could be used themselves to 
promote the osmotic gradient that results in the formation of the GUVs. Current work to 
quantify the molar yields of the populations of GUVs obtained from these pre-hydration 
experiments in physiological conditions is currently ongoing.   

  

 

Figure 115: Appearance of buds assembled from pre-hydration in physiological salts. 
a-f Confocal images of the buds on the surface during pre-hydration experiments where a 
a control with no pre-hydration, b a 0.1 wt % dextran solution c a 1M sucrose solution, d 
a 1M sucrose in 1× PBS, e a 20× PBS solution, and f a modulated salt control were 
performed. Scale bar: a-f 100 𝜇𝜇m.  
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4. Novel uses of cellulosic materials for biosensing applications   
4.1 Development of a clogging-based immunoassay    

Due to the large sizes of the particles that precipitate out of solution during a controlled 
reaction between a concentration of antibodies and equal concentration of antigens7, 
measurements of the change in turbidity of the solution can be made using a plate reader 
to determine the concentration of proteins from an unknown sample8. One common 
function of cellulose papers is to filter out larger particulates to purify sources of water9. 
Thus, through a clogging-based process, the quantification of the precipitation reaction 
between antibody proteins, immunoprecipitation, may be possible on cellulose paper. This 
has the advantage of being a more economical and scalable method of quantifying a 
biological reaction than previous methods such as a plate reader. A typical image of the 
papers I developed in the lab for this project is shown in Figure 116. Cellulose paper is 
composed of micrometer sized fibers and pores (Figure 116b), whereas nanocellulose 
paper is composed of nanometer sized fibers and pores (Figure 116e).  

 

  
Figure 116: Cellulose and nanocellulose paper. a) Photograph of cellulose paper (top) 
and nanocellulose paper (bottom). At this scale the cellulose paper appears white and 
opaque while nanocellulose paper appears translucent. SEM image of cellulose paper at a 
low magnification (b) shows fibers and pores are visible at the micrometer range while the 
image of nanopaper at the same magnification (c) appears flatter and more continuous and 
the fibers and pores are not visible. At a higher magnification nanofibrils are visible on the 
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cellulose fibers (d) and the nanofibrils and pores are visible on the nanopaper (e). Scale 
bars: (a) 20 mm, (b,c) 100 µm, (d,e) 1 µm.  

From preliminary experiments, I determine that ordinary cellulose papers have pore 
sizes that are too large. Thus, I conduct experiments using a new class of paper which I 
termed nanohybrid paper (Chapter 3). Nanohybrid paper is a combination of regular 
cellulose paper and nanocellulose paper. I prepare devices of nanohybrid papers by 
depositing a 40 µL droplet of aqueous nanocellulose fibrils on top of regular cellulose paper 
devices and allowing the water to evaporate (Figure 117a). After evaporation, a thin 
nanocellulose film (approximately 10 µm thick) adheres to the surface of the cellulose 
paper device (Figure 117b). I discovered that nanohybrid paper measures an 
immunoprecipitin reaction by monitoring the distance that the fluid front travels in the 
paper (Figure 117c). The development of nanohybrid paper was essential since regular 
cellulose paper had pore sizes that were too large, while paper composed purely of 
nanocellulose did not wick liquids (Figure 117d) because the pore sizes were too small. I 
developed a Matlab routine to quantify the distribution of pore sizes between cellulose and 
nanohybrid paper devices and demonstrate that the smaller pore sizes correlated with the 
ability to quantify. To confirm that the pore size decreased at the device entrance I collected 
SEM images at three different magnifications. In µPADs large pores were clearly visible 
at each of the different magnifications (Figure 118), whereas in nanoPADs pores became 
visible at the higher magnifications (Figure 118b). I used a custom code in Matlab to detect 
and quantify the pores from 10 representative images at each of the different 
magnifications. Examples of the pore segmentation in images are shown in Figure 118c,d. 
The pore size distribution was plotted and determined over the entire 5 mm2 surface area 
of the device entrance. Compared to the µPADs (Figure 118e), the pore size distribution 
was significantly shifted towards the nanoscale for nanoPADs (Figure 118f), confirming 
that the pore size did decrease with the addition of nanocellulose.  
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Figure 117: Development of nanohybrid paper. a) Schematic illustrating the method to 
develop nanohybrid paper. The cellulose paper based devices (left) are incubated with 40 
µL droplets of nanocellulose suspension (center). The devices completely imbibe the liquid 
and after 1 hour of drying a nanocellulose film rests on the entrance of the device (right). 
b) False colored SEM image of the cross section of a nanohybrid paper device. The dry 
nanocellulose film (white) can be seen adhered to the entrance of the device and is roughly 
10 µm thick. c) Plot of the imbibition length of precipitin solutions in nanoPADs with 
respect to the antigen concentrations (normalized to the zero). A correlation between the 
decreasing imbibition length and increasing antigen concentration can be seen until the 
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equivalence point at 0.125 mg/mL. Insets show nanoPADs stained with FD&C blue dye 
marking fluid front after 5 mintues. d) Stills after 3 minutes of infiltration of water droplets 
into the paper devices. The cellulose paper and nanohybrid paper devices show little 
difference in imbibition properties. The purely nanopaper devices however do not imbibe 
fluids over this time scale. e) The fluid front was tracked using a camera and images were 
analyzed and plotted using code in Matlab. The plot shows quantitatively that there was 
little difference between the imbibition of nanohybrid and cellulose paper devices. Scale 
bars: (b) 100 µm. 

 
Figure 118: Characterization of nanohybrid paper using electron microscopy. SEM 
images of cellulose paper (a) and nanohybrid paper (b) devices at different magnifications. 
I analyzed the pore size distribution of each device at ten images at 3 different 
magnifications using a custom routine in Matlab. A representation of the segmentation of 
the pores in cellulose paper can be seen in (c) and of nanohybrid paper can be seen in (d). 
Extrapolation of our data was carried out over the 5 mm2 area of the device entrance. The 
histograms of the pore sizes in cellulose paper (g) and nanohybrid paper (h) show that the 
pore size distribution is significantly shifted to the left towards the nanometer for the 
nanohybrid paper. Scale bars: (a, b, e) 100 µm, (c, d, f) 1 µm.  
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4.2 Semi-quantitative measurements of a model immunoprecipitation reaction    

To test the quantification of the immunoprecipitation in practice, I develop procedures to 
test a model reaction where I conduct experiments on samples of artificial urine spiked 
with human albumin protein in the nanoPAD devices (5 minute infiltration of 40 uL 
droplets), using two channels for each sample. I recorded the lengths the fluid front imbibed 
into the paper for each sample and correlated these lengths to an appropriate concentration 
using the calibration curve. I made sure to multiply the diluted samples by a factor of 5 to 
determine the correct calculated concentration. To determine a final calculated 
concentration, I simply took an average of the neat and diluted calculated concentrations.  

The results from the four tests indicated that 22 out of 24 (92%) of the samples 
tested in nanoPADs provided the correct diagnosis of albuminuria and can be seen in Table 
12. Correspondence plots showed a reasonable correlation between the actual and the 
measured concentrations in nanoPADs (Figure 119a) as compared to data on the same 
samples in a plate reader (Figure 119b). ROC curves indicated that at a cut off 
concentration of 0.03 mg/mL, the test showed good differentiation between normal and 
microalbuminuria levels (Figure 119c). 

 
Table 12: Evaluation of albuminuria test in nanoPADs. The first two columns of the 
table show the samples and actual concentrations I prepared to evaluate the diagnostic 
ability of nanoPADs over the clinically relevant albuminuria ranges. The corresponding 
concentration readings I obtained from nanoPADs are in the calculated concentration 
columns. From the table I can see that nanoPADs does a relatively good job providing the 
correct diagnosis between the normal, micro, and macro levels of albumin in our samples 
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(22 out of 24 samples correctly diagnosed). However, nanoPADs appear to significantly 
underestimate the concentrations of samples in the higher microalbuminuria range 
(Samples 7-10), suggesting the test is currently limited to semi-quantitative.  

 

 
Figure 119: Correspondence and ROC plots for albuminuria test. Plots showing the 
correspondence of the actual concentrations to calculated concentrations in albuminuria 
samples tested using nanoPADs (a) and a plate reader (b). The dotted line signifies perfect 
correspondence. I can see that most measurements in the plate reader give the correct 
diagnosis and correspond well to the actual concentration. I can see that most 
measurements in nanoPADs also give the correct diagnosis, but do not correspond as well 
to the actual concentration, particularly for the higher microalbuminuria region (0.2 - 0.3 
mg/mL). c) Receiver operating characteristic curve (ROC curve) used to visualize the 
ability of nanoPADs to discriminate microalbuminuria from normal albuminuria. The 
dotted line represents a test that has no discriminative ability (50-50 chance to provide 
correct diagnosis). I can see that nanoPADs (black line) show good discriminative ability 
for microalbuminuria at a cut-off concentration of 0.03 mg/mL. The area under the 
nanoPAD ROC curve (AROC) is 0.88. Although not directly comparable, the ROC curve 
for the Micral Test® (point of care test strip for albuminruia) from Incerti et al.10, is 
overlayed in blue with a reported AROC of 0.83. I can see that the nanoPAD and Micral 
Test® ROC curves are similar for the microalbuminuria test.   

 

4.3 Templating dense networks of lipid nanotubes with complex compositions on 
cellulose string  

I have also shown it is possible to grow ultra-dense arrays of lipid nanotubes exhibiting 
liquid-liquid phase coexistence from cellulose string (Figure 120a-c). To label the liquid 
ordered phase I used Topfluor-Cholesterol (TFC) a probe which is known to partition into 
the liquid ordered phase11, and to label the liquid disordered phase I used a Rhodamine-
DPPE probe which has been show previously to partition into the liquid disordered phase11–

17. From the nanotube figures I can see that there are small green domains along the mostly 
red tubes suggesting phase coexistence. Vesicles grown on nanopaper from a mixture of 
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ESM:DOPC:Cholesterol:TFC:RhoPE with a composition of 54.8:20:25:0.1:0.1 mol % are 
shown in Figures 9d-f and from a mixture of ESM:DOPC:Cholesterol: TFC:RhoPE with a 
composition of 33:33:33:0.5:0.5 mol % are shown in Figures _g-i. Smaller green domains 
along the mostly red vesicles can be observed suggesting phase coexistence. Moving 
forward, I plan to quantify the phase behavior I observe from various lipid vesicle mixtures, 
so I can evaluate the homogeneity of the lipid composition between our vesicles.  

 

 

Figure 120: Phase separation in various lipid structures. Confocal fluorescence false 
colored images of phase separation in lipid structures with green (TFC) indicating the 
liquid ordered phase, red (RhoPE) indicating the liquid disordered phase and yellow 
indicating that both dyes cannot be resolved. (a-c) Lipid nanotubes prepared on cellulose 
string from a 33:33:33:0.5:0.5 mol % mixture of ESM:DOPC:Cholesterol:TFC:RhoPE. (d-
f) Vesicles prepared on nanopaper from a 54.8:20:25:0.1:0.1 mol % mixture of 
ESM:DOPC:Cholesterol:TFC:RhoPE. (g-i) Vesicles prepared on nanopaper from a 
33:33:33:0.5:0.5 mol % mixture of ESM:DOPC:Cholesterol:TFC:RhoPE. a) Nanotubes 
appear incomplete with bright and dark regions. b) Nanotubes appear complete with similar 
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intensities. c) Nanotubes appear red with green regions along the tubes. d) Vesicle 
membranes appear complete but with bright and less bright regions. e) Vesicle membranes 
appear incomplete with bright and dark regions suggesting phase separation. f) Vesicle 
membranes appear complete with green and yellow regions. g) Vesicle membranes appear 
complete with bright and less bright regions. Circular regions appearing within the 
membrane suggest domain formation. h) Vesicle membranes appear complete, and many 
of the circular regions are not visible. i) Vesicles appear mostly red with circular green 
domains within and along the edges of the membranes suggesting phase separation. Scale 
bars: (a-f) 20 µm, (g-i) 50 µm. 

 

4.4 Inkjet printing lipids onto cellulose paper    

Cellulose fibers and lipid membranes share a unique biological function as barriers to 
provide compartmental features in plants. Studies of the interactions between lipid 
membranes and cellulosic membranes may reveal more unique engineering functions than 
just the ability to assemble high yields of GUVs. One process that may allow for the rapid 
prototyping of many different lipid-coated cellulose surfaces with a high fidelity to obtain 
high resolution features of the lipids on the surface is to use an inkjet printer to print lipids 
onto cellulose paper. Typical ink formulations contain many additives to achieve specific 
viscosity and evaporation rate that is optimal for printing18. However, I am able to achieve 
reproducible and accurate printing onto nanopaper with lipid dissolved in pure isopropanol 
solvent. Using a Cannon inkjet printer (Figure 121a) and replacing the ink cartridges with 
a DOPC lipid ink (Figure 121b), I am able to print patterns of lipids onto nanopaper (Figure 
121c). To determine if the lipids remained unaffected by the printing process I examined 
the lipids after hydration and observed that at regions with high enough concentrations of 
lipids, the lipids self-assemble into GUVs as expected (Figure 121d).   
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Figure 121: Inkjet printing lipids onto nanopaper. a) Photographs of (a) cannon inket 
printer used for lipid printing experiments and (b) customizable magenta, black, yellow 
and cyan ink cartridges filled with lipids inks. Inset is an image demonstrating the direct 
filling of the ink cartridge with lipids using a pipette. Confocal fluorescence false colored 
images of (c) a tilescan of square lipid regions printed onto nanopaper and (d) a region just 
above the surface of the lipid-coated nanopaper where vesicles are growing. The tilescan 
(c) shows good fidelity of the lipid pattern printed onto the nanopaper. The higher 
magnification image (d) shows vesicles growing from the lipid-coated area suggesting a 
bilayer or multilayer rests on the surface of the nanopaper. Scale bars: (c) 5 mm, (d) 50 
µm. 
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5. Raw code used to process confocal images and analyze GUVs  
 

5.1 Running all of the scripts at once using Run_All.m  

run SegmentObjects.m 
run SelectObjects.m 
run GenerateMontageSegmented.m 
run GenerateMontageSelected.m 
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5.2 Segmentation of the GUVs using SegmentObjects.m   
 
% Input:    .czi images of z-stacks of extracted vesicles 1 
with metadata 2 
% Process:  Performs watershed segmentation on image files 3 
% Update:   stores tiling positions and relabels images by 4 
tiling 5 
  6 
close all 7 
clear all 8 
files1 = dir('*.czi'); 9 
a=pwd; 10 
mkdir('Segmented_mat') 11 
  12 
for k=1:length(files1) 13 
    %Open czi file 14 
    filename = files1(k).name; 15 
    data= bfopen(filename);   16 
    omeMeta1 = data{1,4};            17 
    Xscale = 18 
double(omeMeta1.getPixelsPhysicalSizeX(0).value());  19 
    for z=1 20 
        zmax = data{1,1}{z,1}; 21 
        I = zmax; 22 
        I2 = imclearborder(I); 23 
        I2 = imfill(I2,'holes'); 24 
         25 
        %Otsu threshold 26 
        thresh = multithresh(I2,3); 27 
         28 
        %Convert grayscale image to binary image 29 
        BI_s = imbinarize(I2,double(thresh(1))/255); 30 
        BI_l = 31 
imbinarize(I2,double((thresh(2)+thresh(1))/2)/255);  32 
         33 
        %Distance transform 34 
        DT_s = -bwdist(~BI_s);  35 
        DT_l = -bwdist(~BI_l);  36 
        DT_s(~DT_s) = -Inf; 37 
        DT_l(~DT_l) = -Inf;  38 
        L1_s = watershed(DT_s); 39 
        L1_l = watershed(DT_l); 40 
         41 
        %Obtain region properties 42 
        shapes_s = regionprops('table',L1_s,zmax, 43 
'PixelIdxList','Eccentricity'); 44 
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        shapes_l = regionprops('table',L1_l,zmax, 45 
'PixelIdxList','Eccentricity'); 46 
         47 
        %Correct oversegmentation  48 
        49 
E_s=cell2mat(shapes_s.PixelIdxList(shapes_s.Eccentricity > 50 
1)); 51 
        52 
E_l=cell2mat(shapes_l.PixelIdxList(shapes_l.Eccentricity > 53 
1)); 54 
        L2_s = zeros(size(L1_s)); 55 
        L2_l = zeros(size(L1_l));  56 
        L2_s(E_s)=1; 57 
        L2_l(E_l)=1; 58 
        L2_s = imclose(L2_s,strel('disk',1)); 59 
        L2_l = imclose(L2_l,strel('disk',1)); 60 
        L3_s = max(L2_s,double(L1_s>1)); 61 
        L3_l = max(L2_l,double(L1_l>1)); 62 
        cc_s = bwconncomp(L3_s); 63 
        cc_l = bwconncomp(L3_l); 64 
        L3_s = labelmatrix(cc_s); 65 
        L3_l = labelmatrix(cc_l);  66 
         67 
        %Obtain region properties 68 
        shapes_s = regionprops('table',L3_s,zmax, 69 
'PixelIdxList','EquivDiameter'); 70 
        shapes_l = regionprops('table',L3_l,zmax, 71 
'PixelIdxList','EquivDiameter');        72 
         73 
        D_s = 74 
cell2mat(shapes_s.PixelIdxList(shapes_s.EquivDiameter < 75 
10/Xscale)); 76 
        D_l = 77 
cell2mat(shapes_l.PixelIdxList(shapes_l.EquivDiameter >= 78 
1/Xscale & shapes_l.EquivDiameter < 130/Xscale));  79 
  80 
        %Combine optimally thresholded images of small and 81 
large vesicles  82 
        L2_s = zeros(size(L3_s));  83 
        L2_l = zeros(size(L3_l));  84 
        L2_s(D_s) = 1; 85 
        L2_l(D_l) = 1; 86 
        L1 = max(L2_s,L2_l);  87 
        cc = bwconncomp(L1); 88 
        L1 = labelmatrix(cc); 89 
         90 
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        %Correct for oversegmentation  91 
        shapes1 = regionprops('table',L1,zmax, 92 
'Eccentricity','PixelIdxList','EquivDiameter'); 93 
        L2 = zeros(size(L1)); 94 
        95 
E=cell2mat(shapes1.PixelIdxList(shapes1.Eccentricity > 96 
0.6)); 97 
        L2(E)=1; 98 
        L2 = imclose(L2,strel('disk',1)); 99 
        L3 = max(L2,double(L1>1)); 100 
         101 
        %Numerically label the objects  102 
        cc2 = bwconncomp(L3); 103 
        L = labelmatrix(cc2); 104 
         105 
         106 
       107 
        %Obtain region properties of final combined image  108 
        shapes = 109 
regionprops('table',L,zmax,'Area','EulerNumber','FilledArea110 
',... 111 
            112 
'Eccentricity','EquivDiameter','Centroid','BoundingBox',... 113 
            'MeanIntensity','PixelValues', 'PixelList', 114 
'Image', 'Perimeter','PixelIdxList');   115 
         116 
        %Save data 117 
        outputFileNameMAT1 = strcat(filename(1:end-118 
4),'_z',num2str(z),'.mat'); 119 
        120 
save(outputFileNameMAT1,'cc2','shapes','zmax','Xscale','L')121 
; 122 
        123 
movefile(outputFileNameMAT1,strcat(a,'\Segmented_mat')); 124 
    end 125 
end  126 
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5.3 Selection of the GUVs using SelectObjects.m   
 
 
%Input:.mat files with regionprops information for vesicles  1 
%Process:   Identifies unilamellar vesicles and labels tif 2 
files 3 
%Output:    .mat files with regionprops information on 4 
vesicles classifed as unilamellar 5 
  6 
close all, clear all 7 
mkdir('Selected_mat'),  8 
mkdir('Selected_histogram') 9 
a=pwd; 10 
cd Segmented_mat 11 
files2 = dir('*.mat'); 12 
  13 
%Compile segmented data 14 
MIedges = 0:1:255;  15 
NMIedges = MIedges/255;  16 
CVedges = 0:1/255:1;  17 
  18 
MIcenters = MIedges(1:end-1)+0.5; 19 
NMIcenters = MIcenters/255;  20 
CVcenters = CVedges(1:end-1)+0.5/255; 21 
  22 
NMI = []; 23 
D = []; 24 
CV = [];  25 
ind = [];  26 
zmax = {};  27 
PID = {};  28 
centers = [];  29 
for k=1:length(files2) 30 
    samples = files2(k).name(1:end-4); 31 
    data = open(files2(k).name); 32 
    zmax{k} = data.zmax;  33 
    shapes = data.shapes;  34 
    Xscale = data.Xscale; 35 
    NMI = [NMI;data.shapes.MeanIntensity./255]; 36 
    D = [D;data.shapes.EquivDiameter*Xscale];   37 
    CV_temp = [];  38 
    for i=1:height(shapes)   39 
        40 
CV_temp(i)=std2(shapes.PixelValues{i,1})./mean2(shapes.Pixe41 
lValues{i,1}); 42 
    end 43 
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    PID = [PID;shapes.PixelIdxList];  44 
    CV = [CV;CV_temp'];   45 
    ind = [ind;ones(length(shapes.MeanIntensity),1)*k]; 46 
    centers = [centers;shapes.Centroid];  47 
end 48 
  49 
%Analyze Intensity Histograms and Select GUVs 50 
peakCV = []; 51 
peakNMI = [];  52 
D_GUV = [];  53 
PID_GUV = {};  54 
ind_GUV = [];  55 
centers_GUV = [];  56 
  57 
for i =1:1:20 58 
    b1 = i; 59 
    if i == 20 60 
        b2 = i+100; 61 
    else 62 
        b2 = i+1;  63 
    end  64 
    CV_temp = CV(D>=b1&D<b2); 65 
    HistCV = smooth(histcounts(CV_temp,CVedges)); 66 
    Max_peak_CV = max(HistCV)*0.999999; 67 
     68 
    [pks,locs,w,p]  = 69 
findpeaks(HistCV,'MinPeakHeight',Max_peak_CV); 70 
    peakCV = locs(1)/255;  71 
     72 
    ub_CV = peakCV*1.5;  73 
    lb_CV = peakCV*0.5; 74 
     75 
    NMI_temp = NMI(D>=b1&D<b2&CV<ub_CV&CV>lb_CV); 76 
    HistNMI = smooth(histcounts(NMI_temp,NMIedges));  77 
    Max_peak_NMI = max(HistNMI)*0.999999; 78 
     79 
    [pks2,locs2,w2,p2]  = 80 
findpeaks(HistNMI,'MinPeakHeight',Max_peak_NMI); 81 
    peakNMI = locs2(1)/255;  82 
     83 
    ub_NMI = peakNMI*1.5; 84 
    lb_NMI = peakNMI*0.5;  85 
     86 
    D_GUV = 87 
[D_GUV;D(CV<ub_CV&CV>lb_CV&NMI<ub_NMI&NMI>lb_NMI&D>=b1&D<b288 
)]; 89 
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    ind_GUV = [ind_GUV; 90 
ind(CV<ub_CV&CV>lb_CV&NMI<ub_NMI&NMI>lb_NMI&D>=b1&D<b2)];   91 
    PID_GUV = 92 
[PID_GUV;PID(CV<ub_CV&CV>lb_CV&NMI<ub_NMI&NMI>lb_NMI&D>=b1&93 
D<b2)]; 94 
    centers_GUV = 95 
[centers_GUV;centers(CV<ub_CV&CV>lb_CV&NMI<ub_NMI&NMI>lb_NM96 
I&D>=b1&D<b2,:)]; 97 
     98 
  99 
end 100 
  101 
save('Selected.mat','zmax','Xscale','ind','NMI','CV','D','P102 
ID','centers','D_GUV','ind_GUV','PID_GUV','centers_GUV'); 103 
movefile('Selected.mat',strcat(a,'\Selected_mat')); 104 
  105 
cd ../    106 
   107 
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5.4 Visual checking of the segmentation using GenerateMontageSegmented.m 

% Input:    .czi images of z-stacks of extracted vesicles 1 
with metadata 2 
% Process:  Performs watershed segmentation on image files 3 
% Update:   stores tiling positions and relabels images by 4 
tiling 5 
  6 
%%RENAME THE FIRST FILE OF THE TILESCAN SERIES TO 1.CZI SO 7 
THAT BFOPEN 8 
%%DOES NOT TRY TO RELOAD ALL FILES AT EACH ITERATION 9 
close all 10 
clear all 11 
mkdir('Segmented_montage'); 12 
  13 
b=pwd; 14 
cd 'Segmented_mat' 15 
files1 = dir('*.mat'); 16 
  17 
for k=1:length(files1) 18 
    filename = files1(k).name; 19 
      20 
    samples = files1(k).name(1:end-4); 21 
    data = open(files1(k).name); 22 
    centers = data.shapes.Centroid; 23 
    diameters = 24 
round(data.shapes.EquivDiameter*data.Xscale);  25 
%     centers(diameters<4,:) = [];  26 
%     diameters(diameters<4) = [];  27 
         mask = boundarymask(data.L); %Define mask to allow 28 
checking 29 
         RGB = label2rgb(data.L, 'jet', [0 0 0], 30 
'shuffle'); 31 
         B = imoverlay(RGB,mask,'k'); 32 
         C = imfuse(data.zmax,B,'blend'); 33 
         D = 34 
insertText(C,centers,diameters,'FontSize',16,... 35 
          36 
'TextColor','white','BoxOpacity',0,'AnchorPoint','RightCent37 
er'); 38 
         D1 = imfuse((data.zmax),D,'montage'); 39 
         outputFileName2=(strcat(filename(1:end-40 
1),'_zaa',num2str(k),'_montage.tif')); 41 
         imwrite(D1,outputFileName2,'compression','lzw'); 42 
         43 
movefile(outputFileName2,strcat(b,'\Segmented_montage')); 44 
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 45 
end 46 
cd ../ 47 
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5.5 Visual checking of the selected GUVs using GenerateMontageSelected.m 
close all, clear all 1 
c=pwd; 2 
cd 'Selected_mat' 3 
  4 
files2 = dir('*.mat'); 5 
samples = files2(1).name(1:end-4); 6 
data = open(files2(1).name); 7 
L1 = zeros(3212,3212); 8 
D = data.D;  9 
centers = data.centers; 10 
ind = data.ind;  11 
PID = data.PID; 12 
D(D<1) = []; centers(D<1,:) = []; ind(D<1) = []; PID(D<1) = 13 
[];  14 
centers_GUV = data.centers_GUV;  15 
D_GUV = data.D_GUV;  16 
ind_GUV = data.ind_GUV; 17 
PID_GUV = data.PID_GUV;  18 
D_GUV(D_GUV<1) = []; ind_GUV(D_GUV<1) = []; 19 
centers(D_GUV<1,:) = []; PID_GUV(D<1) = [];  20 
  21 
for k=1:1:20 22 
    zmax = data.zmax{k};  23 
    L2 = L1;  24 
     25 
    p = PID(ind==k);  26 
    p_GUV = PID_GUV(ind_GUV==k);  27 
    c_GUV = centers(ind_GUV==k,:);  28 
    dia_GUV = D(ind_GUV==k);  29 
    dia_GUV = round(dia_GUV);  30 
   31 
    All = cell2mat(p); GUV = cell2mat(p_GUV);   32 
  33 
    L2(All)=6; 34 
    L2(GUV)=2; 35 
     36 
    mask = label2rgb(L2,'hot',[0 0 0]); 37 
    M = imfuse(zmax,mask,'blend'); 38 
     M1 = insertText(M,c_GUV,dia_GUV,'FontSize',16,... 39 
%           40 
'TextColor','white','BoxOpacity',0,'AnchorPoint','RightCent41 
er'); 42 
    M2 = imfuse(zmax,M1,'montage'); 43 
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    44 
imwrite(M2,strcat('Tile_',num2str(k),'.png'),'compression',45 
'lzw'); 46 
end47 
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