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Without the polar moiety, the membrane shows a rigid and less permeable character. The 

membrane stiffness and water permeability dropped dramatically when we added the 

polar unit to the hydrophobic domain. The bolalipids with the polar unit showed an order 

of magnitude faster solute release.  

We then turned to studying the light-induced change in lipid bilayer material 

property using three different systems. One, we sequestered a light-responsive molecule 

called azobenzene in a liquid lipid bilayer membrane. Upon shining light, azobenzene 

isomerizes from trans to cis or vice versa, depending on the wavelength. We found that 

the membrane property, specifically the rigidity for both bending and stretching, changed.  

We show that the change in material property of such membranes is a function of the 

azobenzene concentration. As we increased the azobenzene concentration, we observed 

that the bending rigidity dropped significantly and to a lesser extent, the membrane 

stretching stiffness dropped. For the case of 20 mol% azobenzene mixed with lipid, we 

discovered that the cis state (under ultraviolet light excitation) had bending and stretching 

moduli 28% and 10% lower than the trans-state (under blue excitation), respectively.  

In the second system, we adopted a covalent approach by using a lipid ("azo-PC") in 

which the azobenzene is incorporated in one of the fatty acid tails of a phosphocholine 

lipid. The trans state had a relatively straight tail while the cis state had a sharp bend (a 

kink) in it. For the case of vesicles composed of 100 mol% azo-PC, we found that the cis 

state had area dilation, stretching moduli, toughness, and water permeability that were up 

to 12% higher, and 2.5, 3.0, and 3.5 times lower than the trans-state, respectively. The 

azo-PC lipid was then mixed with another phosphocholine lipid (DOPC), and we formed 

liquid-phase lipid bilayer vesicles. The mixture case showed a significant change in the 
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material property upon light excitation. To our surprise, the stretching modulus and water 

permeability showed a nonmonotonic response upon UV irradiation as a function of azo-

PC mol%. Area dilation plateaued with azo-PC mol%. We discuss our experimental and 

compare them to insights gained from our collaborators' atomistic molecular dynamic 

simulation. We show how the membrane thickness mismatch, the different areas per lipid 

molecule, and the alignment order of the tails contributed to the nonmonotonic response.  

In the third case, we explored the irradiation-response of a lipid membrane mixture that is 

in a solid gel phase mixed with azo-PC. We mixed the azo-PC lipid with a saturated 

phosphocholine lipid (DPPC) that forms solid membranes. Bilayers with 0 or 10 mol% 

azo-PC showed no response to UV or blue light excitations. For the case of 30 mol% azo-

PC, we found that vesicles responded to UV light (cis state) by forming an apparently 

jagged or crumpled structure and then returning to a smooth structure with blue light 

(trans). With three repeated cycles of UV and blue, we found an increase in the interior 

volume and a decrease in the refractive-index contrast between inside and outside the 

vesicles. These changes indicate a significant and reversible increase of sugar 

permeability during the UV excitation.  For the 50 mol% ratios, we sometimes observed a 

vesicle deformation phenomenon from sphere-to-ellipse. Finally, at 80 and 100 mol% 

azo-PC, we find that the membrane area isotopically swells with UV irradiation and de-

swells when UV is turned off. We discuss how the membrane rigidity dictates its 

response to light irradiation and the potential for using solid-phase membranes to tune 

solute permeability.  

All these responses observed for the different systems are robust and repeatable, 

providing a physical understanding of the photoisomerization-induced change in 
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membrane property and remodeling. Our findings help unify the diverse phenomena 

observed previously and present new insight into membrane elasticity and 

photoisomerization-induced higher instabilities. They open the door to a new class of 

vesicle-based innovative materials that is more than 99% water and encapsulate and 

release on demand sustainably or fast and show how to drive intentional membrane 

response and shape change to design responsive systems.   
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CHAPTER 1: INTRODUCTION 

The cell membrane plays a critical functional role in carrying out cellular tasks 

such as transducing chemical or mechanical signals, phagocytosis, endocytosis, and 

active/passive transport. The cell membrane is a thin layer of lipids and proteins in a 

bilayer that acts as the first point of contact with the external environment. It also is a 

favorable bed for other functional entities like proteins. The lipids not only confer a 

structure to the cell membrane by providing elasticity and fluidity and a barrier against 

permeability but also, with their versatile chemistry and shape, they can accumulate 

preferentially (by phase separation) in specific regions for various purposes such as 

signaling, change in membrane morphology for motility, or elasticity [1,2]. With this 

wealth in lipid chemical and physical properties, cells can tune their membrane properties 

in a dynamic way on-demand.  

The quest for mimicking the "on-demand" aspect of cell membranes has driven 

efforts to design and develop synthetic model membrane systems that allow one to avoid 

the full complication of the biological cell membrane. The primary goal of this 

dissertation is to pursue a detailed physicomechanical characterization of model lipid 

bilayer via a systematic experimental design. By doing so, we derive insight into the 

design principles needed to tune the model membrane's property to achieve specific 

characteristics such as on-demand cargo release.   

The outcome of this work can be applied toward the design and development of 

stimuli-responsive membrane-based vehicles for biomedical and material science 

applications. The essence of these systems is to drive the system out of equilibrium to a 

new equilibrium or metastable state with different attributes. In the past, numerous lipid 





3 
 

wound-healing applications [9,10] or food preservative technologies [11] These results 

may also provide a unified scenario for the wide variety of phenomena reported in cells 

with light-responsive lipids added (for photo-pharmacology [12]) and synthetic vesicles, 

which likely correspond to different regions of a phase space mainly defined by the lipid 

mixture, temperature, the chemistry of the responsive moiety, and its concentration.  

This dissertation is divided into six chapters. The remainder of this first chapter briefly 

introduces the field of lipid membrane chemistry, physics, and mechanics. The purpose 

of this first chapter is to prepare for the consideration of the results presented in chapters 

four, five, and six, given the present literature on the topic. Chapter two describes the 

overall methods and materials used to obtain the results reported in this dissertation and 

provides greater detail on preparation protocols and specific characterization techniques. 

The third chapter presents the detailed results of experiments investigating the effect of 

subtle chemical tuning of the hydrophobic domain of a bola-amphiphilic molecule on the 

membrane's physicomechanical property change. A subset of these results was presented 

in a published article, Leriche, G., Manafirad, A., Nguyen, S., Bell, N., Patterson, J. P., 

Thayumanavan, S., Yang, J., Dinsmore, A. D., and Gianneschi, N. C (2018) "Water 

Permeability and Elastic Properties of an Archaea Inspired Lipid Synthesized by Click 

Chemistry," Chem. Mat. 30: 3618-3622. Chapter four presents our first step in studying a 

light-responsive lipid bilayer membrane by adopting a sequestering approach. The 

relatively small azobenzene molecules are mixed into lipid bilayer membranes, and the 

response to UV and blue light is measured experimentally. Among other things, we 

report on a 30% change in bending rigidity as well as changes in stretching modulus with 

UV excitation. Chapter five presents the detailed characterization result of series of 
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experiments and a collaboration-driven atomistic simulation results for a bicomponent 

phosphocholine lipid mixture system responding to light excitation. In that chapter, we 

adopted a covalent approach with a lipid carrying the light-responsive unit in its fatty acid 

chain (referred to as azo-PC). Here we report on a comprehensive set of measurements 

and simulations of area and thickness, elasticity, and permeability for a wide range of 

compositions. Chapter six takes our quest to understand the lipid bilayer membrane's 

response in a new direction, focusing on the response in membranes in a solid gel phase. 

We find dramatic and unexpected changes in morphology and solute permeability that are 

very different from the fluid phase. 

1.1.  Lipid bilayer Membranes 

In 1961, the unexpected outcome of an electron microscopy study of dry 

phospholipids by a hematologist, Alec D Bangham [13], led to the serendipitous 

discovery of the lipid bilayer structure of cell membranes [14]. This observation not only 

revolutionized cell function studies but also resulted in a "liposome" industry [15]for 

many applications in which the contribution to advance drug delivery systems was a 

milestone in medicine. Capable of encapsulating both lipophilic and hydrophilic 

molecules, numerous liposomal systems have been developed to address specific aspects 

of drug delivery such as targeting, enhanced bioavailability, and cytotoxicity [16]. With 

these considerations, the scientific community began to explore the chemistry, physics, 

and mechanics of the various liposomal systems to understand the phenomena observed 

in the biological cell membrane and design artificial cells for multiple applications.  

Lipids are a class of amphiphilic molecules composed of two chemically different 

domains: the hydrophilic and the hydrophobic segments (figure 1.1). When dispersed in 
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an aqueous solution, the lipids can self-assemble into various structures depending on 

lipid's molecular shape, i.e., hydrophobic volume to the product of headgroup area and 

acyl chain length (the packing parameter). One such structure is bilayers with a packing 

parameter in a range of 0.5-1. Bilayers form enclosed vesicles resembling live biological 

cells originated from a 2D thin sheet composed of two interdigitated lipid leaflets (figure 

1.1).  

 

 
 

A biologically relevant class of lipids are phospholipids, especially 

phosphocholine lipids that account for 60% of total lipids by number in the membrane of 

live cells [17]. The headgroup of phosphocholine lipids consists of a negatively charged 

phosphate group attached to a quaternary ammonium cation (figure 1.1). Most 

phosphocholine lipids are good bilayer forming agents and contribute to a range of 

Figure 1. 1 Schematic of lipid bilayer membranes forming vesicles. 
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property by a direct or indirect reaction to lipid molecules. The former pathway usually 

involves heat dissipation by PhS molecules to perturb the membrane  [27]. The latter 

pathway results in membrane property change induced by lipid molecules reacting with 

species (like single oxygen, 1O2) activated by the PhS [28]. The overall trend in the 

literature is to use PhS molecules to disturb the lipid bilayer to the point of vesicle rupture 

to attain cargo release.  

In the next step, we see works of literature addressing the reversibility of the light-

induced membrane response. Small light-responsive molecules in the form of a surfactant 

or single-tailed lipids create bilayer systems that, with light irradiation, cause a reversible 

morphological change in the membrane or change in membrane material property  [29]. 

In some studies, authors intentionally increase the membrane's inherent rigidity and 

destroy vesicles upon light irradiation  [30]. The "introduction" section for chapters four 

and five dives deeper into applying these types of light-responsive molecules to 

manipulate the vesicle properties.  

Here, in this thesis, we adopt a light-responsive phosphocholine lipid-based 

headgroup chemistry. This lipid molecule has two fatty acid tails, which only one tail is 

modified by the light-responsive unit. This approach allowed us to manipulate the vesicle 

property reversibly and close to live-cell chemistry with a biocompatible design format. 

A detailed chronological introduction of lipid chemistry is presented in chapter five. This 

work was possible because of a recent report of a phosphocholine with an azobenzene in 

the tail with a strong light response [31]. 
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CHAPTER 2: MATERIALS AND METHODS 

This chapter describes the materials, methods, and analytical techniques used in the 

experiments in this thesis. The first section introduces the lipids and or amphiphiles used, 

and the second section describes the methods of lipid bilayer fabrication to produce 

GUVs or LUVs. Next, in the third section, we present the analytical techniques to 

characterize the lipid bilayer membranes.  We describe in detail the one method 

developed in our lab and the relevant experimental protocols established to characterize 

the lipid bilayer membrane properties directly and precisely.  

2.1.Bilayer Membrane Chemistry  

In chapter three, to study the effect of tail chemistry, we received a particular class of 

amphiphilic molecules called bola-amphiphile in collaboration with Northwestern 

University (N.U.) under the multi-university research initiative (MURI) program. 

Inspired by the robust nature of amphiphiles used by the archaea, colleagues at N.U. 

synthesized two tetraether lipids that differ in their hydrophobic domain chemistry  [32]. 

One of the amphiphiles contains two triazole groups with a 20-carbon length saturated 

chain connecting two hydrophilic headgroups and one without the triazole groups. These 

lipids will be described in detail in chapter three. 

 In chapter four, in our journey to study the physicomechanical response of light-

responsive membranes, we dopped small azobenzene molecules (Sigma-Aldrich, CAS 

103-33-3 and product# 424633) into lipid bilayer made from 1,2-dioleoyl-sn-glycerol-3-

phosphocholine (DOPC).    

  In chapter five, a two-component light-responsive lipid bilayer system was 

selected to ensure a biological resemblance to eukaryotic cells.  Both the components are 
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solution was prepared by carefully mixing the desired lipids dissolved in chloroform 

together. To thoroughly mix the lipid solutions, the fluid was agitated by several pipetting 

up and down cycles followed by 1 minute of vortexing. Next, the final lipid solution was 

applied to the surface of the needles. The needles were held at an angle to let the solution 

droplets slide down slowly to leave a thin lipid film behind. In most cases, dropping 3 µL 

of lipid solution was enough to coat the entire surface. The coating process was repeated 

for six cleaned needles under a functioning fume hood.  

 

 

 

 

 

 

 

 

 

 

 

 

Next, the needles were placed in a vacuum oven for 2 hours to remove the trace amount 

of chloroform left in the lipid film. Meanwhile, two sugar solutions, (i) 170 mM Sucrose 

and (ii) 180 mM glucose was prepared as the hydration and GUV dispensing media, 

respectively. The two different sugars were selected to help observe the lipid membrane 

Figure 2. 1. The electroformation chamber. 
(A) Drawing of the electroformation chamber used in this thesis. The chamber was designed in 
SolidWorks® platform (B) An example of an assembled electroformation chamber with three 

pairs of lipid-coated stainless-steel needles 
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2.3. Analytical Techniques 

In the first part of this section, we introduce an analytical technique called 

micropipette aspiration developed and optimized throughout this thesis work period in 

our lab. The setup is a high-precision and automated tool that directly characterizes the 

membrane physicomechanical properties and characteristics that easily elude other 

indirect techniques.  

2.3.1. The Micropipette Aspiration Technique 

The impact of the presence of light-responsive small molecule azobenzene and or 

azobenzene modified lipid (azo-PC) in a phospholipid bilayer on membrane 

physicomechanical properties was studied with micromechanical manipulations of giant 

unilamellar vesicles. GUVs were prepared by the electroformation method described 

above. 

First introduced by Rand and Burton  [40] and then further developed notably by 

Evans and others  [41,42], the micropipette aspiration provides a unique ability to apply 

well-defined stresses and then measure strains in cells, lipid vesicles, or polymer vesicles 

(polymersomes). The technique can measure properties that are difficult to obtain from 

other methods, including elastic modulus, bending modulus, viscous coefficients, 

permeation rates, and adhesive forces  [43].  The technique also lends itself to studying 

phase transitions in the membrane. The schematic representation of the setup is shown in 

figure 2.3. With this technique, we mechanically tested GUVs by employing precise 

tension protocols to membrane while continuously monitoring the membrane 

deformation and response using computer synchronized ultra-high and high-speed video 

cameras. The setup was a generous gift from its developer Prof. Evan Evans from Duke 
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University (Durham, NC), to the Parsegian lab at UMass Amherst. Later, the installation 

was completed, and the setup was further optimized and automated to suit our 

experimental goals. In general terms, the main components of the instrument are (i) the 

visualization unit (figure 2.3B), (ii) the computational unit, and (iii) the pressure control 

unit (figure 2.3C). The details of each unit will be discussed in detail in the following 

sections. 

 

 

 

 

Figure 2. 3 Schematic of the micropipette aspiration setup. 
(A) Irradiation unit: the UV lamp and the fiber assembly (B) the visualization unit; Zeiss microscope with Hoffman 

modulation and two high-performance digital cameras (C) the pressure control unit: a manometer system with a 
pressure transducer and computer-controlled pump. 
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To obtain a pipette of the desired i.d. (~ 10 µm) with clean, even pipette edges 

(figure 2.4D) that are perpendicular to pipette walls, a micro-forge (Narishige, MF-900) 

tool was employed. For this purpose, a small amount of low-melting-point soda glass 

powder was placed on a platinum heating element and heated over its melting point. 

Next, the already pulled pipette is carefully dipped into the molten forge glass using 

micromanipulators allowing the molten glass to flow inwards the capillary.  

When the molten glass meniscus reaches the point in the capillary with the desired 

pipette, i.d., the element heater is turned off, which results in molten glass solidification. 

Then, using the same micromanipulators, the pipette is carefully pulled up (~500 µm), 

and then the glass bead is heated for the pipette to move to a stress-free position. The 

heater is then turned off and the pipette is pulled up again (~500 µm) and left untouched 

Figure 2. 4. Micropipette preparation protocol. 
(A) puled pipettes stored in acetone solution. (B) a forged pipette is shown with a proper micropipette length. 
Scale bar 1cm. (C) close-up of the forged micropipette. Scale bar 10µm. (D) SEM image of micropipette. The 

forged surface is smooth with no sharp edges. 
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The backfilled pipette is now ready to be installed on the aspiration setup. We use 

a microelectrode holder (World Precision Instruments, Inc. model MEH3FW4510) to 

hold the pipette correctly and in a sealed way to ensure seamless suction pressure 

application. The holder with a pipette installed in it is mounted to a four-axis-stage 

custom-made micromanipulator that is rigidly attached to the microscope base (see 

figure2.6). 

It is vital to note that for the experiments dealing with membrane tension 

measurements, it is essential to know the micropipette's inner diameter (i.d.) with 

precision. The golden method to precisely measure the i.d. is to use a pulled glass probe 

with the known width-length relationship. To do so, we carefully cut a quartz glass rod 

and forge-close the end of the tip. Note that in the probe method, a width-length function 

is needed. Therefore, the rod must be cut so that it covers an applicable i.d. range in the 

shortest length possible. 

 

Figure 2. 5 Micropipette surface neutralization. 
                      GUVs aggressively stick to a poorly surface-neutralized micropipette. 
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After each experiment, the probe was inserted into the micropipette, and the 

horizontal distance from the probe tip to the micropipette edge was measured under 

bright-field microscopy. Using the fitted function, the distance is converted to the probe 

width at the micropipette edge, which is the i.d. of the micropipette. The probes were 

stored in a safe container and used to measure the i.d. of the micropipettes. 

An alternative, less painstaking process to quickly measure the i.d. of a micropipette is to 

use fluorescent-labeled reference GUVs and measure the i.d. of the pipettes by measuring 

the width of the aspirated portion of the GUV. This step requires fabricating separate 

labeled-GUVs.  

A quicker method would be to obtain the plot profile across the micropipette by 

drawing a vertical line close to the micropipette tip using ImageJ and extract the i.d. if 

Figure 2. 7. Measuring micropipette i.d. (probe method) 
(A) SEM image of gold-coated glass probe. (B) image in A is undergone a threshold 

filter application in ImageJ. (C) B is grided using ImageJ. N.I Vision Assistant 
package is used to detect the grid edge position compared to probe tip. (D) data 
obtained from C is graphed and a polynomial fit function is applied. 
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precision is not crucial for a set of experiments. Figure 2.8 shows that the two previous 

alternatives produce an i.d. of 10.05 microns of a micropipette whose i.d. was measured 

to be 9.81 microns by the probing protocol. Therefore, one may consider a negative 

tolerance of 1-2% using the alternative and quick techniques.  

 

 

 

 

 

 

 

 

 

 

 
 
 
 

 

 

Figure 2. 8. Measuring micropipette i.d. (fluorescence method). 
(A) a DOPC GUV doped with 0.2 mol% Rh-PE lipids is aspirated to obtain the tongue. (B) Using ImageJ 
brightness and contrast is enhanced. (C) Threshold filter is applied to B and (D) the GUV is expelled to measure 
the i.d. of the micropipette. (E) image of the same GUV in A-C. Scale bar 15 µm (F) plot profile obtained from 
fluorescent tongue and micropipette in D are superimposed. 
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2.3.1.2. The Suction Pressure Application and Measurement 

The micropipette holder is connected to the main water reservoir of the pressure 

system, i.e., the manometer (figure 2.9). There are two independent ways to apply, 

measure, and monitor the suction pressure inside the micropipette: one is by lowering the 

main water reservoir with respect to the position of the reference reservoir (using the 

height adjuster in figure 2.9), or second is by vacuuming the air volume above the water 

in the main reservoir using a pump. We use a bidirectional, computer-controlled syringe 

pump (Harvard Apparatus Inc., Ph.D. 2000 Infuse-Withdraw High Force). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 9. Pressure unit: the manometer 
components. 
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We measured the pressure difference between the two main and the reference 

reservoirs using a pressure transducer (Validyne Engineering, Model DP15) equipped 

with a no. 32 diaphragm suitable for measuring suction pressure in the range of 0-140 cm 

H2O (~ 0-14 KPa). The transducer was connected to a demodulator (Validyne 

Engineering, Model CD23), which was interfaced via a standard PCI board through a 

National Instruments shield protector block (National Instruments, model BNC 2110). 

The output from the transducer demodulator is connected to the a10 port (in F.S. mode: 

floating signal mode) of the BNC2110. The output data from the transducer demodulator 

is acquired and analyzed by the data acquisition package in National Instrument 

LabVIEW. The vendor calibrated the demodulator every two years, adjusting both the 

zero and gain settings appropriate to our measurement conditions.  

It is important to note that (i) the entire pressure system should be filled with 

distilled and degassed water to avoid air bubbles inside the tubing. (II) the plastic tubing 

used throughout the pressure system has to be rigid and short in length as much as it is 

possible. We use Tygon tubing for their thick and rigid walls.  

2.3.1.3. The Visualization Unit 

The main component of the visualization unit is a Zeiss Axiovert 200 inverted 

microscope (Carl Zeiss Microimaging, Inc.) equipped with Hoffman modulation contrast 

(HMC) optics (Modulation Optics, Inc.). HMC is based on converting phase gradient 

(such as refractive index) into a variation of light intensity. HMC produces a high-

contrast and a high-resolution image of transparent objects in the sample. HMC consists 

of two main components (i) the HMC objective modified with an amplitude spatial 

modulator. This modulator does not affect the phase of light and makes the objects 
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appear three-dimensional dictated by the phase gradient. It is comprised of three regions: 

"dark" passing only 1% of the light, "gray" passing 15%, and "Blank" passing 100% 

(figure 2.10 section d1). (ii) the HMC condenser is equipped with an off-centered slit 

covered with a rectangular polarizer (figure 2.10, section b1&2). The combination of 

slit/polarizer needs to match with that of the modulator filter in the objective so that the 

off-axis slit is optically conjugate to the modulator in the objective back focal plane. Both 

the condenser turret and the HMC objective are labeled with numbers that should match 

(for instance, HMC 20 objective should be used with the HMC condenser with turret 

rotated to slit position/size 20). The next subsystem in the visualization unit is a pair of 

high-performance cameras. The first camera used to observe and record movies is a high-

resolution 20 M.P. (FLIR Blackfly S, BFS-U3-122S6M-C), low-frame rate (Max 200 

fps) mounted to the side of the microscope. A separate software package provided by the 

vendor is used to record movies with this camera. The second video camera is an ultra-

high frame rate camera (Cook Corp., SensiCam).  
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The Sensicam is equipped with an external cooling fan to minimize vibration that 

also allows acquiring real-time image grabbing of up to 2500 fps, depending on the size 

of the defined region of interest. In many experimental conditions of this thesis, we use a 

region of 32-full length video lines (640 pixels) centered around the micropipette middle 

axis. Later, in a custom-written LabVIEW code, this region is binned into a single 

intensity-tracking line. With this binning, the signal-to-noise ratio is significantly 

improved and allows for faster data transfer from the Sensicam to the computer. In the 

Figure 2. 10 Hoffman Modulation Optics. 
Section a is the light source; a 100 W halogen lamp. Section b is condenser with a off-
centered slit and a turret with two different polarizers. Section C is the sample. Section d is 
the HMC objective with the modulator filter d1. 
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Data acquisition by this computer program is saved both during and at the end of 

the experiment. A Matrix array is defined by how long the experiment is thought to last 

(Tmax in figure 2.12B). The program saves the last N points (value set in "batch" in 

figure 2.12B) with the highest frame rate of the Sensicam. This is done to ensure the 

capture of vesicle rupture events that occur very fast. During the experiment, however, 

the data grabbing frequency is lower (to minimize noise and large file sizes) and is 

grabbing every M-th of the intensity profile obtained by the Sensicam. The desired value 

of M is set in "quotient" in the program control panel. Once the program run is 

Figure 2. 12. Custom-written LabVIEW interface for micropipette 
aspiration. 

(A) Shows the Sensicam control panel. Here the desired frame rate is chosen, and the binning position 
is defined. (B) the data acquisition frequency is defined. For more information read the text. (C) 
The interface control panel to run, save data, calibrate the screen and the pump, and critical 
Sensicam information such as frame rate and temperature is shown. (D) is the GUV view window 
from the Sensicam with the binned video line to obtain and read the intensity profile. The axis of 
the micropipette is superimposed on this line. (E) real-time intensity profile obtained by the 
Sensicam along the binned line is shown. 
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packing when compared with liposomes made of GMGTPC lipids but still allows 

liposome formation.  

We fabricated giant unilamellar vesicles (GUVs) of ATL1 and GMGTPC lipids to 

test the hypothesis that the presence of the triazole group in ATL-1 results in looser lipid 

packing. The giant size of these vesicles enabled us to directly measure the area 

compressibility modulus, the lysis tension, and the water permeability. 

3.2.2. Mechanical Characterization of the ATL1 bilayer membrane 

We used the micropipette aspiration technique to assess the mechanical properties 

of these GUVs. GUVs composed of GMGTPC lipids were used as a point of comparison 

to probe the effect of 1,4-triazole rings on membrane properties. GUVs of both ATL1 and 

GMGTPC tetraether phospholipids were formed by electroformation, as described in 

chapter 2. Water permeability of lipid membranes of ATL1 and GMGTPC GUVs was 

measured via micropipette aspiration setup by increasing the solute (that is, glucose) 

concentration in the surrounding solution and then monitoring the rate at which water 

permeated through the membrane.  









49 
 

and decreased the stretching modulus KA by a factor of 2.2 ± 0.1 and the lysis tension by 

a factor of 4.6 ± 0.2 relative to GMGTPC. We now discuss these results based on the 

packing of the lipids and the polarity of the 1,4 triazole moieties.  

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3. Discussion 

In general, the permeability coefficient is directly proportional to the partition 

coefficient of water between the membrane phase and aqueous solution and the diffusion 

constant of water within the membrane phase  [47]. The triazole group is known to 

interact with biological molecules through hydrogen bonding and dipole 

interactions  [54]. Thus, we propose that due to these capabilities, the 1,4 triazole moiety 

enhances the water partition coefficient relative to GMGTPC. We also propose that 1,4 

Figure 3. 7. Lysis tension and cohesive energy density measurements 
for bola-lipids. 

The left column shows data for ATL-1 and the right column is for GMGTPC. 
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3.4. Conclusion 

In conclusion, we used click-chemistry to develop a hemicyclic tetraether scaffold 

incorporating phytanyl side chains and 1,4 triazole rings. A new tetraether phospholipid 

with 1,4 triazole rings in the hydrophobic core was readily prepared and successfully 

used for small and giant vesicle preparation. This unique lipid scaffold offers great 

flexibility with its ease of synthesis for tailoring the functionality presented in the lipid 

hydrophobic core without compromising the ability to form stable unilamellar vesicles. 

We elucidated that the incorporation of the relatively hydrophilic 1,4 triazole rings in the 

hydrophobic core of an amphiphilic molecule could alter the macroscopic properties of a 

membrane by increasing permeability by a factor of 2.6 ± 0.2, decreasing the stretching 

modulus KA by a factor of 2.2 ± 0.1 and the lysis tension by a factor of 4.6 ± 0.2. We 

postulate that the hydrophilic nature of the triazole moiety and having significant dipole 

moments probably results in higher partitioning of water molecules, thus compromising 

the membrane integrity by perturbing the lipid packing. This work introduces new design 

principles for producing lipid membranes with distinct properties in a synthetically 

tractable manner. 
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An interesting class of light-responsive systems involves the cis-trans photoisomerization 

mechanism that endows a reversibility attribute to the scheme  [60]. The earlier focus of 

the scientific community based on this approach mainly was to release drugs through 

isomerization-driven membrane perturbation in LUVs [61]. Many studies reported on the 

release mechanism from the LUVs because of the photoisomerization to be lipid 

aggregate formation  [62] and or phase transitions from an ordered phase to a disordered 

phase in multi-component lipid systems  [61,63]. However, studying lipid bilayer 

membranes in the nano-sized structure such as SUVs and LUVs might restrict us from 

other possible mechanisms in action for two main reasons. First, nano-sized vesicles 

could undergo spontaneous changes such as aggregation, fusion, and rupture even in the 

absence of the external cue, complicating the interpretation of the release mechanisms. 

Second, due to their small sizes (<100 nm), directly interacting and or observing the 

bilayer to probe possible alternative mechanisms is practically impossible (unless 

adopting an in-silico approach).  

The very first series of studies by the Yoshikawa group in 2005 attempted to 

investigate the mechanisms related to morphological changes in GUVs upon trans-cis 

photoisomerization of an azobenzene-derived surfactant  [64]. The formation of excess 

membrane area due to photoisomerization contributes to an intensive membrane 

fluctuation. As a result of this increased area, the system preferably tends to form buds 

and tubules.  

The trend to study the isomerization-driven response of GUVs continued in the 

last decade to report release/permeation mechanisms observed due to phase 
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separations  [65] and transient pore formations with the involvement of the azobenzene-

modified amphiphiles [66].  

Here we report on an overall response of a light responsive DOPC bilayer 

membrane system. We started with the most straightforward system to explore the effects 

of photoisomerization, which was azobenzene doped into the membrane rather than 

covalently linked to a lipid molecule. We wanted to see the impact of a photolabile small 

molecule in the material property change of the bilayer membranes. 

In the next chapter, we move forward with the next level: covalently modified 

azobenzene lipids. In this chapter, we doped the DOPC bilayers with fractions of small 

molecule azobenzene (Sigma-Aldrich, SKU 424633). We directly monitored the change 

in area and volume of the azo-doped DOPC GUVs with micropipette aspiration. We 

show that both the elastic moduli are dramatically decreased upon photoisomerization of 

the azobenzene from trans to cis state in the bilayer membrane. The change in membrane 

area and volume were irreproducible with many variations in response. However, a few 

notable examples in the membrane area dilations were observed. As we increased the 

concentration of the azobenzene in the bilayer, the trend moved toward a more repeatable 

response concerning the area dilation upon UV excitation.    

In collaboration with Lucas Anthony in the de Pablo lab at the University of Chicago, 

we show through atomistic simulations that the small molecule azobenzene tends to 

reside near the DOPC headgroups. The following subsection introduces the chemistry 

and photoisomerization mechanism of the azobenzene molecule before we delve into the 

results of characterizing the azobenzene-doped DOPC bilayer. 
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We picked the GUVs, with low suction pressure of equal to 2-micrometer water 

and increased the suction pressure in steps of 10 µm, 10 µm, 20 µm, 50 µm, 100 µm, 200 

µm, 500 µm. A pause of several seconds (~ 10 seconds) is applied for each step for the 

membrane to reach an equilibrium. Then using the pump, the membrane was stretched at 

a rate of 0.5 mN/m/s. Figure 4.4. shows a typical graph of area dilation as a function of 

membrane tension. The first 8 points in this graph denote the height adjustment steps 

described above. This graph is an axis-switched version of the stress-strain curve 

described in chapter 2. As described below, a non-linear implicit fit function was 

Figure 4. 4. Typical dilation-tension graph used to obtain bending 
modulus.  

The dashed lines represent a non-linear implicit fit function, see the text for more information. The data 
shown are for vesicles with 20 mol% azobenzene doped DOPC bilayers. 
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4.4.1. Azobenzene Incorporation in DOPC Bilayer 

We incorporated small molecule azobenzene into DOPC lipid bilayer membranes 

by the gentle hydration followed by the extrusion method, as explained in chapter 2. We 

dissolved azobenzene in chloroform, and the lipid-azobenzene solution was prepared by 

mixing azobenzene solution with DOPC lipid solution with nominal mol percentages of 

0.5, 1, 2.5, 5, 10, and 20. Figure 4.5 shows the size distribution of the LUV obtained by 

the dynamic light scattering (DLS) technique. We did not observe any significant change 

in LUV size due to the incorporation of different mol fractions of azobenzene; however, 

from the appearance of the extruded solutions, we noticed that increasing the azobenzene 

mol fraction, the yellowness of the solution increases (Figure 4.5 B).  

Figure 4. 5. Size distribution of azobenzene incorporated DOPC LUVs. 
(A) Intensity profile for size distribution obtained by DLS for various mol fraction azobenzene 

incorporated into DOPC bilayers. 
(B) Appearance of LUV solutions with different azobenzene mol fractions 
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4.4.2. The Membrane response �± Area and Volume 

The next step in our characterization of the azobenzene-doped DOPC system was 

to use the micropipette aspiration and probe the membrane area and GUV volume before 

and after the UV irradiation. We prepared DOPC GUV doped with nominal 5, 10, 1,5, 

and 20 mol% azobenzene by the electroformation protocol explained in chapter 2. In our 

quest to probe the effect of UV irradiation on membrane area and GUV volume change, 

we noticed wide variations in response. The variation was far from a normal distribution 

for every concentration of azobenzene in the DOPC membrane. However, when we took 

an average for all the responses per concentration, we noticed a trend in membrane 

response upon UV irradiation (figure 4.7). In this figure, the first dashed line denotes the 

"UV on" before, only blue excitation. The second dashed line indicates "UV off." 

Between the two dashed lines, we have the concurrent UV and blue excitation. 

   

Figure 4. 7. Exemplary response of 5 and 20 mol% azobenzene-dopped 
vesicles. 

An example of change in aspiration tongue (proportional to membrane area change) for 
vesicles with 5 mol% azobenzene-doped vesicles. 

An example of change in aspiration tongue (proportional to membrane area change) for 
vesicles with 20 mol% azobenzene-doped vesicles. 
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Figure 4. 8. Change in Membrane area and GUV volume in 
azobenzene-doped DOPC system. 

The plots show the averages over N vesicles. 
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For all the cases, the GUV volume before and after the UV irradiation did not 

change. However, as the concentration of the doped azobenzene increased from 5 mol% 

to 30 mol%, the membrane area change deviated from a noise signal, i.e., no response (5 

mol% in figure 4.7) to a stepwise reaction upon UV irradiation.   

It is worth noting that regarding the wide response variability for the change in 

projection length and area (figure 4.8), we should point to the fact we collected those 

measurements in the early days of the aspiration setup development and improvement. 

We had challenges of neutralizing the surface of the glass at that time. The vesicles were 

used to stick to micropipettes (figure 4.9). We used BSA to coat the surface of the 

micropipette and the chamber coverslips but still, we experienced many membrane-glass 

stickiness challenges. Through conversation with Prof. Needham at Durham University, 

we noticed that BSA type plays a crucial role. The BSA should be free from any fatty-

acid contamination. Therefore, we speculate that a trace amount of fatty acids from BSA 

could potentially impact the response. We solved this issue by coating the glass 

micropipettes with fatty acid-free BSA solutions for the bending modulus measurements. 

Since then, we did not observe any vesicle-pipette adhesion problem. The elasticity 

measurements described next did not have this problem. 
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the quality of the fit by checking the residual sum of squares. For all our measurements, 

the residual sum of squares was close to zero, denoting a high fit quality. For each 

azobenzene doping concentration and irradiation condition, we prepared fresh GUV 

batches.  

4.5. Discussion & Conclusion 

Whereas studies of light-responsive small molecules in bilayers, especially 

liposomes, have usually focused on light-driven morphological changes, this chapter 

presents evidence that the presence of the small molecule azobenzene alters the 

membrane elastic properties under UV excitation. We also reported that the membrane 

area sometimes responded to UV or blue light excitation for different azobenzene mol 

percentages doped into the DOPC bilayer. However, the responses varied, and the 

average membrane area response showed only a slight expansion with no significant 

change in vesicle area or volume when the concentration of azobenzene in the bilayer 

was increased. We attributed this wide response variability to the poor glass micropipette 

surface neutralization. Another possible reason is the different dipole moments of both 

trans and cis isomers of the azobenzene. Due to its non-planar structure, the cis-

azobenzene possesses higher dipole moments than the trans-isomer  [63]. Higher dipole 

moment facilitates the hydration of the cis-isomer by water molecules resulting in lower 

chemical potential of cis-isomer in aqueous solution than the lipid bilayer medium  [73], 

so that the cis-isomer might partition into the aqueous phase. 
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hydrophilic core becomes smaller. This might support our notion of membrane thinning 

upon trans-to-cis isomerization that decreases the membrane bending modulus.  

In conclusion, we report a simple system of incorporated small molecule azobenzene as 

the light-responsive unit into a liquid-disordered bilayer of DOPC lipids. The 

photoisomerization of this system under UV excitation reduces the membrane stretching 

modulus and, to a greater degree, affects the membrane bending modulus. The atomistic 

simulation results conducted by our collaborators at the University of Chicago showed 

the small molecule azobenzene prefers to localize near the hydrophilic headgroups of 

DOPC lipids. We postulate that this localization, along with the polar character of the cis 

isomer, contributes to the decrease in both the stretching and bending modulus.  
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CHAPTER 5: MECHANICAL PROPERTIES, WATER PERMEABILITY, AND 

STRUCTURAL STABILITY OF MEMBRANES CONTAINING AZO-MODIFIED 

PHOSPHOLIPID 

 
In this chapter, we continue our quest to understand and characterize light-responsive 

lipid bilayer membranes. We adopt a covalent approach instead of the sequestering 

method of incorporating the light-responsive azobenzene moieties described in chapter 

four. Here, we have a two-component phosphocholine bilayer system with one of the 

lipids containing the azobenzene covalently attached to one of its acyl chains (azo-PC). 

As described in the previous chapter, the azobenzene moiety can be switched from trans 

to cis with UV light or the reverse with blue light. In this chapter, the first section 

describes the chronology of the literature on azobenzene-based bilayer studies. In the 

second section, we present the results of characterizing the azo-PC/DOPC bilayer system. 

We show that the membrane area expands reversibly upon UV irradiation, and this 

dilation plateaus with azo-PC mol fraction. We measured membrane stiffness, toughness, 

and water permeability using the micropipette aspiration technique described in chapter 

two. We show that membranes with 100 mol% trans-azo-PC chemistry are 2.5 times 

stiffer, 2 times tougher, and four times less permeable than those with 100 mol% cis-azo-

PC bilayers. The azo-PC/DOPC mixture showed a non-monotonic response for elastic 

properties and water permeability, i.e., membrane stiffness and water permeability did 

not change monotonically with azo-PC mol fraction. Cintia Menendez and Juan de Pablo 

at the University of Chicago performed atomistic molecular dynamics simulations in A 

collaboration. They observed that the 100 mol% trans-azo-PC membrane is thicker than 

and more ordered than the cis membrane. It also has a larger area per lipid, consistent 
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with our experiments. They also observed a similar trend for membrane stiffness: pure 

trans-zo-lipid membrane was 1.9 times stiffer than pure cis-zo-lipid membrane. Further, 

they propose the possibility of a submicron-sized cluster formation to account for the 

nonmonotonic response for this system. 

5.1. Introduction to Light-Responsive Lipid Bilayer Membranes 

In the early 1980s, the scientific community began exploring azobenzene-derived 

amphiphiles to mimic physiological phenomena using light signals. Since then, many 

studies have used azobenzene-derived surfactants to control membrane 

permeability [61,92,93], to study the origin of life, i.e.,  [94] to tune the electric response 

of membranes [95] and manipulate other macroscopic properties  [96]. Azobenzene-

derived amphiphiles have been employed in different systems such as films [93], 

micelles  [97], monolayers [98], and bilayers/vesicles  [99]. The latter case of bilayers 

and vesicles has garnered much attention for their simplicity and similarity to cell 

membranes as model bilayers.  

In chapter 1, we summarized the literature of responsive bilayer membranes, and here 

our focus is the literature regarding the azobenzene photoisomerization in the 

membranes. The overall literature trend about azobenzene bilayer systems can be 

grouped into two chronological categories. The first category (early studies) contains 

single-tailed azobenzene surfactants mixed with bilayer forming amphiphiles. These 

single-tailed azo-surfactants cannot form bilayers but were used to perturb the bilayers 

made from other amphiphiles to tune mostly the release kinetics and 

permeability  [61,95,100,101]. In a recent study, following the same approach used in 

those early studies, the photoisomerization of an azobenzene surfactant was used to burst 
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bilayer vesicles of a DOPC/DPPC system with bursting yield as a function of bilayer 

viscosity  [30]. Later, to address bilayer membrane affinity issues, azobenzene moieties 

were attached to the fatty-acid chain of lipids in the bilayer (instead of sequestering). 

Therefore, a new class of azobenzene lipids was synthesized as the second group. At first, 

most of the community's focus was to study the kinetics and mechanisms of azobenzene 

aggregation in the bilayer [62]. The first report on the light-induced aggregation of 

azobenzene-modified phospholipids was provided by Song et al.  [62]. Inspired by the 

results of azobenzene-derived lipid aggregation in the membranes, the focus shifted 

toward studying aggregates' effect on azo-membranes' material properties, particularly 

membrane permeability derived by light and light-driven morphological changes [102]. 

In all the reported cases for aggregation studies of the azobenzene-modified lipids, the 

azobenzene was attached to both fatty acids. More detail on the aggregation of 

azobenzene derivatives is introduced in chapter six of this thesis. 

Pernpeintner et al.  [31] reported the synthesis of azo-PC lipids, with the azobenzene 

attached to only one of the fatty acid chains. Azo-PC lipids' effect was studied on various 

bilayer systems in a series of reports afterward. In their first study, they reported 

morphological changes for vesicles made of pure azo-PC. Upon UV irradiation, they 

observed that vesicles undergo different budding phenomena, fission, and pearling effect. 

The latter case is the phenomenon in which long tubules in the form of connected beads 

are protruded from the primary vesicles outward. All these observed phenomena were 

reversible upon irradiating the vesicles with blue light. They used optical tweezers and 

indirectly measured the bending modulus of the azo-PC bilayer. The cis-azo-PC 
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membrane showed a bending modulus that was three times less than the trans-azo-PC 

membrane. 

In the second study of azo-PC, Urban et al. mixed azo-PC with saturated 1,2-

diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) lipids  [103]. Diphytanoyl 

phosphatidylcholine lipids have four methyl groups in each of the acyl chains separated 

by three carbon atoms. This chemistry enables the DPhPC lipids to form liquid bilayers, 

and they do not exhibit a detectable glass transition temperature from -120C to 120C. 

Urban et al. discussed the possibility of aggregate formation in this system. They 

obtained the UV/vis spectra for this mixture for LUVs and observed a blue shift when the 

concentration of azo-PC was increased. They could observe a macroscopic phase 

separation of the trans-azo-PC in the mixture when adding cholesterol to the system with 

fluorescence microscopy. Upon irradiating this tertiary system with UV light, the trans-

azo-PC phases dissolved away upon the trans-to-cis photoisomerization. This time, using 

the micropipette aspiration technique, they measured the bending modulus. They showed 

that by increasing the trans-azo-PC mole fraction in the azo-PC/DPhPC bilayer, the 

bending modulus drops monotonically with the azo-PC mol fraction.  For the cis-azo-

PC/DPhPC membranes, the bending modulus decreased much more sharply with azo-PC 

mole fraction: it showed a sudden drop of nearly six times at cis-azo-PC mol fraction of 

0.2 and gradually and slightly decreased with more cis-azo-PC in the bilayer. The most 

significant reduction for bending modulus was observed for a mixture of azo-PC/DPhPC 

with 0.6 mol fraction of azo-PC upon trans-to-cis-photoisomerization. Their conclusion 

proposes that this different trend in bending modulus drop between two cases of trans-

azo-PC/DPhPC and the cis-azo-PC/DPhPC denotes the cluster formation phenomenon. 
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Later, Urban et al. reported the possibility of cis-to-trans-driven transient pore 

formation in the pure azo-PC bilayer membranes when irradiated with UV light  [66]. 

They reach this conclusion using two different approaches. First, they conduct a dye-

release experiment from GUVs using fluorescent microscopy. Vesicles loaded with a 

water-soluble dye show a sustained fluorescent signal, but when irradiated with UV light 

to induce trans-to-cis isomerization, the fluorescent signal drops over time. Interestingly, 

the dye-leakage continued further when they illuminated these cis-azo-PC vesicles with 

blue light (thus, cis-to-trans isomerization). The second approach used a patch-clamp 

electrophysiology technique to monitor ion flow across the pure azo-PC bilayer 

membrane. In patch-clamp electrophysiology, a glass micropipette (inner diameter of <10 

microns) is used to pick a giant vesicle to form a sealed patch on the vesicle membrane. 

Then, an electric field is applied through two electrodes: one placed inside the 

micropipette and the second set in the medium where vesicles are suspended. Under the 

electric field, when the trans-azo-PC membrane was irradiated with UV, the ion flow 

quickly dropped (in 0.15 s). When the membrane in the cis-azo-PC state was irradiated 

with blue light, a sudden (in 0.21 s) increase in current was observed. Then, under this 

blue light irradiation condition, the current decayed to its baseline. An essential 

observation in their electrophysiology experiment is the stepwise decay upon cis-to-trans 

isomerization under blue light. This type of response in patch-clamp electrophysiology is 

associated with nano-sized transient pores. Therefore, they conclude that the UV-induced 

trans-to-cis isomerization denotes that the bilayer is less permeable. By contrast, the blue 

light-driven cis-to-trans isomerization creates an inhomogeneity in the bilayer leading to 

the enhanced permeability, which then decays back to a steady-state.  
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Overall, the recent studies about the characterization of azo-PC-based membranes point 

to the richness of the membrane response chiefly depending on bilayer chemistry and the 

methods used to characterize the membrane. The above-described studies leave open the 

questions of membrane area dilation and dynamics, change in membrane elastic 

properties, and water permeability. 

Here, to the best of our knowledge, for the first time, we report in detail the 

physicomechanical characterization of a bicomponent light-responsive bilayer membrane 

composed of an azo-lipid (azo-PC) before, during, and after exposure to UV and blue 

light. A mixture of DOPC lipid with the light-responsive azo-PC lipid has been studied 

with the micropipette aspiration technique. We have measured the mechanical properties 

of this system along with water permeability. In collaboration with the University of 

Chicago, we report atomistic simulations of membrane area and thickness, the structure 

of the azo-PC molecule, chain order, and the possibility of sub-micron-sized aggregate 

formation of the azo-PC in this system. This work presents a unified picture of the 

probable mechanism involved in the effect of azo-PC isomerization on membrane 

characteristics combining direct experimental measurements with atomistic simulation 

studies. 

5.2. Materials and Protocols 

All the vesicles reported in this chapter were fabricated by the mixture of two 

phospholipids. One is DOPC, the passive component of the bilayer that does not respond 

to light. DOPC lipids form liquid disorder bilayers owing to the two double-bonds in both 

the acyl chains in cis configuration (figure 5.1. A). The active component is the 1-

stearoyl-2-[(E)-4-(4-((4-butyl phenyl) diazenyl) phenyl) butanoyl]-sn-glycero-3-
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isomerization (i.e., �WBU is smaller than �WB). Since the intensities of blue and UV were 

comparable in these measurements (see the experimental details in chapter 2), we 

attribute this difference to a combination of greater absorption cross-section for UV and 

greater quantum efficiency of the trans-to-cis isomerization  [73]. 

 

 

Figure 5. 5. Timescale response of the azo-PC/DOPC system. 
(A) Timescale response under blue+UV and blue only. Membrane tension is 1 mN/m for all these data 

points. UV intensity is 8 mW/cm2. 
(B) Same timescale as in (A) with higher UV intensity of 15 mW/cm2. The blue intensity is constant 

for all the experiments. 
(C) Timescale for blue+UV case under higher membrane tension of 3 mN/m with UV intensity of 8 

mW/cm2. 
(D) Timescale for blue-only case under higher membrane tension of 3 mN/m under the same blue light 

intensity as in A and B. 
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The spectra of the photolipids in a photostationary state did not change for several 

minutes and even hours when the LUV solutions were left in dark (figure 5.12). Because 

all measurements presented in this study were conducted within seconds, the possibility 

of thermal isomerization of photolipids from cis to trans could be neglected. Notably, the 

absorbance spectrum of trans-azo-PC changed when the lipids were assembled in a 

bilayer membrane (See below). 

We conducted absorption spectra analysis for LUV of DOPC mixed with different 

mole fractions of the azo-PC lipid following the simulation results. Compared to the 

measurement in chloroform (figure 5.13), the absorption maximum for the trans peak 

shifted from 335 to 315 nm and, therefore, toward higher energies as we increased the 

azo-PC mol fraction. This blue shift of the absorption peak has been observed previously 

in mono- or bilayers containing azobenzene groups and is attributed to the formation of 

H-aggregates  [62]. 

Figure 5. 11. UV/vis spectrum of azobenzene and azo-PC. 
Black line is the spectrum for azobenzene dissolved in chloroform and the red line shows the UV/vis spectrum of 

azo-PC lipids assembled in a bilayer membrane. 
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The observed blue shift of the absorbance maximum is a direct indicator for the 

coupling strength and thus carries information about the density and intermolecular 

distance between the azo-PC lipids in the bilayer membrane  [105,106]. The prerequisite 

for H-aggregation is that the azobenzene in the lipid tails is parallel, which is the case in a 

bilayer membrane [102,107]. As shown in figure 5.12 A, the absorption spectrum of the 

cis-isomer did not display a shift in the absorbance maximum, indicating that the bilayer's 

cis-photolipids were less aligned and oriented.  
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5.3.2. Atomistic Simulation Studies�± A Collaboration 

As stated earlier, we collaborated with Cintia Menendez, and Juan de Pablo at the 

University of Chicago under a Multidisciplinary University Research Initiative (MURI) 

program funded by the Army Research Office (MURI Award W911NF-15-1-0568). 

Here, before we present the simulation result, we present the simulation protocols and 

procedure. 

5.3.2.1. General Simulation Conditions 

 
The initial membrane configuration was generated using Packmol software  [108]. 

Each bilayer was composed of 512 lipid molecules in the X-Y plane, located at least 20 Å 

from the edges of the box. The remaining box volume was filled with TIP3P water 

molecules. Atomistic molecular dynamics simulations were run using the AMBER18 

simulation package  [109]. Parameters for DOPC lipids were described by the lipid17 

force field  [110]. Azobenzene functional group parameters were determined using the 

Antechamber program and described by the General Amber Force Field (GAFF)  [111]. 

Charges for the azobenzene-phospholipid were assigned using the charge mode AM1-

BCC. The initial configurations were optimized through an energy minimization process 

with 10,000 steps of a conjugate gradient method at zero Kelvins: (i) In the first 6000 

steps, the heavy atoms of the lipid bilayer were constrained (fixed) in three-dimension 

with 10 kcal/(mol Å2 ) force constants. Water molecules were allowed to move. (ii) In 

the last 4000 steps, the lipid and water molecules were allowed to move without any 

constraint (to minimize the free energy of the entire system). After this minimization 

step, 500 ps of molecular dynamics simulation under constant volume (NVT) was 
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trans-steady-state behavior within 100 ns (the cyan region in figure 5.15). A new 

isomerization cycle in the final 100 ns showed that the system's response to the trans-to-

cis conversion is repeatable and reversible. Figure 5.10B shows a contraction of the 

bilayer thickness simultaneous with the area expansion. Between 400ns and 500 ns, in the 

first trans-to-cis conversion, the average thickness decreased by approximately 4 Å 

(figure 5.15B). 

 

 
 

 

 

 

 

 

 

 

 

 

 

This response is repeatable and reversible. However, it is significantly faster than 

the timescale observed by the experimental results performed with the aspiration 

technique presented in the previous section. 

Figure 4. 13.  
 

Figure 5. 15. Exemplary response of 5 and 20 mol% azobenzene-dopped vesicles. 
An example of change in aspiration tongue (proportional to membrane area change) for vesicles with 5 

mol% azobenzene-doped vesicles. 
An example of change in aspiration tongue (proportional to membrane area change) for vesicles with 20 

mol% azobenzene-doped vesicles. 
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case.  Figure 5.16C shows the SCD order parameter values as a function of the carbon-

atom number along the azo-PC aliphatic tail (with #1 being nearest the polar headgroup). 

The data show that the cis isomer was characterized by a less ordered phase than the 

trans isomer for all methylene groups in the chain. These results agree with the 

previously exposed trend for the bilayer thickness and area per lipid since straighter 

chains should be longer and closer together.  

Figure 5.16D shows the membrane stretching modulus, ka, estimated as a function 

of temperature. The modulus was estimated at three different temperatures (300 K, 320 

K, and 350 K) for both azobenzene isomers and a system of 512 lipids. At each 

condition, 3 replicas of 500 ns were considered, which means a cumulative simulation 

time of 9 µs in this analysis. It is evident that the membrane with 100% trans lipids 

exhibited a much higher modulus than 100% cis lipids over the whole temperature range. 

In the simulations, the ka (trans to cis) ratio was 1.9 ± 0.1, which compares well to the 

experimentally measured ratio of 2.5 ± 0.3. Despite this close agreement, the absolute 

values were higher in simulations: 457 ± 27 mN/m and 859 ± 60 mN/m for the cis and 

trans isomer respectively, at 300 K, compared to 270 ± 28 mN/m and 677±32 mN/m in 

the experiments. Since Ka was estimated from the fluctuation in the area per lipid, several 

factors as system size, simulation time, and the pressure regulation algorithm might affect 

these results.  
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PC mol fractions. To compare it with the sequestering methodology presented in chapter 

4, we superimposed the stretching moduli of the azobenzene-doped system and to us it 

appears that for this system the trend is similar to the azo-PC bilayer systems.  

 

Figure 5. 19. Effect of light-�U�H�V�S�R�Q�V�L�Y�H���P�R�L�H�W�\�¶�V���P�R�O���I�U�D�F�W�L�R�Q���R�Q���W�K�H��
dimensionless trans-to-cis stiffness ratio. 

 Open circles correspond to azo-Pc/DOPC system. Filled red circles correspond to the 
azobenzene doped- DOPC study presented in chapter 4. We observed a cooperative response 
trend in stiffness that changes subtly in lower light responsive mol fractions but starts to rapidly 
increase at higher mol factions.  
 

 

Studies have shown a correlation between the membrane stiffness and the length 

of the hydrocarbon chain in membranes for lipid bilayer membranes. The stretching 

modulus increases as the acyl chain (i.e., the tail) becomes larger  [21,82]. In another 
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great chain-length mismatch (using a lipid shorter than DOPC) would enhance the non-

monotonic trends of elasticity and water permeability. 
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with a lifespan of few tens of milliseconds  [126] to a bursting response when the 

membrane becomes more rigid by the addition of cholesterol  [30].  

The response of a membrane in the gel phase to azobenzene's photoisomerization can 

be as subtle as an enhanced permeation due to a decrease of the membrane's glassiness 

(as seen in PEG-azo-PLA diblock copolymers  [127]) to extreme cases of bursting  [128]. 

In this chapter of this thesis work, to the best of our knowledge, we report a new 

instability, namely, surface raggedness, observed for a particular system of azo-PC lipid 

mixed with DPPC under UV irradiation.  Interestingly, instabilities such as wrinkling 

have also been reported for fluid bilayer membranes but only under extreme conditions 

where fluid-driven high strain rates  [129] or reversal in an elongation flow  [130] result 

in membrane wrinkling. Recently, Knorr and colleagues  [131] reported a higher-order 

instability of wrinkle formation in a DPPC solid lipid bilayer membrane by applying a 

pulsatile DC electric field on vesicles. We will discuss their work in detail in the 

discussion section below.  

This chapter investigates the instabilities and morphological changes for the azo-

PC/DPPC lipid bilayer mixture under UV and blue irradiation. Instead of applying an 

external force such as an electric field or the fluid flow, we perturb the membrane 

endogenously by the photoisomerization action of the azo-PC lipids mixed with the 

passive DPPC matrix. For the first time, we report the observation of surface jaggedness 

of the lipid membrane for a particular mixture (30 mol% azo-PC) in this system. We also 

find evidence of significantly enhanced sugar permeability during UV exposure, as the 

membrane becomes jagged. We also note another phenomenon of vesicle deformation, a 
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sphere-to-ellipse transformation, that happens with different degrees near 50% azo-PC 

lipids' mol fraction.    

6.2. Experimental Procedure. 

The morphology of azo-PC/DPPC bilayer vesicles was measured using light and 

confocal fluorescent microscopy. The mixtures contain nominal mole percentages of 0, 

10, 30, 50, 80, and 100 mol% azo-PC mixed with DPPC lipids and, in some cases <1 

mol% of a fluorescence-labeled lipid. As in the previous chapter, the given composition 

refers to the chloroform solution used at the electroformation. We assume that the 

composition in the final membrane is similar. We followed the electroformation protocol 

explained in chapter two for GUV fabrications. All vesicles discussed in this chapter 

were made with 170 mOsm/L sucrose inside and 180 mOsm/L glucose outside. In a 

typical experiment, vesicles were initially in the trans-state, irradiated with UV or 

UV+blue for 100 seconds, then exposed to blue. In many cases, this cycle was repeated. 

Below we describe in two separate sections the image analysis methods we used to obtain 

information such as a change in contrast, change in membrane area, and vesicle volume.  

6.2.1. Image Analysis �± Measuring Membrane Area and Vesicle Volume  

We used NIH ImageJ software  [132] and packages to monitor membrane area 

and vesicle volume changes on image frames before and after UV irradiation. Choosing 

the right frame to monitor these parameters depends on the image quality of the frame. 

For all the results we present in this chapter, we had obtained the frames with the range of 

1-5 frames before or after the UV irradiation started. Here we describe the protocol steps 

used to monitor the membrane area and vesicle volume in detail. All the images depicted 



130 
 

herein are 2D images obtained by the Hoffman modulation contrast optical system 

described in chapter two. The 2D images were taken through the widest point of the 

vesicles. In this optical system, the optical gradient, i.e., phase gradients resulting from a 

change in refractive index, are converted into variations of light intensity.  We measured 

the vesicles membrane area and volume assuming that the vesicle perimeter and the 

vesicle interior area in the 2D images correlate to the vesicle surface area and internal 

volume in the 3D images, respectively. 

We imported the images to the ImageJ software and cropped the image to avoid 

the presence of lipid aggregates or any extremely dark or white spots (figure 6.1 A.I). 

Note that the image type should be 8-bit (Image > type > 8-bit). Next, using the contrast 

enhancement feature (Process > Enhance contrast), we applied a filter to allow the 

number of pixels in the image to be saturated to increase the membrane contrast. We used 

saturation levels between 0.5-2 % based on desired image quality (figure 6.1 A.II). For 

vesicles with a smooth shape, we use the "multi-point" tool to define the vesicle 

boundaries (figure 6.1 A.III). The contrast enhancement step allows us to readily 

distinguish the vesicle membrane boundary by a sharp white-to-black transition. We 

carefully placed the points right at the white/black interface (figure 6.1 A.III). Eight 

points were enough to produce a reliable and precise boundary. Later, we used an 

external customary written ImageJ plugin called "Egg Tools" to connect the points with 

an ellipsoid function (figure 6.1 A.IV). In this tool, we have the option of cutting the 

chosen area. Figure 6.1 A.V shows a "clear-out" image with the background removed 

completely (ImageJ: Edit > Clear outside). The last step is followed by ImageJ's "filling" 

option to fill the entire vesicle body with a black color (figure 6.1 A.VI). 
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6.2.2. Image Analysis �± Measuring Vesicle Contrast Change  

As we will present in the next section, for a particular mixture of azo-PC lipid 

with DPPC lipids, we observed a surface jaggedness phenomenon in the membrane upon 

UV irradiation. We also observed a drastic change in membrane contrast for this bilayer 

system after the vesicles underwent three cycles of UV irradiation. The change of 

membrane contrast is related to solute exchange.  

Figure 6.2A shows the vesicle of interest with a rectangle as a region of interest 

superimposed on the vesicle using ImageJ. The width of this rectangle is chosen to be a 

third of the vesicle diameter. Later, we obtained an intensity profile averaged in this 

rectangle  

 

 

 

Figure 6. 2. Contrast monitoring protocol for azo-PC/DPPC system 
(A) Image of a target vesicle (30 mol% azo-PC) to monitor its contrast with a rectangular region of 

interest. 
(B) Corresponding intensity profile for the region of interest in A.  The legend shows the frames that 

mark the start of the UV irradiations. The vesicles were under continuous blue light excitation and 
irradiated with UV for 200 seconds in each cycle.  
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using ImageJ's plot profile option (Analyze > Plot Profile). With this technique, ImageJ 

calculates the mean pixel gray value of each column of pixels inside the rectangle. Figure 

6.2 B shows an example of such an intensity profile for the rectangle shown in figure 

6.2A. Keeping the rectangle size unchanged throughout the video frames, we then 

monitored the gray value changes for each step of the UV irradiation cycles. In some 

cases, the vesicles move because of drift, and for these cases, we moved the rectangle box 

with the vesicle. As we see in figure 6.2B, the first two UV cycles produce a minor 

decrease in contrast. But, after the third UV cycle is completed, the vesicle upon 

relaxation reaches the lowest contrast level both in the vesicle lumen and the bilayer 

itself. We report the difference in the peak height for each UV cycle as the measure of the 

contrast change (figure 6.2B).  The HMC is designed to irradiate the sample with 

different light intensities as one moves from left to right. The HMC reveals the phase 

gradients, i.e., the image intensity is proportional to the first derivative of the optical 

density in the object  [133]. This irradiation protocol renders objects to appear brighter in 

their left portion and darker in their right portion. For instance, the membrane for vesicles 

shown in figure 6.2 A appears brighter on the left side of the image and dark on the 

vesicle's right side. For this reason, we needed an intensity-monitoring protocol to avoid 

noise due to the inherent gradient of the HMC signal. We had two options to monitor the 

change in vesicle contrast to UV irradiation for the azo-PC/DPPC system. (I) Intuitively 

we could compare the vesicle's interior intensity to the intensity outside of the vesicle. 

However, with this protocol, the noise associated with the HMC intensity gradient made 

the analysis very difficult. Further, almost in every case, there were always other vesicles 

or lipid aggregates around the target vesicles in or out of focus moving around. (II) 
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compare the boundary (i.e., membrane) to the vesicle interior. Again, for this protocol, 

choosing what location inside the vesicle to monitor can significantly impact the analysis 

outcome as the light intensity by the action of HMC changes from the left-to-right side of 

the vesicle interior. We chose a narrow region, including the membrane itself and the 

vesicle interior (figure 6.2 A). Selecting a small area would minimize the unwanted 

change in intensity associated with the flying out-of-focus objects. We performed the 

analysis by comparing the relative height of the membrane intensity peak to the vesicle 

interior intensity (figure 6.2 B). 

6.3. Results  

This section presents the result and the corresponding discussions for the structural 

instability and morphological changes of the azo-PC/DPPC GUVs irradiated with UV 

light. Based on the responses we observed for this bilayer system, we categorize the 

results into three sections: (I) no response, with 0 and 10 mol% azo-PC/DPPC. Category 

(II) is the interesting case of the 30 mol% system that showed dramatic volume swelling, 

loss of contrast, and surface jaggedness of the vesicles. Category (III) is the swelling/de-

swelling category observed for the 50, 80, and 100 mol% azo-PC systems with no loss of 

contrast and reduced volume expansion of 1-3%. For the vesicles with 50 mol% azo-PC 

concentration, we interestingly observed that the swelling/de-swelling phenomenon is 

accompanied by an anisotropic morphological change from sphere to ellipse upon UV 

irradiation. 
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6.3.1. No response Category 

In this section, we prepared GUVs of only DPPC and GUVs of 10 mol% azo-PC 

mixed with DPPC. We then monitored the vesicle volume, membrane area, and contrast 

throughout the experiment with three cycles of UV irradiation. Figure 6.3 shows the 

changes in apparent vesicle volume (i.e., vesicle interior area measured in a 2D slice) and 

the apparent membrane area (vesicle perimeter in a 2D slice). We repeated this 

measurement for six GUVs made from DPPC-only and seven GUVs made from a 

nominal concentration of 10 mol% azo-PC mixed with DPPC lipids. We have normalized 

the data by mean and reporting the average for the normalized data. We report no 

significant response to apparent membrane area and apparent vesicle volume under UV 

excitation. Similarly, we did not observe any change in image contrast.  

Liquid bilayer systems with a small concentration of the light-responsive unit  

show a response, even though mild, to UV excitations. In chapters four and five of this 

thesis, we reported a response to UV excitation when low concentrations of azobenzene 

(5 mol% mixed with DOPC) and azo-PC (10 mol% mixed with DOPC). For the latter, 

the surplus membrane area resulted in budding and tubule formation in the membrane. 

Others had reported similar behavior when a small amount of the light-responsive 

molecule was added to a liquid lipid bilayer system  [64,134]. 
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contrast to liquid bilayers, we postulate that the presence of a small amount of azo-PC in 

the gel-phase lipid membrane of DPPC under the level of UV intensity used in this thesis 

was not enough to contribute to change in membrane area and or vesicle volume. We 

tried UV intensities of 8 mW/cm2 and 15 mW/ cm2 for 100 seconds and did not observe 

any response. For data shown in figure 6.3. the UV intensity was 8 mW/cm2. Visually, 

under the brightfield, we also confirmed the lack of response to UV irradiation of 10 

mol% GUVs with the absence of any structural and morphological instabilities such as 

swelling and or wrinkle formation (see movie 6.1 here7, the motion of vesicles is due to 

water leakage from the observation chamber). We will discuss the possible impact of 

membrane surface viscosity and the probability of pore or instability formations below.  

 
7 https://tinyurl.com/njvkyjw6 

Figure 6. 3. Change in apparent vesicle volume and apparent 
membrane area for low azo-PC fraction 

(A) Shows the apparent membrane area and apparent volume response for DPPC only 
vesicles.  

(B) Shows the membrane area and vesicle volume response for 10 mol% azo-PC vesicles.  
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6.3.2. Membrane Surface Jaggedness Phenomenon 

When we irradiated GUVs with a nominal 30 mol% azo-PC concentration, we 

observed an intriguing phenomenon of membrane becoming jagged. 48 out of 63 GUVs 

underwent this phenomenon upon UV irradiation. Figure 6.4 shows the sequential steps 

for a GUV with 30 mol% azo-PC concentration in the bilayer. Before the UV turns on at 

t=0, the membrane is smooth with no thermal undulations visible with a 200 frame rate 

per second camera setting (see the movie here8). A few seconds after UV is turned on, the 

membrane of the vesicles starts to deform in a way to produce a jagged surface more 

profoundly on the edges (figure 6.4, t=25 secs). Using ImageJ, we drew a line on the edge 

of the membrane to obtain an intensity profile.  Figure 6.5A shows a smooth membrane 

edge for the GUV in figure 6.4 before UV excitation. At t=25 secs, the intensity profile 

for the membrane edge shows the jaggedness that is, qualitatively, is changed for the case 

of t=50 secs.  

 

 

 
8 https://tinyurl.com/4r3k6mr2 
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Figure 6. 5. Surface jaggedness analysis by monitoring intensity 
profile of GUVs with 30 mol% azo-PC/DPPC. 

(A) GUV at t=0 of Fig. 6.4. with an intensity reading along a circular curve drawn using 
ImageJ (inset image). The profile shows a smooth variation in intensity along the line. 
We filtered the data using a threshold Fast Fourier Transform filter with a cut-off 
wavelength of 1000 (red line).  

(B) The intensity signal obtained for the GUV at t=25 secs in figure 6.4. The surface 
jaggedness is apparent from the occurrence of peaks. 

(C) The intensity signal obtained for the GUV at t=50 secs in figure 6.4. Comparing the blue 
boxes in both B & C, qualitatively, we can conclude that the level of raggedness is 
changing.  

(D) The intensity signal obtained for the GUV at t=300 secs in figure 6.4 where the UV 
effect is smoothened under blue-only excitation.  
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Loss of membrane contrast after UV exposure: Analysis of the change in membrane 

contrast for vesicles with 30 mol% azo-PC showed that the membrane loses its contrast 

compared to the vesicle lumen for many vesicles as explained in the method section 

above. In figure 6.6B, the GUVs before the first UV cycle show a well-defined 

membrane with a bright edge at the left and a dark edge at the right side of the vesicles. 

This pattern, as mentioned earlier, is due to the Hoffman modulation optics. 

Figure 6. 6. Area, volume, contrast, and crumpling time scales for 30 
mol% GUVs  

(A) Change in apparent vesicle volume (ie internal area of a 2D image slice) obtained following the 
protocol explained in figure 6.1. For each cycle, the measurements were made 250 seconds after 
the UV was switched on. UV was on for ~ 100 seconds. 

(B) Change in membrane contrast as a function of time following the protocol explained in figure 
6.2. The insets are images of the vesicle (i) before the start of the first UV cycle (lower left) and 
(ii) at the end of the third UV cycle (upper right). 

(C) Shows the elapsed time until the first sign of crumpling was observed. 
(D) Shows the elapsed time for the crumpled vesicles to smoothen out after the UV was switched 

off. 
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second batch of GUVs, we analyzed six 50 mol% GUVs. Vesicles did not respond to UV 

irradiation, i.e., no shape or contrast change. Our investigations on the reason for this lack 

of response revealed that the batch of GUVs for this case was prepared from an old stock 

solution of azo-PC. The stock solution was prepared 8 months before this batch was 

fabricated. As mentioned in chapter two, all the azo-PC stock solutions must be stored at 

-20C with vials filled with nitrogen gas.   

 

  

Figure 6. 7. Morphological changes for azo-
PC/DPPC system 

(A)  A 50% mol azo-PC/DPPC GUV before UV irradiation. 
(B) Same GUV in A 3 seconds after UV irradiation.  
(C) A 100% mol azo-PC/DPPC GUV before UV irradiation. 
(D) Same GUV in C 5 seconds after UV irradiation. Yellow dashed line 

is the diameter of the GUV in C and the red dashed line is the 
diameter of the GUV in D after UV irradiation.  
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6.4. Discussion 

This chapter showed that depending on the azo-PC concentration mixed with the 

DPPC lipids, vesicles behave differently when irradiated with UV light. The variation in 

response span from no response in 0 and 10 mol% azo-PC/DPPC vesicles to swelling/de-

swelling response for 50,80, and 100 mol% azo-PC/DPPPC vesicles. Interestingly, for 30 

mol% only, we observed a light-driven membrane surface raggedness. For 50 mol% 

vesicles, the swelling/de-swelling phenomenon was accompanied by an unusual sphere-

to-ellipse deformation in several cases. We discuss these results below, following with 

the response category that we presented in the result section.    

It appears to us that for 10 mol% azo-PC vesicles with no change in membrane area 

or any change in morphology, the membrane rigidity plays a key role in resisting any area 

per lipid change due to the trans-to-cis photoisomerization. For lipid bilayers in the gel-

like phase, in contrast to the liquid bilayer, there is yield stress above which the 

deformations are observed. We postulate that the photoisomerization-induced change in 

area-per-lipid cannot overcome the yield strain or the yield shear to produce any 

observable response for these vesicles. In support of this statement,  by increasing the 

azo-PC mole percentage the UV-induced strain may have increased (with more azo-PC) 

and the yield strain lowered (with less DPPC), leading to different response to UV 

irradiation. 

The surface raggedness observed for vesicles with 30 mol% azo-PC/DPPC resembles 

a crumpling phenomenon. Crumpling is primarily defined for 2D sheets that are crushed 

into a spherical volume, a ball, under a compressive force  [135]. For vesicles in this 

study, the photoisomerization-induced increase in area-per-lipid creates a state that the 
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instantaneous membrane area is smaller than the new larger UV-driven equilibrium 

membrane area. This condition results in a compressive force build-up in the bilayer 

beyond the membrane's yield stress. Under this condition, since the membrane is still in a 

gel-like state, ridges or raggedness on the vesicle surface occurs. We speculate that upon 

UV irradiation, as the membrane expands, the bilayer also undergoes a change in 

membrane stress states from tension to compression (because the equilibrium area 

expands immediately after UV exposure so that it exceeds the current area), resulting in 

crumpling. The compressive forces, in this case, are larger than the membrane's yield 

stress/strain. Therefore, we postulate that sharp membrane bends or creases occur in the 

membrane due to such buckling or localized deformations that end up forming pores or 

cracks in the membrane. We propose that the presences of pores and cracks contribute to 

the change in contrast and change in volume seen in our results.  

Phospholipid bilayers are shown to be nearly impermeable to solutes such as glucose 

or sucrose. For instance, in the extreme case of lipid bilayers made of unsaturated lipids 

(hence liquid bilayers), the permeability of sucrose or glucose is reported to be fourteen 

and ten orders of magnitude less than water permeability  [17]. Even if, in our case, the 

photoisomerization of azo-PC lipids changes the membrane fluidity toward a less rigid 

bilayer, one would expect sugar permeation, if any, to occur within longer time periods in 

the order of days perhaps. In chapter five, we reported an enhanced water permeability 

for the azo-PC/DOPC system. In contrast, the bilayer was in a liquid state with no 

noticeable change, ruling out any possibility of sugar diffusion through the membrane. 

Therefore, we propose that the photoisomerization-induced compressive forces create 

cracks or channels that expedite sugar diffusion across the membrane for vesicles with 30 
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mol% azo-PC/DPPC bilayers. The formation of cracks and pores contributes to the larger 

volume increase and loss of membrane contrast observed in our results.  

Recently, Knorr et al. [131] reported a similar response for DPPC GUVs under a 

pulsatile electric field. This work reports that the critical transmembrane poration is 

several times higher for DPPC membrane than liquid bilayers due to DPPC's stiffer and 

more rigid mechanical properties. When the electric field strength was increased, they 

observed higher order instability, namely, a wrinkling phenomenon with a shape change 

from ellipsoid to spherocylindrical. They report that for some vesicles, the electric-field-

induced stress surpasses the tensile yield of the DPPC bilayer resulting in a shape 

deformation and development of compressive forces aligned with the field direction (that 

forms the wrinkles). 

Interestingly, the strongest DC pulse applied on the DPPC vesicles induced optically 

detectable loss of contrast due to the formation of microscopic crack-like pores. The main 

conclusion from this study is that due to strong intramolecular cohesion forces between 

lipid molecules, DPPC bilayers have an order of magnitude higher bending rigidity, 

therefore, possessing a high yield tension due to their gel-like character. Thus, the elastic 

property of the bilayers plays a crucial role in their response. As we have reported in this 

chapter, by the presence of more azo-PC lipids in the DPPC bilayers, the gel-like 

character decreases, and we see that by the type of repose observed.  
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Figure 6. 9. Morphological change upon UV irradiation observed for a 
vesicle with 50 mol% azo-PC/DOPC. 

(A) Shows the vesicle before UV irradiation. The bilayer is floppy with observable thermal 
undulations.  

(B) 10 seconds after UV-irradiation, the membrane area dilation occurs. The white arrow points to 
the location of budding. 

(C) 2 seconds after B, the tethers form (shown by the white arrows) and the GUV still shows the 
thermal undulations. 

(D) 25 seconds after B, the tethers are elongated and the GUV is not flaccid anymore. No 
observable thermal undulations. The scale bar is 15 microns.  
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The thermal undulations are optically detectable when we observe a vesicle with 50 

mol% azo-PC/DOPC (figure 6.9A). When we irradiated such vesicles, we noticed an 

enormous area of dilation that ended up with the formation and elongation of tubules 

(figure 6.9 B & C). For this case, owing to less membrane stiffness and bending rigidity, 

the UV-irradiation-driven surplus area is accommodated by overcoming the bending 

energy and forming tethers and buds. After such instabilities are formed, we notice that 

the vesicles area drops to the point that the membrane appears rigid with no detectable 

thermal undulations (figure 6.9 D).   

 The membrane elastic property (stiffness and bending rigidity) for the 50 mol% azo-

PC/DPPC is crucial in the membrane's response to UV-irradiation. We have observed a 

photoisomerization-induced shape change from sphere-to-ellipse. Therefore, for these 

vesicles, we postulate that the membrane only accommodates the surplus area in the form 

of this shape change due to the much higher bending rigidity of the azo-PC/DPPC bilayer 

compared to azo-PC/DOPC bilayers. Studies have reported membrane fluctuations of 

light-responsive liquid bilayers analyzed by Fourier decompositions that mainly undergo 

ellipticity (mode two, q=2)  [134]. The photoinduced shape transition of the 50 mol% 

azo-PC GUVs from quasispheres to ellipse, i.e., produces similar mode two fluctuations. 

This level of fluctuations points to the state of the bilayer that appears to be mostly less 

rigid compared to 100% DPPC but more rigid compared to DOPC bilayers. As we move 

toward more azo-PC mole fraction in the azo-PC/DPPC system, the response becomes a 

mild isotropic vesicle swelling upon UV irradiation. 

In contrast to the 50 mol% azo-PC vesicles, the vesicle with 80 and 100 mol% azo-

PC showed minor fluctuations from a circle upon UV irradiation. Both these systems 
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CHAPTER 7: SUMMARY AND FUTURE WORK 

This final chapter provides a summary of the results presented in this thesis and 

suggestions based on preliminary results for future work. The first section describes the 

results presented in this thesis as well as suggestions on how this work an be expanded 

farther upon based on preliminary results that were initiated during the span of this thesis 

work and the potential prospective experiments that could address further questions. The 

last section closes this thesis documents by providing concluding remarks on the overall 

significance of the works presented in this thesis and their potentials for application. 

7.1. Overview of Results  

7.1.1. Overview of the Azobenzene Doped DOPC Bilayer System 

In chapter 4 of this thesis, we presented the results of a liquid bilayer membrane 

based on a phosphocholine lipid, DOPC, doped with small molecule  

UV-responsive azobenzene. Even though the earlier experiments showed a wide 

variability in area and volume responses for this bilayer system upon UV irradiation, 

however, the elastic moduli, both the stretching and bending modulus, decreased with 

azobenzene mol fraction in the DOPC bilayer. We report no change for stretching and 

bending modulus when the GUVs of 0.5 and 20 mol% azobenzene are stretched under 

blue excitation, i.e., in the trans-state. When the GUVs were irradiated with UV, we 

observed no significant change for 0 and 5 mol% cases for the stretching modulus. 

However, for 20 mol%, the stretching modulus decreased ~30% from an average of 237 

mN/m (20 mol% under blue) to an average of 211 mN/m (20 mol% under UV). 

Similarly, we report a decrease in bending modulus. Unlike the stretching-modulus case, 
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though, the bending modulus decreased continuously as the mole percent of the 

azobenzene increased from 5 mol% to 20 mol%. With 5 mol% azobenzene showed a ~ 

10% decrease in bending modulus, and the change for GUVs with 20 mol% azobenzene 

was around a 30% decrease, much greater than the measurement uncertainty.  

These results are a testament to the fact that the position of the light responsive 

unit plays a crucial role in membrane response. The photoisomerization of the 

azobenzene that is located near the hydrophilic head groups of DOPC significantly 

changes the membrane bending rigidity than the stretching modulus. Future work with a 

different approach of sequestering, for instance, by incubating an azobenzene solution 

with the GUV solution can be thought to prepare bilayers with much higher azobenzene 

content. The incubation approach would also minimize the possibility of the cis-

azobenzene isomer escaping the bilayer due to its higher polarity and less hydrophilic 

character. With increasing the concentration of azobenzene in the bilayer further one may 

illuminate more details on how the crowding of this small light-responsive molecule can 

impact the system response to photoisomerization.  
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presents intriguing preliminary results on the disturbance dynamics of the bilayer 

membrane, including the surprising nonmonotonic response of the membrane property 

for the azo-PC/DOPC mixture system. We also noticed an interesting response of the 

vesicle volume upon UV irradiation for the azo-PC/DOPC mixture bilayer system in 

which for either higher UV intensities or higher azo-PC fractions the vesicle volume 

expands in contract to the volume shrinkage observed for lower UV intensities or smaller 

azo-PC mol fraction systems. We suspected that the UV-driven solute permeation 

mechanism might be involved in the two volume change trends observed. In the first step 

of experiment, we switched the location of the hydration and the dispersion sugar 

solutions. In other words, we hydrated the lipid films with a glucose solution and then 

dispersed the GUVs in a sucrose solution. To probe the effect of the sugar solutions 

further, we paired another heavy saccharide, the raffinose, with the glucose and prepared 

GUVs hydrated with glucose that were dispersed in raffinose. With this pair we aimed to 

probe the possibilities of glucose permeating through the membrane because of UV 

irradiation. Figure 7.1 illustrates the parameters such as membrane area dilation, UV 

response time scales and the change in volume of GUVs irradiated with UV as performed 

in chapter 5. We observed that for both scenarios of conventional and reversed hydration, 

increasing the UV intensity resulted in larger dilation and faster timescale response. A 

striking observation was that for the reverse hydration condition we observed positive 

(i.e., swelling) volume change for both low and high UV intensities.  
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 When we used the fluorescent microscopy, we noticed that the location of the 

glucose solution most likely contributes to formation of membrane instabilities such as 

tethers. In other words, glucose seems to interact more with the lipid headgroups to the 

point and extent that it facilitates tether formation and lower barrier for budding of the 

membrane. In recent years, a growing consensus highlights the effect of small saccharide 

sugars on lipid membrane stability [136]. The extent and different type of sugar-induced 

de-stabilizations, however, is shown to be a strong function of sugar-lipid head group 

interaction [137]. Below a critical concentration of ~0.2 M small sugars shown to 

strongly bound to the lipid bilayer making it thinner and laterally expand. This 

Figure 7. 1. Azo-PC/DOPC membrane response with different sugar 
solution pairs. 

The figure illustrates the effect of different sugar pairs on the membrane response to UV irradiation for the 
azo-Pc/DOPC bilayer system. Low and high UV intensities were also considered. Three sugar systems: (i) 
sucrose_in (hydrated with sucrose) and glucose_out (dispersed in glucose), (ii)glucose_in and sucrose_out 
and (iii) glucose_in and raffinose_out were studied.  
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observation alongside our experimental procedure that lipid lamella hydration occurs 

with sugar osmolarities smaller or close to 0.2M may a crucial driving factor for lipid 

membrane instabilities we observed. In figure 7.2 we show an example of fluorescent 

images using the Cy5 labelled DOPE lipids. Glucose whether inside of outside of the 

vesicles promotes tether formation. This observation easily has evaded the bright field 

technique of observing GUVs under bright light. Therefore, we suggest that a set of 

future experiments consider the effect of sugar in membrane instability formations such 

as tethers or buds that can impact the way lipid membrane in our system response to UV 

irradiation.  

  

Figure 7. 2. Optical microscopy showing effect of glucose on lipid tether 
formation. 

Images on the left column are bright field HMC microscopy of azo-PC/DOPC system (�: �=�V�K�«�2�% = 0.5). 
The right column shows the same vesicle under wide field fluorescent microscopy with Cy5 

headgroup labeled PE lipids. The fluorescent images clearly show the presence of tethers missed by 
the bright field. 
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7.1.3. Overview Of the Results for The Azo-PC/DPPC Bilayer System  

In chapter 6, we reported the response of a solid lipid bilayer membrane based on 

DPPC lipids to UV irradiation when the system contained different azo-PC lipid 

fractions. This is the first time, to the best of our knowledge that giant vesicles with gel-

like membrane phase respond to UV light. We observed three different major response all 

governed by the yield stress of the lipid bilayer membrane. At lower azo-PC mol 

fractions of 0.1 no response was observed. The most striking response was for the bilayer 

with 0.3 mol fractions of azo-PC where upon UV irradiation, membrane crumpling 

occurred. With this crumpling we observed change in bilayer contrast denoting possible 

solute release. Higher mol fractions of azo-PC, for instance, 0.5 and 0.8 showed vesicle 

swelling upon UV excitation, with the 0.5 system showing vesicle deformation from 

semi-sphere to ellipsoid.  

The results provide an intriguing picture of the gel-like bilayer response to an energy 

input. We postulated that the yield-stress governed by the membrane composition is the 

probable cause of the observed trend. However, preliminary results from wide field and 

confocal fluorescent microscopy revealed that a phase separation phenomenon might 

contribute to the trend we have observed for this azo-PC/DPPC system (Figure 7.3). We 

see a negative correlation between the phase surface area (black regions in Figure 7.3) 

and the azo-PC mol fraction. As more of azo-PC is added to the system the yield stress of 

the membrane likely decreases to the point that we only see isometric expansion of the 

vesicles.     
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Future work could be done to probe the kinetics of phase separation and the chemistry 

of the phases (is trans-azo-PC phase-separating?). Also, UV irradiation of the vesicles 

under confocal microscopy could be farther used to observe the phase response to light 

irradiation. In other word, would UV irradiation change the phase surface area (phase 

disappearance with UV).  

 

  

Figure 7. 3. Phase separation region diagram for azo-PC/DPPC system 
The upper row of images is obtained by confocal fluorescent microscopy (image courtesy: Chris Oville). 
Each image is connected to the corresponding azo-PC mol fraction. Bottom row images are HMC bright 

field microscopy of different vesicles with similar azo-Pc mol fractions of the confocal ones. 
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7.2. Conclusion 

The work described in this thesis paves a new and different path in which 

incorporating light-responsive moieties in the sequestered form or covalently can modify 

the membrane properties with wealth responses. First, we asked: What would be the 

response if we sequester the small molecule azobenzene into the bilayer? Chapter 4 

showed that the photoisomerization of azobenzene in a DOPC bilayer significantly 

impacts the membrane elastic moduli, especially the bending modulus. We postulated 

that the location of azobenzene likely contributes to this response. Then as the second 

question, we asked how positioning the azobenzene in the middle of the bilayer leaflet 

would impact the membrane attributes. We described in detail in chapter 5 that a 

nonmonotonic response both in mechanical and water permeability arises in response to 

UV. Mismatch in tail-tail interaction and area per lipid were shown to contribute to the 

observed nonmonotonic response of water permeability and elasticity.  We also reported 

the first-ever reported observation of UV response in a gel-like membrane when we 

mixed azo-PC lipids with DPPC lipids. This is of particular interest as much of the 

current literature focuses solely on liquid membranes. The totality of the presented results 

paints a detailed and extended picture of the dependence of membrane mechanical 

properties (e.g., yield stress) on membrane response. Being able to control a single 

parameter that results in totally different membrane responses from no solute release to a 

dynamic, fast release of cargo would allow us to manipulate the membrane in various 

unique, repeatable, and characterizable ways.  

The robust nature of these results is partly due to the vast parameter space explored. 

This work demonstrates how powerful controlling and tuning core parameters is in 
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illuminating fundamental properties. Additionally, the ability to tune morphology opens 

the door to the design of intelligent, responsive membrane-based materials. These results 

could establish a new and fine-controlled cargo-carrying system based on bilayer 

membranes. This work makes a significant contribution to understanding and 

implementing these parameters and provides critical insight into intuitive next steps. This 

could include exploring different azobenzene locations, exploiting asymmetric leaflet 

chemistries, mixing lipids of varying chemistry, and so much more. Nature has shown us 

how a diversity of proteins and biomolecules in a cell membrane can work together to do 

practical work for cells. So, we also hope to harness that same functionality to inspire 

new bio-inspired membrane-based materials. 
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