
S1 
 

Supporting Information 

Fabrics of diverse chemistries promote the formation of giant vesicles from phospholipids 

and amphiphilic block copolymers 

Vaishnavi Girish§, Joseph Pazzi§, Alexander Li§, Anand Bala Subramaniam§, * 

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

States. 

 
 

 

 

 

Number of pages: 15  

Figures S1-S6 (6 figures) 

Table S1, S2 (2 tables) 

  



S2 
 

Supporting Text 

Image analysis of the fluorescence intensity of membranes to select for unilamellar vesicles 

We plot histograms of the mean fluorescence intensity of all the objects that had equivalent 

diameters > 1 µm in each image tile. We use the findpeaks command to locate the positions of 

peaks and determine their full width at half maximum (FWHM).  Unilamellar vesicles were 

defined as objects having a mean intensity that falls within the peak with the highest prominence 

± 1.75 × FWHM (Figure S3). The routine is repeated for all 64 tiles. Only objects selected in this 

manner (giant unilamellar vesicles, GUVs) are used for the quantitative analysis of yields and 

sizes. The image analysis routine showed that 96 % of the objects that were harvested from silk 

were GUVs.   

 

Coupled sedimentation and dye leakage assay to quantify unilamellarity 

To further validate our image analysis routine to select for giant unilamellar vesicles, we performed 

a coupled sedimentation and dye leakage assay to determine the percentage of unilamellar vesicles 

from populations of vesicles harvested from silk.   

We prepared GUVs using 99.5:0.5 mol % DOPC: Rhod-PE on silk. The growth solution 

consisted of 100 mM sucrose and 7.8 µM (0.005 mg/mL) of Alexa Fluor™ 488 succinimidyl ester 

(Alexa 488). After 60 minutes, we removed the silk fabric from the Eppendorf tube and transferred 

the fabric into a 100 µL droplet of 100 mM sucrose and proceeded to harvest the vesicles by 

aspirating with a pipette. We placed 4 µL of the harvested vesicle solution into 56 µL of 100 mM 

glucose in an imaging chamber (−α-hemolyin sample).  The vesicles thus encapsulated Alexa 488 

and 100 mM sucrose and were suspended in a continuous phase of 100 mM glucose that was 

devoid of Alexa 488. The vesicles thus had a higher mass density than the continuous phase. A 
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second sample was prepared identically except α-hemolysin polypeptides were added to a final 

concentration of 0.5 µM (0.017 mg/mL) into the chamber (+α-hemolysin sample). α-hemolysin is 

a water-soluble polypeptide that is secreted by the bacteria Staphylococcus aureus1,2.  The 

monomeric α-hemolysin polypeptides adsorb and assemble on lipid bilayers to form oligomeric 

membrane-spanning cylindrical pores of 1-2 nm in diameter1,2. In the absence of α-hemolysin (−α-

hemolysin sample) GUVs, multilamellar vesicles (MLVs), and multivesicular vesicles (MVVs) 

translate directionally to the bottom of the chamber, i.e. they sediment.  (Figure S4a,b). When α-

hemolysin polypeptides are added to the continuous phase of a suspension of vesicles, pores form 

on the outermost bilayer of the vesicles. The α-hemolysin polypeptide is unable to cross the 

outermost membrane and reach the inner membranes of MLVs and MVVs3,4. Thus, in the presence 

of α-hemolysin, membrane impermeable small molecule encapsulants (e.g. those with diameters 

< 2 nm) such as sugars, salts, and dyes equilibrate their concentration with the continuous phase if 

the vesicles only have one membrane, i.e. if they are unilamellar. The still intact inner membranes 

of MLVs and MVVs allows the retention of membrane impermeable encapsulants. Thus, in the 

+α-hemolysin sample, GUVs will not translate directionally to the bottom of the chamber since 

there will be no mass density difference. MLVs and MVVs will translate to the bottom of the 

chamber (Figure S4c,d). Further, the lumens of GUVs will no longer appear fluorescent in the 

green channel due to the leakage of Alexa 488, while the lumens of MLVs and MVVs will remain 

fluorescent. We mix the vesicle suspension thoroughly prior to sedimentation. MLVs and GUVs 

were dispersed throughout the chamber. Thus, a certain fraction of GUVs is expected to be present 

at the bottom of the chamber in the +α-hemolysin polypeptide sample (Figure S4d). 
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We allowed both samples to sediment for 3 hours and then took dual-channel single-plane 

confocal tile scans of the sedimented vesicles to image both the membranes (red channel) and the 

encapsulated Alexa 488 (green channel).   

We processed our images and counted the number of vesicles that sedimented to the bottom 

of the chamber using the images of the red channel. We do not select for unilamellar vesicles based 

on membrane intensity. Instead, we calculated the mean intensity of the lumens in the images of 

the green channel to determine the number of vesicles that encapsulated Alexa 488 (filled vesicles). 

We define vesicles as being filled if the mean intensity of the lumens was greater than the mean 

intensity of the background.   

 

The number of filled vesicles are shown in the table below.  

 

 

 

We calculated the % unilamellar vesicles using Equation 1.    

% 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = 100  ×

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑣𝑣𝑓𝑓𝑣𝑣𝑓𝑓𝑣𝑣𝑓𝑓𝑓𝑓𝑣𝑣 𝑓𝑓𝑖𝑖 −𝛼𝛼−ℎ𝑓𝑓𝑒𝑒𝑒𝑒𝑓𝑓𝑒𝑒𝑣𝑣𝑓𝑓𝑖𝑖 𝑣𝑣𝑠𝑠𝑒𝑒𝑠𝑠𝑓𝑓𝑓𝑓 − 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑣𝑣𝑓𝑓𝑣𝑣𝑓𝑓𝑣𝑣𝑓𝑓𝑓𝑓𝑣𝑣 𝑓𝑓𝑖𝑖 +𝛼𝛼−ℎ𝑓𝑓𝑒𝑒𝑒𝑒𝑓𝑓𝑒𝑒𝑣𝑣𝑓𝑓𝑖𝑖 𝑣𝑣𝑠𝑠𝑒𝑒𝑠𝑠𝑓𝑓𝑓𝑓
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑣𝑣𝑓𝑓𝑣𝑣𝑓𝑓𝑣𝑣𝑓𝑓𝑓𝑓𝑣𝑣 𝑓𝑓𝑖𝑖 −𝛼𝛼−ℎ𝑓𝑓𝑒𝑒𝑒𝑒𝑓𝑓𝑒𝑒𝑣𝑣𝑓𝑓𝑖𝑖 𝑣𝑣𝑠𝑠𝑒𝑒𝑠𝑠𝑓𝑓𝑓𝑓

                                                 (1) 

 The assay revealed that 94 % of the vesicles from silk were unilamellar.  The agreement 

between the results from the analysis of membrane fluorescence intensity and the results from the 

sedimentation and dye-leakage assay is excellent.  

 

Sample Number of filled vesicles 

- α-hemolysin polypeptide 120076 

+ α-hemolysin polypeptide 6953 
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Fluorescence Recovery after Photobleaching (FRAP) of GUVs 

We performed Fluorescence Recovery after Photobleaching (FRAP) to measure the mobility of 

the lipids in the vesicle membranes. Figure S5 shows representative still images of a GUV 

harvested from silk that was subjected to FRAP and a typical FRAP curve. We fit the mean 

intensity I(t) in the bleached region of interest (ROI) with a single exponential model, 𝐼𝐼(𝑡𝑡) =

𝐴𝐴 �1 − 𝑢𝑢−𝑡𝑡 𝜏𝜏� �  in MATLAB.  In this equation, A is the fraction of recovered intensity and τ is the 

characteristic time for diffusion. The diffusion coefficient of TopFlour-PC in the membrane of the 

GUV, D, is calculated using 𝐷𝐷 = 0.22𝑟𝑟2𝜏𝜏
ln2

  . In this equation, r is the radius of the bleach spot. r was 

4 µm for all our experiments. We obtained D = 7.9 ± 1. 7 µm2/s  (n=7).  The value of D is consistent 

with the diffusion coefficient  of lipids in the membrane of DOPC GUVs which ranged from  3.7 

× 0.5  to 10 µm2/s 5–7 .    
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Figure S1: a) GUVs growing on cotton fabric. b) Representative image of vesicles harvested 

from cotton fabric. Scale bars: 25 µm. 
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Figure S2. Confocal microscope images of the lipids on the surface of the hydrated fabrics after 1 

hr. a) Nylon. b) Polyester. c) Fiberglass. Multilamellar vesicles (white arrows) form in the gaps 

between the fibers in regions corresponding to lipid deposits. Scale bars 25 µm. 

. 
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Figure S3: a) A section of a raw tilescan image of vesicles harvested from silk. b) A histogram 

of the mean intensities of the objects detected by our image analysis routine. The location of the 

peak with the highest prominence is indicated by the orange triangle. The blue lines indicate 1.75 

× FWHM. c) Objects that fall within the intensities indicated in b) are classified as GUVs 

(colored red). Objects that fall outside the intensity range are not counted (colored grey).   
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Figure S4. Schematic of the coupled sedimentation and dye leakage assay to quantify 

unilamellarity of populations of vesicles. a) (–α-hemolysin polypeptide sample) A population of 

vesicles encapsulating the fluorescent dye Alexa 488 and 100 mM of sucrose suspended in dye-

free solution of 100 mM glucose. Vesicles are dispersed in the whole of the chamber.  After 3 

hours, vesicles sediment directionally and rest at the bottom of the imaging chamber due to their 

difference in density. b) Representative image of a section of a single-plane dual channel confocal 

tilescan from the –α-hemolysin polypeptide sample showing numerous dye-filled vesicles at the 

bottom of the chamber. The dye is false-colored green and the membrane is false-colored red. c) 

α-hemolysin (represented by the two blue lines), absorbs on the outer membrane of the vesicles, 

allowing exchange of small molecule contents with the continuous phase. Sucrose and dye diffuse 

out into the continuous phase, while glucose diffuses into the lumens of vesicles that have only 

one membrane (GUVs). Thus, GUVs do not sediment directionally to the imaging plane since 

there is no longer a difference in density. The inner membranes of MLVs remain intact and thus 

MLVs still sediment directionally to the imaging plane.  Any GUVs that were present in the 
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imaging plane lose their Alexa 488 and appear dark.  d) Representative image of a section of a 

single-plane dual channel confocal tilescan from the + α-hemolysin polypeptide sample showing 

significantly reduced number of vesicles at the bottom of the imaging chamber, and only few 

vesicles (MLVs) retaining Alexa 488 (white arrows). Scale bar b, d) 25 µm.  
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Figure S5: a) Stills from a FRAP timeseries of a vesicle harvested from silk. The upper image is 

the GUV before the bleach pulse was applied. The middle image is the first image after the 

application of the bleach pulse. The lower image is the vesicle after 20 seconds of recovery. 

Mean intensity of the region of interest of the vesicle shown in a). The black dots are the 

normalized mean intensity, and the red continuous line is a fit of 𝐼𝐼(𝑡𝑡) = 𝐴𝐴 �1 − 𝑢𝑢−𝑡𝑡 𝜏𝜏� �  to the 

data.  Scale bar 10 µm.   
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Figure S6. Representative histograms of the diameters of GUVs harvested from a) Rayon b) 

Cotton c) Nylon d) Polyester e) Fiberglass f) Wool. Bin widths are 1 µm. Sample size n is listed 

for each histogram.  Histograms show unimodal right-skewed distribution of diameters 
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Rayon  Nylon  Silk Cotton Fiberglass Polyester Wool 

Rayon  1 0.1373 0.0383 0.0311 0.0154 0.0184 0.0062 

Nylon  0.1373 1 0.3868 0.2913 0.0867 0.095 0.0191 

Silk 0.0383 0.3868 
 

1 0.5614 0.0317 0.1008 0.0014 

Cotton 0.0311 0.2913 
 

0.5614 1 0.0326 0.1271 7.27E-04 

Glass 0.0154 0.0867 0.0317 0.0326 1 0.6744 0.0123 

Polyester 0.0184 0.095 0.1008 0.1271 0.6744 1 0.2032 

Wool 0.0062 0.0191 0.0014 7.27E-04 0.0123 0.2032 1 

 

Table S1: p-values from two-sample t-tests of the counts of GUVs obtained per microgram lipid 

of all the fabric pairs. Statistically significant differences are those having p < 0.05. 
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Rayon  Nylon  Silk Cotton Fiberglass Polyester Wool 

Rayon  1 0.0906 

 

0.0520 

 

0.4017 

 

0.0043 

 

0.1046 

 

0.0343 

 

Nylon  0.0906 

 

1 0.0122 0.1499 

 

0.0752 

 

0.7927 

 

0.3774 

 

Silk 0.0520 

 

0.0122 

 

1 0.0196 

 

0.0018 

 

0.0122 

 

0.0072 

 

Cotton 0.4017 

 

0.1499 

 

0.0196 

 

1 0.0029 

 

0.1822 

 

0.0466 

 

Fiberglass 0.0043 

 

0.0752 

 

0.0018 

 

0.0029 

 

1 0.0395 

 

0.3767 

 

Polyester 0.1046 

 

0.7927 

 

0.0122 

 

0.1822 

 

0.0395 

 

1 0.2595 

 

Wool 0.0343 

 

0.3774 

 

0.0072 

 

0.0466 

 

0.3767 

 

0.2595 

 

1 

 

Table S2: p-values from two-sample t-tests of the median diameters of GUVs obtained from the 

fabrics. Statistically significant differences are those having  p < 0.05. 
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