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ABSTRACT 

Delivery of most conventional nanomedicines for tumor treatment is through exploiting 

the enhanced permeability and retention effect with limited targeting potency. Furthermore, the 

inability of some nanocarriers to enter the cells via endocytosis, or their limited endocytic escape 

restrict their applications for intracellular delivery. Liposomal carrier systems offer a solution as 

they are capable of precisely spatiotemporal releasing the payloads upon sensing specifically 

targeted environments. 

In 2008, the McCarley group demonstrated an example of redox-responsive triggered 

release of the liposomes, named Q3DOPE, which can potentially take advantage of elevated 

quinone reductase activities of hNOQ1 in several cancers. The subsequent research projects focus 

on elaborating the mechanism of content release of Q3DOPE-based liposomes, whose fusion 

property is not clearly understood. To that end, the research here involved (1) study of membrane 

asymmetry caused by asymmetrical cleavage of the Q3 group from the outer leaflet of Q3PE-based 

liposomes determining the liposomal bilayer stability and their fusion properties (2) investigation 

of symmetrical cleavage of the Q3 group from both leaflets of the liposomes, and its effect on the 

leakage and fusion of the resulted vesicles. The observations lead to the hypothesis that the 

membrane asymmetry caused by asymmetrical cleavage of the Q3 group at the outer leaflet of the 

Q3PE-based liposomes destabilizes their bilayers, which is the key factor dictating the bilayer 

contact and phase transition with the inclusion of PE lipids in the liposomal composition resulting 

in a rapid content release. In addition, the fusion of Q3PE-based liposomes is facilitated when their 

inner leaflet is enriched by POPE lipid but not by DOPE, which emphasizes the importance of the 

lipids’ lamellar to hexagonal phase transition temperatures to the fusion. The observed fusion in 

this research is relevant to the fusion of cellular membranes whose bilayers exhibit an uneven 

distribution of lipids between the two leaflets.
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1 CHAPTER 1 

 INTRODUCTION 

1.1. Research Goals and Aims 

Therapeutic delivery through liposomes has shown a significant impact on many 

biomedical areas, with an expanding number of products in clinical development and on the 

market.1-2 These vesicles made from phospholipids, major components of the cell membrane, can 

carry a variety of compounds and protect them from early inactivation, degradation, and dilution 

in the circulation, as well as assisting their encapsulated contents in overcoming biological barriers 

and remaining in the bloodstream longer.3-4 In addition, the diversity of phospholipid structures 

allows for ease of their chemical modification, and a simple variation in liposome formulation 

composition enables tuning of their biophysical properties, resulting in diverse applications.5-7 

Recent strategies to improve the efficacy of liposomes involve active targeting of and triggered 

content release from liposomes.8-9 

In 2008, the McCarley group demonstrated the potential application of targeting property 

and the internal-stimulus triggered release of liposomes named Q3DOPE, which exploit the cancer-

associated enzyme human NAD(P)H:quinoneoxidoreductase type 1 (hNQO1) that is 

overexpressed in many cancers. At the physiological conditions, zwitterionic DOPE lipids favor 

the formation of hexagonal phase, due to their small headgroup/lipid ratio. Chemical modification 

of DOPE lipids’ headgroup with an hNQO1 quinone substrate, Q3, to form Q3DOPE lipid increases 

the headgroup size and its charge density, which sustains the formation of liposomes. When the 

liposomes are exposed to active enzyme, it is anticipated that cleavage of the Q3 group from 

Q3DOPE lipids will occur, as is the case for those liposomes in the presence of solution-phase 

reducing agents, producing 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) lipids only 

in the outer leaflet of the liposomes, while the Q3DOPE lipids in the inner leaflet remain intact.10 
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As a result, the asymmetrical cleavage transforms a symmetric bilayer to an asymmetric bilayer of 

the liposomes, inducing stress on the membrane due to the difference in hydration and curvature 

between the two leaflets. Subsequently, the tendency of DOPE to form the HII phase drives the 

liposomes to aggregate and undergo an L→HII phase transition and release their contents to the 

surroundings. 

Since the first publication of Q3DOPE liposomes in the McCarley group, this liposomal 

system has been extensively characterized to elucidate the elementary steps of the release pathway. 

Martin Loew et alia studied the lipid nature and its influence on the opening of Q3DOPE-based 

liposomes. In that work, the inclusion of poly(ethylene glycol)-modified DOPE (PEG-DOPE) to 

the Q3DOPE liposomes stabilizes lipid bilayers, causing minimal leakage, while the incorporation 

of DOPE results in a faster content release.11 

Forsythe and colleagues showed that content release of Q3DOPE liposomes is anion-

specific, which is slower when weakly hydrated chaotropic anions are added to the liposomal 

solution compared to the similar addition of highly hydrated kosmotropic anions. This trend in 

release rates is attributed to hydration alternation at the outer surface of liposomes associated with 

different amounts of ion accumulation near the zwitterionic DOPE headgroups, as indicated by the 

specific lamellar to hexagonal phase transition (L→HII) temperatures of the generated DOPE 

lipid in the presence of different salts. Also, liposomal contents release was revealed to be initiated 

by the contact of apposed deformed liposomes.12 James Winter developed NMR techniques to 

monitor phase transitions, and observed the lamellar to hexagonal phase change in reduced 

Q3DOPE-based liposomes.13 All of the mentioned work relies on the asymmetrical reduction and 

subsequent cleavage of the quinone headgroup from the outer leaflet of the liposomes caused by a 

reducing agent, sodium dithionite (SDT).   
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My work adds a unique perspective to previous studies through the achievement of the 

following goals. The first goal is presented in Chapter 2, which addresses how the asymmetrical 

cleavage of the quinone headgroup from the outer leaflet of Q3PE-based liposomes determines the 

membrane stability and fusion of the subsequent liposomes. The first aim is to examine the 

membrane-permeability of dithionite anion with the expectation that the cleavage occurs only at 

the outer leaflet of the quinone-based liposome. The second aim is to investigate how the 

membrane asymmetry determines the stability of different Q3PE-based liposomes in related to 

their release kinetics and phase transitions after adding dithionite. The third aim is to study how 

the lipid distribution at the bilayer of Q3PE-based liposomes controls their fusion. Three enzyme-

triggerable lipids were synthesized: Q3DOPE, Q1DOPE, and Q3POPE. Commercially available 

lipids were included in the liposomal compositions: DOPE, POPE, DOPC, and DOPG. The release 

kinetics and fusion of liposomes made from different liposomal compositions were monitored by 

fluorescence-based techniques under in vitro conditions. 

Within this context, the second goal presented in Chapter 3 proposes that symmetrical 

cleavage of the quinone group at both layers of the Q3PE-based liposomes can result in a different 

manner of leakage/release and fusion of subsequent liposomes. The first aim of this chapter is to 

achieve the symmetrical cleavage through photochemistry. A modified version of Q3PE lipid 

named MeSQ3PE was synthesized by introducing a thiomethoxide substitution group to the 

quinone ring, which minimizes the chemical modification while obtaining a blue-light 

responsibility from the quinone group. Under blue LED irradiation, liposomes made of MeSQ3PE 

lipid are expected to undergo a photocleavage of the MeSQ3 quinone group to produce PE at both 

leaflets of the bilayer. The formation of new PE lipids at both leaflets of liposomes can alter the 

release kinetics and fusion properties of the quinone-based liposomes. Noticeably, the release of 



4 

 

Q3PE-based liposomes caused by SDT has shown to be concentration dependent, which requires 

the bilayer contact of vesicles for an L→HII phase transition to occur followed by the subsequent 

content release. On the other hand, theoretically, the symmetrical photoinduced cleavage of 

MeSQ3PE liposomes can produce PE lipid at a much higher proportion of PE (100 % maximum) 

compared to the SDT-induced asymmetrical cleavage of Q3PE liposomes (50 % maximum). 

Therefore, at this high extreme proportion of PE present in both leaflets of liposomes, the release 

of MeSQ3PE liposomes are expected to possess a very low concentration dependent, or even non-

concentration dependent because of their self-bursting capability. Due to the photobleaching effect 

of the blue LED towards liposomal encapsulated fluorescence dyes, the second aim of this chapter 

is to adapt and develop diffusion NMR and capillary electrophoresis to interrogate the content 

leakage of the MeSQ3PE liposomes under blue LED irradiation. 

 In Figure 1.1 are summarized the two main goals of this research, which describes different 

possible pathways of quinone-based liposomes (made from 100 % Q3DOPE as the typical 

example) after the reduction and cleavage of quinone headgroups. This research is significant 

when considering a more realistic fusion model of lipid bilayers, which is related to membrane 

asymmetry caused by uneven distribution of lipids at the bilayer as found in the cellular 

membranes. In addition, the findings in this research can potentially offer a new formulation of 

liposomes that are able to deliver therapeutics intracellularly into the cytoplasm or other 

subcellular compartments of cancer cells via fusion of liposomes with the cellular membrane, as 

well as to exhibit a minimal concentration dependent of liposomes for their release and fusion with 

the cellular membrane instead of liposome-liposome bilayer contact.  
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Figure 1.1. Q3DOPE lipids (green) form lamellar liquid crystal phase (Lα) liposomes, 

encapsulating payloads (brown). Reduction of quinone to hydroquinone, followed by a 

lactonization triggers the cleavage of Q3 headgroups to form DOPE lipids (purple). 

Asymmetrically or symmetrically cleaved bilayers experiencing possible leakage undergo 

aggregation with or without fusion before a transformation to hexagonal phase HII that results in 

the release of the encapsulated contents into their surroundings.  

1.2. Cancer Hallmarks 

Cancer remains one of the most challenging global healthcare problems, causing about 1 

in 6 deaths globally.14 Based on data from 185 countries, the International Agency for Research 

on Cancer predicted that the number of new cancer cases would be about 18.1 million, and the 

mortality count was approximately 9.6 million worldwide in 2018. Lung cancer is not only the 

most commonly diagnosed cancer, accounting for 11.6% of the total cases, but is also responsible 

for 18.4% of cancer-related deaths in both males and females. Following lung cancer, breast cancer 

and prostate cancer account for 11.6% and 7.1% of deaths in women and men, respectively. In 

addition, there has been a total of 43.8 million people diagnosed with cancer within the past five 

years.15 

Asymmetric

cleavage

Symmetric

cleavage

Q3DOPE DOPE

Reduction & subsequent

cleavage of Q3 group
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Based on the remarkable publications of Hanahan and Weinberg in 2000 and 2011 about 

the hallmarks of cancer, Fouad and Aanei proposed a revision of cancer hallmarks commonly 

shared by most types of neoplastic diseases, which helps to promote better diagnosis and treatment 

of cancers.16-18 Despite the complex and dynamic nature of cancer, identification of cancer can be 

simplified to several representative principles. Cancer hallmarks are a group of evolutionary-

advantageous traits acquired as the result of a succession of changes from normal cells into 

malignant cells. Typically, genetic mutations in cells are caused by continuous stress from various 

negative factors, such as replication errors, toxic environmental exposure, and viruses. The 

oncogene-carrying cells undergo a succession of genetic changes via clonal selection, resulting in 

a change of phenotype with some growth advantage, and progressive evolution to a neoplastic 

state, leading to tumor formation and malignancy. From this approach, seven hallmarks of cancer 

are presented, as shown in Figure 1.2. 

The first and most fundamental trait of cancer cells is their capability of sustaining 

proliferation via self-sufficiency in growth and proliferative signals. Rigorous regulation of cell 

growth signaling and homeostasis tissue architecture is disrupted in cancer. Cancer cells can 

produce mitogenic growth factors, known as autocrine signaling, or activate corresponding 

permanent signaling pathways, allowing them to multiply without external stimulation from their 

normal tissue microenvironment.19-20 

The second hallmark of cancer involves cancer’s altered stress response favoring overall 

survival and limitless replicative potential. Tumor development is governed not only by expanding 

its cell populations but also by the rate of cell loss. In a normal cell, programmed cell death, known 

as apoptosis, is the key to eliminating abnormal or unwanted cells. When exposed to stress, healthy 

cells initiate a repair mechanism targeting infected cells or trigger cell suicide in order to avoid 
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transmission of genetic defects. The stressors include but are not limited to excessive signaling, 

DNA damage, hypoxia, nutrient scarcity, and even anticancer therapy. Cells encompassing 

damaged chromosomes can adapt to the tress and evolve a variety of strategies imparting resistance 

to apoptosis.21 For example, tumor suppressors of proliferation, such as pRB and p53 proteins, are 

prohibited or altered, causing an ineffective constraint of inappropriate replication of cells to 

maintain cellular quiescence and tissue homeostasis, even when they have severe  

abnormalities.22-23 On the other hand, most cells are only able to go through a limited number of 

growth and division cycles because telomeres, the DNA at the end of chromosomes, shorten with 

every cell division until cells die or become unable to divide. Cancer cells can manipulate enzymes 

that increase the length of telomeres, and become immortalized.24-25 

 

Figure 1.2. Seven hallmarks of cancer.18 

The third hallmark of cancer denotes aggressive tumor vascularization. Cancer cells 

promote angiogenesis, forming new blood vessels to support tumor growth due to oxygen and 

nutrient deficiencies. A transformation of angiogenic phenotype occurs by several mechanisms 
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including intussusceptive angiogenesis, the recruitment of endothelial progenitor cells, vessel 

cooption, vasculogenic mimicry, and lymphangiogenesis.26-27 

The fourth common feature of tumor cells is their metabolic rewiring capability. Most 

cancer cells use abnormal metabolic pathways to provide energy to fuel their growth. There are 

six characteristics of this metabolic alteration, including escalating glucose and amino acid uptake, 

accelerated nutrient acquisition, utilizing glycolysis and tricarboxylic acid cycle intermediates for 

biosynthesis and cell division support, increasing nitrogen demand, revising metabolite-driven 

gene regulation, and interplaying metabolism with the microenvironment.28-29 

The fifth hallmark of cancer addresses the evolved microenvironment of cancer. The 

microenvironment of the tumor surrounded by extracellular matrix and stromal cells, supported by 

the blood and lymphatic vascular networks. The physical properties of the tumor 

microenvironment are closely connected to every step of tumorigenesis, which is the result of 

bidirectional interaction of tumor cells and their surroundings.30 Typically, tumor cells can alter 

gene expression and exert selective pressures on their neighboring cells while the 

microenvironment can affect evolution pathways of the tumor. Cancer therapeutics in vivo 

frequently fail to correlate the response of cells derived from these tumors in-vitro, suggesting that 

tumor microenvironments can protect tumors from the consequences of drug action.31-32 

The sixth hallmark of cancer describes the mechanisms of the tumor to evade and suppress 

immune activity. Despite cancer cells causing increased inflammation and angiogenesis, they 

continue developing under the surveillance of the immune systems. Cancer immune resistance is 

adapted through a cross-interaction between immune cells, cancer cells, and the 

microenvironment.33 Cancer immune modulation undergoes three consecutive steps, elimination, 

equilibrium and escape. Cancer cells are eradicated under the synchronized interaction of both 
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innate and adaptive immune responses during the elimination. The equilibrium phase occurs when 

tumor cell removal and selection of those with reduced immunogenicity are at balance, followed 

by increasing the production of resistant variants. The immune escape of cancer is achieved when 

some clones bypass immune surveillance and continue developing without immune detection and 

elimination as a consequence of its genetic and epigenetic alterations.34-35 

The critical feature distinguishing cancer cells from all other cells is their migratory ability 

throughout the body by two related mechanisms, invasion and metastasis. These mechanisms 

dictate its malignancy compared to other hallmarks also present in the benign tumor, accounting 

for a majority of cancer-related deaths.36 Metastasis is the most challenging aspect of cancer 

treatment. Metastasis begins with the proliferation and invasion of the primary tumor through 

surrounding tissues until finally reaching blood vessels or lymphatic channels, where tumor cells 

detach from the tumor mass and migrate to a distant target organ. After invading into the new 

tissue, cancer cells develop into a new colony as a consequence of the growth of those  

lesions.37-38 In summary, understanding the principles of cancer hallmarks, as well as discovering 

more biomarkers help to develop methods to prevent, diagnose, treat, and, ultimately, cure this 

fatal disease. 

1.3. Nanomedicines for Therapeutic Delivery 

1.3.1. Conventional Chemotherapy Issues 

After a patient is diagnosed with cancer, the three most common treatments are 

chemotherapy, radiation, and surgery. Surgery and radiation remove and damage cancer cells, 

respectively. However, each of those methods works best when tumors are localized whereas 

chemotherapy is a better option for metastasized cancers. Chemotherapy helps to shrink a tumor 

before surgery and radiation are conducted, or it can be used after those treatments to kill any 

remaining cancer cells, or if the patient relapses. Nevertheless, conventional chemotherapy has a 
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few issues. Firstly, although there are many possible drugs, drugs with poor water-solubility are 

excluded from the bloodstream significantly due to a rapid drug clearance caused by some 

biological barriers, such as the renal, hepatic, or immune systems.39-40 The limited aqueous 

solubility has been considered the main obstacle in the development and clinical use of new 

anticancer compounds. 

The next obstacle is that even when drugs are able to remain in the bloodstream for enough 

time, they are diluted and nonspecific, thus leading to them having less of an effect on the target 

tissues. Historically, chemotherapeutic agents target rapidly dividing cancer cells, however, highly 

proliferative noncancerous cells, such as those in bone marrow, the digestive tract and hair 

follicles, are sensitive to this type of treatment. Therefore, the lack of specificity in conventional 

chemotherapy causes many common side effects, including immunosuppression and 

myelosuppression, gastrointestinal distress, anemia, nausea and vomiting, and hair loss, to name a 

few.41-42 

1.3.2. Advantages of Nanomedicines  

Nanomedicines use nanoparticles as a nanocarrier to transport therapeutics through the 

body to improve their efficacy. Many materials have been investigated for fabrication of 

nanocarriers, such as lipids, protein, polymers, inorganic materials, and viruses, as presented in 

Figure 1.3.43-44 Recently, a number of these platforms have been approved for use in clinical 

settings by the FDA.45-49 Oral delivery of GastroMARK by iron oxide nanoparticles for MRI,50 

local delivery of cytarabine by liposomes (DepoCyt) for acute myeloid leukemia treatment,51 

topical delivery of steroid hormone estradiol by liposomes,52 intravenous delivery of doxorubicin 

by liposomes (Doxil®) for cancer treatment,53 and intravenous delivery of small interfering RNA 

by polymer54 are a few well-known examples. 
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Nanomedicines overcome the drawbacks of conventional chemotherapy by several 

mechanisms. With regard to limited solubility and short circulation time of chemotherapeutics in 

the bloodstream, nanoparticles are small with high surface-to-volume ratios, that can be used to 

carry hydrophobic drugs while protecting and preventing them from rapid clearance from the 

body.39, 55 For example, polymers such as polysialic acid (PSA),56-57 and polyethylene glycol 

(PEG),58-59 or phospholipids in the form of liposomes5-6 have been used to carry therapeutic agents 

to reduce clearance and improve stability. PSA and phospholipids are naturally occurring 

compounds that can be easily metabolized and ultimately degraded. They form a hydrophilic shield 

around the therapeutic agents, protecting them against proteolysis, as well as, reducing immune 

response, therefore, prolonging their circulation to allow adequate time to reach tumor tissue.  

To overcome the drawbacks of non-specificity of chemotherapeutics, nanoparticles have 

been developed for targetted and controlled release of drugs at specific tissue sites. Therefore, high 

portions of chemotherapeutics are delivered to the tumor by using nanocarriers, thus, reducing the 

side effects caused by undesirable toxicity of chemotherapeutics to the rest of the body, and lower 

doses of drugs in undesired targets are achieved.60-64 The path of nanoparticles traveling from 

injection site to tumor includes transport through blood, extravasation from tumor vasculature, 

interstitial transport, and binding to cell membranes.65 

Nanoparticles without any surface modifications passively concentrate within the tumor 

tissues through the enhanced permeability and retention effect, which is the result of leaky 

vasculature and poor lymphatic drainage of the tumor, as shown in Figure 1.4.66-67 However, 

nanoparticles exhibiting passive targeting also tend to build up in tissues that generally have 

fenestrated blood vessels, as found in the liver or the spleen.67-68 Furthermore, heterogeneity in the 

tumor microenvironments may possess barriers for nanomedicines to take action.69-70 Thus, 
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passive targeting still faces the inherent limitations of cancer specificity in conventional 

chemotherapy. 

 

Figure 1.3. Different categories of nanocarrier materials: lipid-based, polymer-based, inorganic-

based, virus-based, protein-based.(Modified from Wicki, et al. 2015).43  

 

Figure 1.4. Nanoparticles (black) are concentrated passively within the tumor tissues through the 

enhanced permeability and retention (EPR) effect. 
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One way to overcoming the limitations of passive delivery of nanoparticles is active 

targeting, which exploits associated cancer hallmarks or its biomarkers to probe cancer cells and 

promote a significant accumulation of nanoparticles at tumor tissues during blood circulation and 

extravasation.60-61, 71 There are many potential target sites, including tumor vasculature, tumor 

interstitium, cell membrane, and intracellular compartments, such as the cytosol, nucleus, 

mitochondria, Golgi apparatus, and endoplasmic reticulum.65 Nanocarriers modified with ligands 

showing high specificity to receptors or other cancer-specific targets overexpressed in tumor cells 

limit nonspecific uptake and modulation of nanocarriers by healthy tissues. Many substances can 

be used as targeting moieties, including antibodies and their fragments,72-73 lectins,74-75 peptides,76-

77 lipoproteins,78-79 charged molecules,80-81 saccharides,82 or some low molecular-weight ligands, 

such as folate,83-84 and transferrin.84-85 In short, targeting nanoparticles carrying drugs improves 

their efficacy by enhancing their biocompatibility and increasing their proportion of drugs at the 

targets, requiring a much lower dose of chemotherapeutics. 

1.3.3. Controlled Release of Nanomedicines 

After nanomedicines accumulate and bind to the surface of target cells, they are 

internalized into the cells by endocytosis. Internal cellular transport of nanoparticles continue via 

several processes, such as entrapment of nanoparticles in endosomes, expelling of nanoparticles 

from these structures, transport of nanoparticles in cytoplasm into the nucleus or uptake by other 

intracellular organelles, as shown in Figure 1.5.65 

Therapeutic agents can slowly leak over time from the carriers, causing an incomplete and 

insufficiently controlled release.86 Thus, it is necessary to achieve an appropriate spatiotemporal 

controlled release of the nanomedicines. Optimization of the nanomedicine template allows a 

controlled release of the encapsulated payloads, which is known as a stimuli-responsive system.87 

In general, these nanoparticles are designed to recognize subtle environmental changes from 
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external stimuli, or from tumor environment in order to evoke the release of their payloads. 

External stimuli inducing a remote-controlled release include temperature,88-89 light,90-91 

ultrasound,92-93 magnetic force,94-95 and electric fields,96-97 while changes in pH,98-99  

redox,100-101 ionic strength,102-103 or enzyme activity104-105 in target tissues are examples of internal 

stimuli for a local-triggered release. 

 

Figure 1.5. Nanomedicines internalization and its intracellular trafficking to subcellular 

organelles. 

In terms of spatial release, if nanoparticles release the chemotherapeutics outside of the 

cells, followed by diffusion of chemotherapeutics into the cells, it is called extracellular delivery. 

If the nanoparticles internalize into the cells and release their contents, it is called intracellular 

delivery. Cellular membranes present a barrier for delivery of biological macromolecules to the 

cell interior, for example, many anticancer drugs, such as proapoptotic drugs whose primary target 

is the mitochondrial membrane, and gene therapy whose targets are the nucleus or mitochondrial 

genomes, which limits the applicability of extracellular delivery.106-108 Intracellular delivery results 

in higher portions of drugs delivered into the cancer cells, and it diminishes the degradation of 
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encapsulated payloads protected by nanoparticles before reaching specific subcellular targets. 

Therefore, intracellular delivery is necessary for certain therapeutics and more effective for cancer 

treatment. 

Endocytosis is the natural process for cells to internalize essential biomolecules, and is 

often exploited for intracellular delivery of nanomedicines.109-110 In endocytosis, the plasma 

membrane engulfs matter in an intracellular membrane-bound vesicle, and after uncoating, fuses 

with early endosomes.111 Different pathways of sorting the internalized materials involve three 

types of endosomes, which are early, recycling, and late endosomes, characterized by their distinct 

markers. Early endosomes losing the proteins subjected for recycling become multivesicular 

bodies before transforming to late endosomes with a more acidic environment, whose pH is 

decreased from 6.2–6.3 in early endosomes to 5.0–5.5 in late endosomes. The late endosomes can 

fuse with lysosomes that exhibit high degradative enzyme activity with pH of about 4.8–5.4.112 

Budding of the endosomal membrane producing intraluminal vesicles discharge the materials to 

the cellular exterior via exosomes when multivesicular bodies fuse with the plasma  

membrane.113-115 Intracellular delivery of nanomedicines is effective when nanomedicines are 

intended to end up at endosomes or lysosomes, where the metabolic potential of endosomes and 

lysosomes is utilized to trigger the release.116-121 However, for other targets located inside 

cytoplasm, such as lysosomes, mitochondria, endoplasmic reticulum, or nucleus, 

chemotherapeutics may not be able to escape endosomes/lysosomes, and they experience a 

degradation caused by the detrimental environment inside these vacuoles.108 In addition, because 

endocytosis depends on size, shape, surface charge density, surface modification, and the identity 

of nanoparticles, not all types of nanoparticles can enter the cells through this mechanism of 

uptake.122-124 Therefore, nanomedicines that transport drugs directly through the plasma membrane 
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or escape from endocytic pathway are needed for more diverse applications of intracellular 

delivery. Because the plasma membrane and membrane of organelles within the cell are made of 

a lipid bilayer, understanding their structures and properties are critical for a possible solution to 

overcoming the issues of the endocytic pathway of intracellular drug delivery.  

1.4. Lipid Bilayer Structure 

1.4.1. Phospholipids, the Main Building Blocks of the Cell Membrane 

The plasma membrane of a cell is a selectively permeable lipid bilayer that separates its 

cytoplasm from its surroundings. This boundary not only impedes foreign materials from entering 

the cell but also inhibits the cellular contents from leaking out. Lipid membranes also define the 

boundaries of the cell’s organelles, such as the nucleus, mitochondria, lysosomes, peroxisomes, 

Golgi apparatus, and endoplasmic reticulum. Although those membranes differ by functions, their 

basic structure is similar, which is mainly composed of membrane lipids, proteins and 

cholesterol.125-126 

Three major classes of membrane lipids include phospholipids which are the fundamental 

building blocks of cellular membranes, glycolipids, and cholesterol, whose structures are shown 

in Figure 1.6. Depending on the glycerol sphingosine backbone, phospholipids can fall under two 

groups, phosphoglycerides and sphingomyelin. A phospholipid molecule is amphiphilic, 

possessing a hydrophilic head (water-loving, polar) and two hydrophobic tails (fat-loving, non-

polar). Different structures of the headgroups and tails of the phospholipids determine their 

diversity. The phospholipid fatty acid components usually contain an even number of carbon 

atoms, saturated or unsaturated, with the cis-configuration of 16- and 18-carbons being the most 

common.127-128 
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PC: Phosphatidylcholine 

PE: Phosphatidylethanolamine 

PS: Phosphatidylserine 

PG: Phosphatidylglycerol 

PI: Phosphatidylinositol 

  

Figure 1.6. The basic structure of some lipids. Substitution of choline in the dotted box with other 

functional groups results in other phospholipid structures. Typically, if a full notation of a 

phospholipid is 18:1 Δ9-cis 1,2-dioleoyl-sn-glycerol-3-phosphoethanolamine, it means this 

phospholipid has a PE headgroup, with two 18-carbon fatty acid chains, each chain has one double 

bond at the ninth carbon with a cis configuration; which is abbreviated DOPE.  

In aqueous medium, the hydrocarbon domains of the lipids’ tails assemble to minimize the 

total surface area in contact with water while the polar domains of the headgroups are hydrated by 

forming hydrogen bonding or charge-charge interaction with water from their charged sites, 

making them energetically stable.129-131 These interactions drive the formation of the bilayer. The 

bilayer nature of phospholipids can be demonstrated in vitro when a dry, thin layer of long-chain 
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phospholipids is hydrated, leading to the spontaneous formation of multilamellar bilayer 

structures.132  

The fluid mosaic of the membrane allows constant rotational or lateral movement of lipids. 

While phospholipids construct a membrane structure, sterols regulate membrane rigidity. 

Membrane proteins can move freely in the lipid matrix and function as receptors and channel pores 

to control the exchange of molecules and ions between the intracellular and extracellular 

environment, which is vital in the cell's metabolism and regulation of signaling  

pathways.125-126, 133 

1.4.2. Phospholipid Diversity and their Physical Properties 

Phospholipids were once thought to play only structural roles as a permeability barrier of 

cells and organelles. However, despite their simple bilayer nature, hundreds of different lipid 

species are found in membranes with the variation in headgroups and aliphatic chains,134 and the 

necessity for their diversity is not completely understood.135-137 The basic structure of the cell 

membrane is similar in all tissue cells, but its actual composition of lipids and proteins species 

differs drastically depending on the specific function of the membrane, which further differentiates 

cell types.138-139 In eukaryotic cell membranes, the predominant lipid species are phospholipids, 

including phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS) 

phosphatidylglycerol (PG), phosphatidylinositol (PI).135, 140 The lipid composition of various 

biological membranes is shown in Table 1.1. 

Phospholipids can exist in many structures, which is known as lipid polymorphism, 

depending on the nature of their headgroups and acyl chains, and solvent conditions, such as ion 

content, pH, and temperature.141-143 For example, cylindrical shaped lipids, in which the headgroup 

occupies a volume comparable to its hydrophobic acyl chains, such as PC and PG, favor the bilayer 

or lamellar phase. Cone-shaped lipids, such as PE, which have small headgroups relative to their 
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large hydrophobic domain, favor hexagonal phase. Inverted cone-shaped lipids, such as 

lysophospholipid or phosphatidylinositol-4-phosphate prefer micellar phase. 

Table 1.1. Approximate lipid compositions of different cell membranes.144  

Lipid geometrical shapes also dictate the membrane curvature. When a portion of the 

membrane monolayer contains lipids with similar shape, that segment will adopt the spontaneous 

curvature of the local lipids. For example, PC and PS form a flat monolayer, PE imposes a negative 

curvature, and PI adapts a positive curvature.145 The presence of non-bilayer favoring lipids in the 

bilayer causes stress or strain in the bilayer by influencing membrane curvature.146-147 The presence 

of PE in PC bilayers introduces curvature stress onto the membrane, which plays a role in budding, 

fission, and fusion of cells.148-149 The molecular geometry of phospholipids related to their phase 

of existence and their physical properties are demonstrated in Figure 1.7. 

The phase transition temperature for the lamellar to hexagonal phase is called TH. In the 

bilayer form, lipids organize in either ordered gel (L) or liquid crystalline (L) phases, which have 

different fluidity (i.e., the inverse of viscosity) in the hydrophobic domains of the lipids. The 

temperature inducing a phase transition from Lto L is named TM. The hydrocarbon chains are 

fully extended and tightly packed in Lβ while they randomly arrange and are fluidic in L. The TM 

and TH of different PC and PE lipids are summarized in Table 1.2.150-151 

Lipid Percentage of total lipid by weight 

Liver cell plasma 

membrane 

Red Blood cell 

plasma membrane 

Myelin Mitochondrion 

membrane 

Endoplasmic 

reticulum 

Cholesterol 17 23 22 3 6 

PE 7 18 15 25 17 

PS 4 7 9 2 5 

PC 24 17 10 39 40 

Sphingomyelin 19 18 8 0 40 

Glycolipids 7 3 28 trace trace 

Others 22 13 8 21 27 
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Figure 1.7. Molecular geometry of lipids determines their polymorphic phases and membrane 

curvature. Cylindrical, cone and inverted cone-shaped adapt bilayer, hexagonal, and micelle phase, 

respectively. The L  (ordered gel) and L  (liquid crystalline) bilayer phases have different fluidity, 

dependent on the degree of order within the hydrophobic domain and the mobility of the individual 

molecules. Introduction of non-bilayer lipid cause stress on the membrane by changing its 

curvature.149  

In both lipids, as the hydrocarbon chains get longer, van der Waals interactions of the lipids 

become stronger, requiring more thermal energy to disrupt the ordered packing, increasing TM. 

Likewise, introducing a cis double bond into the acyl group puts a kink in the chain, which induces 

an ordered packing arrangement at much lower temperatures. Because PC lipids have a large 

headgroup and are more hydrated, they favor a bilayer phase at a wide range of temperatures. On 
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the other hand, PE lipids at a certain length and unsaturation degree of the tail will experience a 

phase transition from a lamellar phase to a hexagonal phase. Thus, in general, the fluidity of the 

bilayer increases with an increasing degree of unsaturation or with decreasing alkyl chain length.152 

When the temperature is increased, the fluidity of the membrane also increases due to the enhanced 

thermal mobility of the chains, thereby occupying more space volume.153-155 Therefore, the leakage 

and phase transition of the bilayer are influenced by the lipid composition. Typically, the bilayer 

containing lipids with lower TM experience more leakage, and the bilayer consisting of a high 

portion of PE lipids tend to transform to the hexagonal phase. 

Table 1.2. Phase transition temperature of some PC, PG, and PE lipids.150-151  

1.4.3. Membrane Asymmetry and its Importance 

In addition to the diversity of phospholipids in different organelle membranes, the two 

leaflets of the lipid bilayer have distinct phospholipid contents. The endoplasmic reticulum (ER) 

membrane bilayer displays a symmetric lipid distribution between its two leaflets, whereas the 

Golgi apparatus, plasma and endosomal membranes have an asymmetric lipid distribution, with 

PC enriched in the outer or exoplasmic leaflet and PS and PE enriched in the cytoplasmic  

leaflet.135, 156-159 The qualitative and quantitative difference in the lipid content located in the two 

monolayers are known as membrane asymmetry. This construction reflects the different functions 

of the two faces of the membrane to regulate cellular homeostasis and activities, and the lack of 

this maintenance of correct lipid asymmetry causes several diseases.160-161 Most phospholipids are 

neutral at physiological pH, while PS, PG, and PI have a net negative charge. Two layers with 

Lipid TM (°C) Lipid TM (°C) TH (°C) 

18:1c9 (DOPC) -17 18:1c9 (DOPE) -16 10 

12:0 (DLPC) -2 12:0  (DLPE) 29  

14:0 (DMPC) 24 14:0 (DMPE) 50  

16:0 (DPPC) 41 16:0 (DPPE) 63 118 

18:0 (DSPC) 55 18:0 (DSPE) 74 100 
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unequal charged lipid distribution generate a membrane potential, which controls the flux of 

molecules in and out of the cell. In addition, changes in expression levels of individual lipids are 

associated with many diseases, such as cancers, diabetes, Alzheimer’s disease, HIV, and 

atherosclerosis.162 For example, changing the PC/PE ratio appears to be associated with heart 

myocytes in mammalian cells163 or liver failure164 due to a subsequent change in membrane fluidity 

causing variations in membrane integrity and functions of membrane proteins. 

PC is a major constituent of cell membranes and pulmonary surfactant. PC favors a bilayer 

formation, and it mainly functions as the bulk structural element of biological membranes. PC is 

involved in membrane-mediated cell signaling and activation of other enzymes. PC is also an 

important substrate in the synthesis of the neurotransmitter acetylcholine and has the function of 

nourishing the brain.165-166 On the other hand, the non-bilayer propensity of PE plays an important 

role in membrane-embedded proteins’ functions and processes such as membrane fusion and 

fission.142, 167 PE metabolism in the heart is vital because the PE distribution in sarcolemmal 

membranes is altered during ischemia, causing sarcolemmal disruption.168 

Cells exploit an alteration of lipid asymmetry of their plasma membranes to discriminate 

between live and dead cells. When cells undergo apoptosis, PS is rapidly translocated to the 

extracellular monolayer, which is commonly used as a  marker for apoptosis. Some viruses express 

PS in the outer surface of the membrane to be incorporated more easily by phagocytosis or 

macropinocytosis. In addition, exposure of PS on blood cells or platelets produce signals for blood 

coagulation. Moreover, during sperm maturation, PS becomes exposed on the outer layer.169 

Another example showing the importance of membrane asymmetry can be seen in human 

red blood cells, which have no nucleus or organelles but consist primarily of the plasma membrane 

and hemoglobin to maximize oxygen-carrying capacity. The outer monolayer of the plasma 
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membrane contains PC and sphingomyelin, the inner monolayer contains PS, PE, and PI while 

cholesterol is distributed evenly throughout the two monolayers.156 Although these examples are 

just a few of the many biologically relevant processes, they do highlight the importance of 

understanding the function of membrane asymmetry in cells. 

1.4.4. Membrane Fusion, a Unique Property of Lipid Bilayers 

In biology, membrane fusion occurs when two distinct lipid bilayers merge their 

hydrophobic cores to form a unified lipid bilayer. There are two types of fusion, complete fusion 

and hemifusion. Complete fusion proceeds via a mix of both leaflets of both bilayers, resulting in 

content mixing between the two internal aqueous portions. Hemifusion involves only mixing of 

the outer leaflet from each bilayer, while the aqueous contents enclosed by each bilayer remain 

unmixed.170-171 

Fusion plays a vital role in many cellular events, typically for cells or bio-structures coated 

by lipid bilayers, such as fertilization of an egg by a sperm172, and even the entry of pathogens 

with coated bilayer into the host cell.173 In addition, fusion is related to membrane trafficking, 

including endocytosis and exocytosis, which regulate transport and delivery of cargo to the correct 

location either inside the cell at different organelles or across the cell plasma membrane using 

membrane-bound transport vesicles.174-176 Therefore, fusion can be exploited as an entryway for 

intracellular delivery of therapeutics in addition to the standard endocytic pathway. Moreover, 

fusion provides an escape possibility for materials from endosomes/lysosome membranes. 
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Figure 1.8.Illustration of membrane fusion. Fusion of two lipid bilayers exhibits two possible 

outcomes. Hemifusion involves mixing of the outer bilayer leaflets only. Complete fusion 

requires mixing of both leaflets and the internal contents.  
 

1.5. Liposomes for Drug Delivery 

1.5.1. Liposomes Structures  

Nanocarriers must possess certain requirements for drug delivery: the capability of loading 

adequate amount of active drug, easy modification of the nanocarrier surface, non-toxicity or 

nonimmunogenicity, biodegradability or biocompatibility, the ability to retain drugs until the 

biological target is reached, and the ability to release drugs under control. Phospholipids are highly 

attractive materials to meet these requirements because they are the natural building blocks for cell 

membranes, which exhibit a low immune response, are nontoxic, and are highly biocompatible 

and biodegradable as they can be metabolized similarly to endogenous phospholipids. In addition, 

due to the ability to form enclosed bilayer structures of phospholipids, they are used to produce 

liposomes. These spherical vesicles with specifically controlled sizes, ranging from 30 nanometers 

to a few micrometers in diameter132 serve as a convenient vehicle to encapsulate and deliver a 

variety of both hydrophilic and hydrophobic compounds, including nutrients and therapeutics 

drugs, such as cancer chemotherapeutics, proteins, and genes.177 The headgroup diversity of 
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phospholipids allows versatile chemical surface modification to achieve active targeting ability, 

and simple formulation by changing lipid compositions results in convenient physical modulation 

of the liposomes.4 These advantages improve drug potency, minimize side effects, and allow for 

dosage reduction. 

Diverse applications of liposomes are demonstrated in Figure 1.9, with many of them being 

utilized for human use and clinical tests currently.1, 6 For instance, the first class of therapeutic-

liposome nanomedicine platform was liposomal doxorubicin (Doxil and Myocet) that was received 

clinical approval for cancer treatment. Other lipid­based nanoparticles also add to a large 

proportion of clinical­stage nanotherapeutics. 

1.5.2. Fusion Delivery of Liposomes 

As discussed before, to date, efficient intracellular delivery of therapeutics to cells remains 

a significant challenge. For example, most delivery approaches are based on the endocytic 

pathway, which presents a low delivery efficiency because of the limited endosomal escape and 

degradation of drugs in lysosomes.178-179 Therefore, the development of a new alternative delivery 

method that bypasses the endocytosis pathway is essential. Thus, current efforts involve 

developing more advanced pathways of enhancing endosomal escape. Three mechanisms are 

exploited to promote endosomal escape.180-181 First, pore formation on the endosomal membrane 

is facilitated when cationic amphiphilic peptides are inserted into the endosomal membrane, 

leading to the internal membrane. Second, the proton sponge effect ruptures the endosomal 

membrane. Typically, the acidic environment in the endosome protonates the entrapped agents 

possessing a high buffering capacity. This chemical potential drop leads to an inflow of protons 

and chloride, as well as water, into the endosomes, causing osmotic swelling and endosome 

rupture. Third, some agents, such as fusogenic lipids or peptides, can disrupt the endosomal 



26 

 

membrane, or enhance the fusion of the carrier with the endosomal membrane to induce the 

payload release into the cytoplasm.  

 

Figure 1.9. Different types of liposomal drug delivery systems. (Adapted from Sercombe, 2015)3 

Due to the similarity in structure of the lipid bilayer, liposomes can merge with the lipid 

bilayer structure components of the cell, including the plasma membrane, endosomes/exosomes, 

and nuclear membranes, resulting in content mixing by fusion. Different possible fusion delivery 

pathways of liposomes can be seen in Figure 1.10. Fusion delivery of liposomes has been 

demonstrated to deliver molecules into the cell cytoplasm or escape the endocytic pathway. 

However, they all need the aid of cell penetrating peptides,182-183 coiled-coil peptides,184-186 or 

viruses.187-189 These techniques may lead to unfavorable interactions with blood components190 or 

safety issues.184 In addition, mechanistic studies to understand the underlying fusion processes are 

challenging in vivo because of the complex nature of the imaging of rapid processes inside the 

endosome.191 For this reason, the intracellular conditions are mimicked in vitro, using a liposome-

liposome fusion as a representative model. However, because of the nature of lipid bilayer 
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formation, the liposomes membrane is symmetrical. Therefore, the simplicity of those systems 

does not correctly represent the basic characteristics of native membrane fusion regarding the 

asymmetric nature of the fusion system in the cell. In addition, the relationships of lipids and their 

asymmetrical distribution in the bilayer with fusion are still not clear. As a result, understanding 

the role of membrane asymmetry in the leakage/release and fusion in lipid bilayers is important 

and helpful for a possible formulation of fusion delivery of liposomes. 

 

Figure 1.10. Possible pathways of intracellular delivery through liposomes. 
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2 CHAPTER 2 

RELEASE AND FUSION OF Q3PE-BASED LIPOSOMES RESULTING FROM AN 

ASYMMETRICAL CLEAVAGE OF THE Q3 GROUP AT THE LIPOSOMAL 

OUTER LEAFLET 

2.1. Introduction 

Conventional delivery of most nanomedicines for tumor treatment is fundamentally 

assisted by passive accumulation at bodily target sites having leaky vasculature and poor lymphatic 

drainage via the enhanced permeability and retention (EPR) effect, which requires a high dose and 

long treatment time.1-2 In addition, some nanocarriers might not be able to enter cells via 

endocytosis, or they possibly suffer from limited endocytic escape or perhaps release their 

payloads extracellularly; such limitations restrict their application in intracellular delivery.3-4 

Liposomal delivery agents offer excellent advantages to overcome these obstacles. The 

chemical structural diversity of lipid head groups allows versatility of liposomal surface 

modification so as to actively target certain biomarkers. As a result, a high portion of 

nanomedicines can accumulate at the target sites, resulting in a lower dose of chemotherapeutics 

and minimal toxicity to healthy tissues when compared to the non-targeted nanomedicines. 

Furthermore, simple variations in lipid composition can tune the physical and chemical properties 

of liposomes, allowing for control of encapsulated drug release rates (kinetics) and their pathways 

for delivery. Finally, because liposomes are made of a lipid bilayer, they can fuse with plasma 

membranes or the membranes of organelles after entering cells, resulting in direct delivery of 

contents to the cytosol or providing an endocytic escape and entry to other subcellular 

compartments.5-9 

Research of liposomal carrier systems capable of precise spatiotemporal release of 

payloads upon sensing specific target environments has been expanded remarkably.10-12 Several 

endogenous triggers correlated to a number of cancers have been exploited for liposomal delivery 
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such as low pH,13-15 high redox potential,16-17 and enzymatic action.18-19
 Regarding internal 

stimulus triggered release, the McCarley group presented investigations of redox-responsive 

trigger release liposomes named Q3DOPE, which take advantage of the high quinone reductase 

activities of hNQO1 in several cancers.20-22 The liposomes are composed of trimethyl-locked, 

quinone-capped phospholipids that require a two-electron reductive activation by hNQO1 to 

release the encapsulated payloads. Previous work in the group demonstrated that the content 

release kinetics of Q3DOPE liposomes are regulated by manipulating lipid compositions of 

liposomes. The regulation is aimed to achieve a fast content release triggered by the enzyme, 

whose potency is simplified by in-vitro chemical reduction of a reducing reagent, sodium 

dithionite. The significance of rapid content release by the liposomal system is to enable 

liposomes, after accumulating at the targets, to deliver their payloads in an off-on switch scenario. 

Moreover, the short activation time results in limited clearance of liposomes by the 

reticuloendothelial system (RES) during blood circulation.23-24 In addition, during delivery of 

chemotherapeutic drugs, expulsion from cancer cells by efflux pumps in the cell's plasma 

membrane has been reported. Indeed, cancer stem cells exhibiting drug resistance overexpress 

these transporter-based efflux pumps.25 Thus, nanomedicines slowly releasing their payloads 

suffer cellular excretion more severely before reaching the cellular interior targets. Therefore, it is 

important to acquire a burst content release so that significant concentrations of drugs can bind to 

their targets before being excreted out of the cells.  

In addition to increasing drug delivery efficiency, controlling release kinetics can shed light 

on the mechanism and pathways of the release of Q3PE-based liposomes whose fusion property is 

not clearly understood. It is possible that membrane stress caused by hydration and curvature 

differences between the inner and outer leaflets of Q3PE-based liposomes after the asymmetric 
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cleavage of the Q3 group can provoke the resulting deformed vesicles to undergo bilayer contact 

accompanied with fusion before transforming to the hexagonal phase. In Figure 2.1 is shown a 

proposal outlining the content release and fusion pathways of representative liposomes made from 

pure Q3DOPE lipid after the SDT-based reduction and cleavage of the Q3 group.26 Because the 

fusion of liposomes is lipid nature sensitive,27-28 manipulating the lipid compositions of Q3PE-

based vesicles can be used to examine the fusion behavior of those vesicles. 

 

Figure 2.1. Q3DOPE lipids (green) form lamellar liquid crystal phase (Lα) liposomes, 

encapsulating guest molecules (brown). Reduction of the capping quinone to hydroquinone, 

followed by lactonization to triggers the cleavage of Q3 headgroups, forming DOPE lipids (red) at 

the outer leaflet of the liposomes. The asymmetrical distribution of lipids, with Q3DOPE lipids 

remaining intact in the inner leaflet and DOPE at the outer leaflet, causes stress on the membrane 

due to the hydration and curvature difference between the two leaflets. Vesicles with 

protrusions/asperities in the membrane aggregate with or without fusion before undergoing the 

phase conversion to the non-lamellar inverted hexagonal phase (HII), resulting in the release of the 

encapsulated contents into their surroundings.  

The goal of this chapter is to investigate how compositions and distributions of lipids 

determine the fusion behavior of Q3PE-based liposomes in correlation with their content release 

kinetics as a result of the asymmetrical cleavage of the Q3 group from the outer leaflet of liposomes 

upon reduced by SDT. Both commercially available lipids and synthesized lipids were used for 

liposomal formulations. Understanding the fusion behavior of liposomes can offer a feasible 
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delivery method based on liposome-cell fusion that delivers the therapeutics directly into the 

cytosol or provides an endocytic escape to deliver the cargo to other subcellular compartments. 

2.2. Experimental 

 

Figure 2.2. The synthesis scheme of Q3DOPE, Q3POPE, and Q1DOPE. 

Q3DOPE was synthesized and purified as reported in Ong et al.,26 whose synthesis pathway 

is shown in Figure 2.2. Q3POPE and Q1DOPE lipids were synthesized in a similar manner, using 

POPE lipids or Q1NHS groups for the final coupling step, respectively. The structures of different 

lipids used for liposomal formulations are shown in Table 2.1. Large unilamellar vesicles (LUVs) 

were prepared by hydration of a lipid thin film, followed by freeze-thaw and extrusion procedures 

as presented before,29 all of which are summarized in Figure 2.3. The total lipid concentration of 

the resulting LUVs containing encapsulates was determined by a Stewart assay or Barlette assay, 

depending on the buffers used; these protocols were validated, as shown in the Appendix E.30 

Dynamic light scattering (DLS) measurements demonstrate that the LUVs have a mean diameter 

of 100–120 nm and have a low polydispersity index (PDI < 0.2). 
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Table 2.1. Structures of the lipids used for QxPE-based liposomes formulations. 
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Figure 2.3. Liposomes produced by lipid hydration, freeze/thaw, and extrusion procedures have a 

symmetric bilayer, in which lipid composition in the outer leaflet and the inner leaflet is the same. 

(Adapted from Rudd, 2019).31  

 

1. Mixture of lipids 
dissolved in 
dichlomethane

Remove
solvent

Hydrate
with buffer
containing 
encapsulates

Agitate

Extrusion

Freeze/thaw

=

3. Swollen film2. Dry, thin film
of lipid

4. large multilamellar
vesicles

5. Large unilamellar
vesicles(100 nm)

Remove
non-encapsulated

=

Size Exclusion

6. Symmetric bilayer
liposomes with encapsulates 



46 

 

All fluorescence measurements were performed with a Perkin-Elmer LS-55 fluorometer to 

monitor the fluorescence signal of calcein whose excitation wavelength is at 491 nm and emission 

wavelength is at 515 nm. The slit widths and neutral filters were adjusted to achieve a proper 

baseline signal (about 200 counts/second). Liposome samples containing 1.0 × 10−4 M of lipids 

were added SDT stock solution of 5.0 × 10−4 M final concentration to reduce quinone headgroups, 

whose time at the addition is marked as t0 = 0 min. 

To measure content release, 0.040 M of calcein in phosphate buffer, a concentration that 

leads to self-quenching of its fluorescence, was encapsulated inside liposomes and any 

nonencapsulated calcein was removed by size-exclusion chromatography. Liposomes were then 

suspended in, 0.050 M phosphate buffer at a pH of 7.4 containing 0.10 M KCl and 1.0 × 10−4 M 

EDTA. Any possible release of calcein results in an immediate increase in fluorescence signal due 

to decreased self-quenching upon its release into the surroundings. All release curves are 

normalized so as to provide content release in comparison to the total maximum content release, 

as per Equation 2.1; 𝐹0 represents the fluorescence baseline before adding SDT, 𝐹𝑡 represents the 

fluorescence intensity after introduction of SDT at time t, and 𝐹100 is the maximum fluorescence 

intensity as determined after TritonX-100 addition (0.1 % v/v). Light-scattering was also measured 

and normalized in a similar manner, except the excitation and emission wavelengths were set at 

600/610 nm, respectively, with 10 nm slit width each. 

% 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 =  
𝐹𝑡 − 𝐹0

𝐹100 − 𝐹0
× 100 % 

Equation 2.1 

For fusion measurements, the cobalt-calcein/EDTA leakage and content-mixing fusion 

assay was used, which involves encapsulating the quenched fluorescent complex of calcein and 

Co2+ in one set of vesicles (vesicle A) and EDTA in the second set (vesicle B). If fusion occurs, 

EDTA chelates Co2+, releasing free calcein that may be assayed through the significant increase 
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of calcein’s fluorescence.32 Four buffers were prepared. Buffer A contains 0.010 M TES, 0.10 M 

KCl, 1.0 × 10−3 M CoCl2 and 8.0 × 10−4 M calcein. Buffer B contains 0.010 M TES, 0.10 M KCl, 

and 2.0 × 10-4 M EDTA. Buffer C contains 0.010 M TES, 0.10 M KCl, and 5.0 × 10−3 M EDTA. 

Buffer D contains 0.010 M TES, 0.10 M KCl, and 4.0 × 10−4 M CoCl2. All buffers were adjusted 

to have a pH of 7.4 and the same osmolality, about 190 mosmol/kg (determined with a vapor 

pressure Osmometer, Wescom Instrument), by adding a proper amount of saturated KCl solution. 

Vesicles A and B were prepared by using buffer A and B, respectively. For leakage measurements, 

vesicle A solution, after removal of unencapsulated contents, was suspended in buffer C. Any 

leakage of Co-calcein complexes encapsulated inside vesicles A to the surroundings results in an 

increase of calcein fluorescence signal due to the higher affinity chelating of EDTA to Co2+. The 

vesicles were then lysed with Triton X-100 (0.1 % v/v) to obtain a 100 % leakage reference. For 

the fusion evaluation, vesicles A and vesicles B were resuspended in buffer D after the size 

exclusion chromatography. If fusion occurs, there will be an increase in the fluorescence signal. 

The vesicles were then lysed with TritonX-100 (0.1 % v/v) followed by adding EDTA with a final 

concentration of 5.0 × 10−3 M to obtain a 100 % fusion reference. The total lipid concentration for 

each experiment is 100 µM. Differential Scanning Calorimetry (DSC) and 31PNMR spectrometry 

were conducted as previously reported.33 

2.3.  Results and Discussion 

Because dithionite (S2O4
2−) is a highly charged anion and strongly hydrated, our prior work 

has presumed that the anion does not passively cross the lipid bilayer.34-35 As a result, when 

dithionite is added to QxPE-based liposome solutions, it reduces quinone to hydroquinone at the 

outer leaflet of the liposomes only, which subsequently results in an asymmetrical cleavage of the 

quinone headgroup.33 To examine the impermeability of dithionite through the lipid bilayer, two 

different liposomes made from negatively charged lipid DOPG and zwitterionic lipid DOPC 
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encapsulating resorufin were prepared. If dithionite crosses the bilayer, reduction of fluorescent 

resorufin to its colorless dihydroquinoneimine form, dihydroresorufin, occurs.36 Figure 2.4 shows 

that dithionite in the solution does not diffuse into either DOPG or DOPC liposomes' interior 

during the time scale of the experiments. Thus, it is reasonable to use dithionite as a reagent to 

evaluate the asymmetrical cleavage of quinone at the outer layer of the QxPE-based liposomes. 
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Figure 2.4. Fluorescence response of DOPG and DOPC LUVs (1.0 × 10−4 M total lipid 

concentration) containing 5.0 × 10−3 M resorufin upon addition of 1.0 × 10−3 M Na2S2O4 at  

t = 0. Solution conditions: 0.050 M phosphate, 0.100 M KCl, and 1.0 × 10−4 M EDTA, pH 7.7.  

T = 41 °C. Excitation at 550 nm, emission at 585 nm, with both slit widths at 5.0 nm.  

At t = 0, the immediate decrease in fluorescence upon addition of Na2S2O4 is due to a reduction of 

free resorufin in solution to dihydroresorufin, which is fluorescently silent. After the vesicles were 

lysed with 0.1 % (v/v) Triton X-100 detergent, the resorufin encapsulated within the liposomes 

was released into the bulk solution where it was reduced.  

It is well known that inter-bilayer contact between apposed bilayers is a prerequisite for 

liposomal content release based on L→Hǁ phase transition of PE lipids.37-38 The aggregation of 

vesicles in the suspension is controlled by the interplay of the van der Waal's attractive force and 

repulsive forces from hydration, electrostatics, and the steric effect.39-40 Previously, research in the 

McCarley group showed the inclusion of POPE to the Q3DOPE liposomal composition leads to a 

faster content release, and the content release is much less dependent on the concentration of the 
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liposomes in solution compared to that of vesicles made from 100 % Q3DOPE.21, 33 Thus, the 

original postulation is that at a higher portion of POPE in Q3DOPE liposomes, the reduction of 

quinone to hydroquinone is sufficient to decrease the hydration at the outer layer of the liposomes, 

which leads to the aggregation and content release of Q3DOPE:POPE vesicles, while the cleavage 

of the Q3 head group is not necessary. To verify this idea, Q1DOPE lipids, which were reported to 

undergo a quinone reduction with no cleavage of the Q1 head group due to the lack of the trimethyl 

lock moiety,26 was used to prepare Q1DOPE:POPE 20:80 vesicles with the lipid composition of 

20% Q1DOPE and 80% POPE molar percentage. Throughout this document, the number ratio 

denotes the molar percentage of each lipid in the liposomal composition. Figure 2.5 shows that 

Q1DOPE:POPE 20:80 vesicles exhibit no observable release of any contents over the measured 

time scale. This experiment proves that asymmetrical reduction does not produce enough 

dehydration at the outer leaflet of the liposomes, which would lead to a curvature difference 

between the two leaflets, thereby destabilizing the liposomal membrane so as to trigger the 

aggregation and content release of Q1DOPE:POPE liposomes. As a result, the cleavage of the Q3 

group is indispensable for membrane destabilization and subsequent content release. 
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Figure 2.5. Content release from LUVs composed of: 20% Q3DOPE:80% POPE (Q3DOPE:POPE 

20:80) and 20% Q1DOPE:80% POPE (Q1DOPE:POPE 20:80; unable to cyclize and release Q head 

group). Conditions: 0.040 M calcein encapsulated in LUVs with 0.10 M KCl and 1.0 × 10−4 M 

EDTA buffered with 0.050 M phosphate, pH = 7.4; T = 41 °C; lipid concentration = 1.0 × 10−4 M. 
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The second hypothesis is that the inclusion of POPE lipids, which are zwitterionic and less 

hydrated due to the small headgroup size and the hydrogen bonding of the amine hydrogen with 

phosphate group,41-42 produces vesicles with less charge density and hydration repulsion. An 

increasing portion of POPE in Q3DOPE:POPE vesicles decreases their charge density, as indicated 

by zeta potential measurements in  Figure 2.6. As a result, after the asymmetrical reduction and 

removal of the headgroup, increasing portions of PE in the liposomal composition leads to the 

deformed vesicles that aggregate more easily, with faster subsequent L→Hǁ transition when 

compared to the vesicles made from 100% Q3DOPE. 
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Figure 2.6. Zeta-potential measurements of Q3DOPE:PE LUVs at various Q3DOPE portions. 

The influence of charge density and hydration is examined by preparation of 

Q3DOPE:DOPG, Q3DOPE:DOPC, and Q3DOPE:DOPE liposomes with various lipid ratios. PG is 

negatively charged, while PC is zwitterionic, but both are more hydrated than PE.43-44 DOPE has 

a similar PE headgroup to POPE but differs in one hydrocarbon chain. Figure 2.7 shows that the 

inclusion of DOPC and DOPG, starting at 20% total lipid concentration, inhibits the content 

release of Q3DOPE liposomes. However, inclusion of DOPE to Q3DOPE liposomes results in a 

similar trend of the release rate to Q3DOPE:POPE vesicles. In particular, the content release of 
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Q3DOPE:DOPE 20:80 vesicles also shows less concentration dependence, which is similar to that 

reported for Q3DOPE:POPE 20:80 vesicles (Figure SI2.1 in the supporting information).33 Thus, 

lipid hydration level has a more pronounced effect on vesicle aggregation and content release than 

does lipid/liposome charge. 

0 10 20 30 40 50 60 70 80
-40

-20

0

20

40

60

80

100

50:50

80:20
95:5

100:0

Q3DOPE:DOPC 

N
o

rm
a
li

z
e

d
 i

n
te

n
s
it

y
 (

%
)

Time since reduction (min)
 

0 10 20 30 40 50 60 70 80 90
-40

-20

0

20

40

60

80

100

80:20

50:50

95:5

100:0

Q3DOPE:DOPG 

N
o

rm
a
li

z
e

d
 i

n
te

n
s
it

y
 (

%
)

Time since reduction (min)
 

0 3 6 9 12 15 18 21 24
-40

-20

0

20

40

60

80

100

 100:0

 90:10

 70:30

 50:50

 30:70

 20:80

 Q3DOPE:DOPE 

N
o

rm
a

li
z
e

d
 i

n
te

n
s

it
y

 (
%

)

Time since reduction (min)  

Figure 2.7. Content release from LUVs composed of: Q3DOPE mixed with A. DOPC,  

B. DOPG, and C. DOPE. Conditions: 0.040 M calcein encapsulated in LUVs with 0.10 M KCl 

and 1.0 × 10−4 M EDTA buffered with 0.050 M phosphate, pH = 7.4; T = 37 °C;  

lipid concentration = 1.0 × 10−4 M.  

It is important to note that even when the whole outer leaflet of vesicles made from 100% 

Q3DOPE undergoes Q3 headgroup cleavage, the outer leaflet will have 100% DOPE, while the 

inner leaflet remains 100% Q3DOPE. This results in the membrane being assigned 100% 

membrane asymmetry, with DOPE accounting for 50% of the total lipid in the liposomes. 

A B 

C 
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However, Q3DOPE:DOPE 50:50 and Q3DOPE:DOPE 20:80 vesicles with a symmetric bilayer are 

able to be prepared, and they are stable in solution, which is confirmed by DLS measurements, as 

shown in Figure 2.8. Liposomes with high portions of PE lipid, up to 90% of liposomal 

compositions, have been produced before, but content encapsulation in the liposomes is inefficient 

at such high portions of PE lipid.37, 45-49 Although DOPE adopts the inverted hexagonal phase at 

room temperature, stable vesicles that do not aggregate can be prepared, as long as the vesicles 

possess a sufficient amount of the lamellar phase-adopting lipid Q3DOPE (~20%); symmetrical 

distribution of lipid at both liposomal leaflets prevents the aggregation of liposomes. Remarkably, 

in the case of Q3DOPE:POPE 20:80 and Q3DOPE:DOPE 20:80 LUVs, only 20% of the membrane 

asymmetry generated upon the cleavage of Q3 head group is needed to trigger the release of the 

membranes. 
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Figure 2.8. Q3DOPE:DOPE 20:80 LUVs stability in 0.10 M KCl and 1.0 × 10−4 M EDTA buffered 

with 0.050 M phosphate, pH = 7.4. The liposomes are stable with a small increase in the mean size 

and PDI after 30 days.  

It was previously reported that liposomes made from 100% Q3POPE do not experience a 

content release, though the vesicles are expected to experience stress on the membrane that is 

similar to that for vesicles made from 100% Q3DOPE, upon the asymmetric cleavage of the Q3 

group.33 To further evaluate the influence of PE lipids present in the liposome compositions, 



53 

 

DOPE, POPE, and Q3DOPE lipids were incorporated in Q3POPE liposomal compositions. In 

Figure 2.9 is shown that the inclusion of the three lipids in the liposomal formulation can restore 

content release of Q3POPE liposomes. Interestingly, when DOPE is included either initially in the 

Q3POPE liposome composition or produced by the cleavage of Q3DOPE, even at a small portion 

(about 20 % of total lipid concentration), the release of Q3POPE is faster when compared to that 

portion of POPE lipid included. These experiments emphasize the pronounced impact of DOPE 

presence at the outer leaflet of Q3POPE liposomes has on triggering content release. Importantly, 

the ability of Q3POPE:POPE 50:50 liposomes to provide content release upon quinone group 

reduction points to the key role and importance of sufficient amounts of POPE in the inner leaflet 

of liposomes for successful content release. Overall, the content release profiles of Q3PE-based 

liposomes highlight the fact that a tiny change in lipid structure (DOPE vs POPE) can result in 

significantly different liposomal release behavior. Further investigation to rationalize the 

difference between DOPE and POPE will be achieved by studying the fusion properties of Q3PE-

based liposomes. 
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Figure 2.9. The inclusion of Q3DOPE, DOPE, and POPE in Q3POPE liposomal compositions 

enables content release from Q3POPE LUVs. Conditions: 0.040 M calcein encapsulated in LUVs 

with 0.10 M KCl and 1.0 × 10−4 M EDTA buffered with 0.050 M phosphate, pH = 7.4; T = 37 °C; 

lipid concentration = 1.0 × 10−4 M.  
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Because content release from Q3PE-based liposomes requires bilayer contact of the 

vesicles, intermembrane fusion might take place before the L→Hǁ phase transition occurs. The 

overlaid profiles of leakage, light scattering, and content-mixing (fusion) of different liposomes 

presented in Figure 2.10 show that Q3DOPE, Q3DOPE:DOPE 20:80, and Q3POPE:DOPE 20:80 

vesicles experience content release without any fusion. On the contrary, Q3DOPE:POPE 20:80 

and Q3POPE:POPE 20:80 vesicles undergo a massive amount of fusion accompanied by a rapid 

and significant release, while Q3POPE vesicles do not exhibit fusion or release. When fusion 

occurs, the light scattering signal exhibits a small initial increase with a subsequent drop followed 

by a sharp increase, especially in PBS buffer (Figure SI2.2). It has been observed that 200–300 nm 

(diameter) liposomes, when fusing for a period of time, also exhibit a similar pattern.50-51 Light 

scattering intensity is proportional to the size, shape, and number density of particles in the 

solution, which determines the scattering volume and refractivity.52-54 There is no simple and 

rigorous explanation for the light scattering observation found here. However, the initial increase 

in light scattering might be attributed to the aggregation and fusion of liposomes to yield a “dimer 

structure.” The subsequent drop in the light scattering profile is assigned to the aggregates of fused 

liposomes, whose formation significantly diminishes the number of liposomes in the solution. 

Also, the aggregates of fused liposomes may exhibit less spherical shapes, which lead to weaker 

light scattering. The final observed increase in the light scattering is attributed to the formation of 

giant structures of hexagonal phase material, which results in cloudy solutions. Interestingly, when 

liposomes have high portions of DOPE, the ultimate increase in light scattering will be followed 

immediately by a decrease in light scattering that is caused by precipitation of the hexagonal phase 

structures, as shown in Figure SI2.3. 
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Figure 2.10. Leakage, light scattering, and content-mixing fusion of 100-nm LUVs composed of 

A. 100% Q3DOPE, B. 20% Q3DOPE:80% DOPE, C. 20% Q3DOPE:80% POPE, D. 100% 

Q3POPE, E. 20% Q3POPE:80% DOPE, F. 20% Q3POPE:80% POPE. Condition: 0.10M KCl 

buffered with 0.01 M TES, pH = 7.4; T = 37 °C. Total lipid concentration is 1.0 × 10−4 M. 
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In Figure 2.11 are summarized the proposed elementary steps in the fusion  

mechanism of Q3PE-based liposomes, which facilitates understanding the above  

observations.55-57 Fusion begins with bilayer contact (due to formation of point-like membrane 

protrusions on each apposing bilayer, caused by lipid fluctuations), which is followed by 

formation of a semi-toroidal lipidic structure (the stalk) between the two apposing membranes. 

The hemifusion stalk then elongates laterally to form the hemifusion diaphragm, an event which 

results in either hemifusion, or stalk expansion and pore formation as the membranes fully fuse. 

 

Figure 2.11. Proposed mechanism of fusion for Q3PE-based liposomes: 1) A point-like membrane 

protrusion reduces hydration repulsion between membranes during liposomes collision. 2) Close 

approach of the membranes establishes a zone of bilayer contact at the proximal leaflets. 3) 

Destabilization of the membrane in the zone of contact promotes a hemifusion stalk with proximal 

leaflets fused and distal leaflets unfused. 4) Stalk evolves to hemifusion diaphragm. 5) 

Hemifusion diaphragm develops to hemifusion without any content-mixing. 6) Hemifusion 

diaphragm develops to pore opening, which results in content-mixing. Red denotes the outer 

leaflets while the green denotes the inner leaflets of the liposomal membranes. (Adapted from 

Jahn, 2002).57  

Contact between lipids in apposed bilayers is the first crucial step in the L→Hǁ phase 

transition and fusion of PE-based liposomes in general.33, 38 Bilayer contact requires sufficient 
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energy from both membranes to overcome the hydration and charge-charge repulsion between 

them, which could be provided by select reagents or conditions, such as ions, peptides, or osmotic 

pressure.58 In the case of Q3PE-based liposomes, after asymmetric cleavage of the Q3 headgroups, 

curvature stress on the membrane (caused by an uneven distribution of lipids at both leaflets) 

generates many protrusions/asperities in the membrane, which drives the bilayer contact at those 

points. Poorly hydrated PE lipids that are located at a protrusion/asperity might serve as a point of 

initiation for membrane adhesion.59 Therefore, it is reasonable that Q3PE:PE liposomes possessing 

both low charge density and low hydration level experience efficient aggregation after the 

asymmetric cleavage of the Q3 group, which accounts for their rapid content release that exhibits 

a low concentration dependence. 

After contact of the two approaching Q3PE-based liposomes, merging of the outer 

membrane leaflets at the contact surface might occur to reduce the curvature strain, the latter 

achieved by formation of bigger vesicles.60 Small liposomes (∼45 nm diameter) of practically any 

composition are able to fuse extensively due to their high curvature strain.61-62 Extended space 

within the bilayer at the bilayer contact region facilitates temporary disorder of the lipids in this 

area, thereby increasing their mobility. It has been proposed that formation of a spatiotemporal 

nonlamellar phase by PE lipids is essential for membrane fusion.63-65 Nevertheless, PEs with 

different L→Hǁ transition temperatures (TH) may influence the elementary steps of fusion 

differently, due to intrinsic differences in their headgroup hydration, mobility, packing parameter, 

and lipid volume. The observation of fusion for different Q3PE-based liposomes suggests that only 

when POPE, but not DOPE, is present in the inner leaflet of the liposomal bilayer does the content-

mixing fusion occur, which implies a crucial role of the inner leaflet for completion of bilayer 
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mixing. This is in agreement with Step 5 in Figure 2.11, where evolution of the inner monolayers 

can determine whether content-mixing occurs or if the process stops at the hemifusion structure. 

Ellens et al. observed essentially the same phenomena when inducing the fusion of several 

PE-based liposomes by low pH. They found that liposome fusion occurred when the experimental 

temperature (Texp) was below TH of the lipids, while above TH, the fusion was abolished, and 

contact-mediated lysis occurred with massive leakage and lipid mixing.50 The authors proposed a 

simple model explaining the behaviors of PE-containing membranes with respect to liposome 

fusion and/or lysis, as shown in Figure 2.12.50-51 

 

Figure 2.12. Diagram and pathways for liposome fusion and destabilization for liposomes 

composed of polymorphic lipids. Adapted from Bentz (1988)50 and Ellens (1986)51. Step A: 

bilayers are in contact at the PE-rich region. Step B: reversible formation of a few intermembrane 

intermediates (IMI) at the contact area, which are also the precursor for the L→Hǁ phase 

transition. If the temperature of the experiment (Texp) is above TH, more IMI are rapidly formed 

(step C) and assemble into the localized temporal non-lamellar structure (step D) which leads to a 

facile rupture and content leakage (step E). Step F: the destabilized bilayer collapses and induces 

the Hǁ phase formation. This pathway is called contact-mediated lysis. If Tm < Texp < TH, the IMIs 

drive a pore formation, followed by the mixing of aqueous contents (step G). After that, fused 

liposomes aggregate (step H) and undergo a precipitous collapse leading to immediate Hǁ phase 

formation and subsequent content release (step I). This pathway of release is called fusion-

mediated lysis.  
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Step A above represents the close apposition of the liposomes, displaying just the apposed 

sections of the bilayers. It is noticed that for Q3PE-based liposomes after cleavage of the Q3 

headgroups, the apposition may occur at multiple points, depending on the protrusion/asperity 

density in the membrane. A few nonbilayer intermembrane intermediates (IMI), such as inverted 

micelles or other molecular architectures whose precise structure is not crucial to the establishment 

of the model, could be generated at the contact area (step B). The initial formation of IMI is 

expected to be reversible, allowing reversion of apposed bilayers back to their non-contacted 

states. When Texp > TH, the number of IMI is presumed to rapidly increase, as shown in step C. 

The assembly of these IMI at the triangle intersection of the membrane (step D) leads to rapid 

rupture and leakage (step E), followed by a fast collapse of the apposed bilayers and formation of 

Hǁ phase structures (step F), accompanied by the lack of aqueous contents mixing. This pathway 

of release is called the lytic pathway. If Texp < TH, IMI have sufficiently long lifetimes to develop 

the stalk into an open structure (pore), given that the IMI remain isolated (step G). After that, more 

liposomes aggregate in “trimer” or higher forms, with such aggregates then coalescing until 

enough IMI are generated and assemble to catalyze a rapid Hǁ phase formation. Thus, the IMI 

within the area of contact can promote fusion or lysis, depending on the kinetics of IMI formation 

and assembly, as well as the structural evolution of IMI. 

The above model relates the TH with the pathway of release when considering membranes 

with a symmetrical bilayer, though the detailed molecular mechanism is not known. The question 

is, how can this model help to explain the release and fusion difference among Q3PE-based 

liposomes caused by DOPE and POPE? The two PE lipids differ from each other by only a single 

hydrocarbon chain, which is a 16:0 acyl tail in POPE versus an 18:1 unsaturated chain in DOPE. 

Generally, PE lipids with shorter hydrocarbon chain length or a higher degree of unsaturation 
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exhibit a marked propensity to adopt inverted hexagonal phases due to the higher volume of the 

lipid tails and less headgroup hydration, indicated by their lower TH.45-47 For example, DOPE 

possesses a higher average head group area compared to POPE, with the values of  63.5 Å2 and 

56.4 Å2.66-68 DOPE has a TH near 5 °C, while that of POPE is higher, near 72 °C.33, 44  

Thus, regarding content release, after completion of the asymmetric Q3 headgroup 

removal/cleavage in DOPE-enriched liposomes, due to Texp (37 °C ) > TH of DOPE, those 

liposomes will undergo bilayer contact and L→Hǁ transition accompanied by content release. 

For POPE-enriched liposomes, due to Texp (37 °C) <  TH of POPE, liposomes made from 100% 

Q3POPE should not experience the phase transition, although leakage may occur. Only when 

DOPE is included, or the Texp is increased to 70 °C, was the phase transition and release of Q3POPE 

achieved (Figure SI 2.4). However, after Q3 headgroup cleavage, Q3POPE:POPE LUVs with 

POPE portions > 50 % experience significant content release. It might be that the release from 

Q3POPE:POPE LUVs (with POPE > 50 %) results from the rupture of fused aggregates rather 

than from L→Hǁ transitions. The leakage, fusion, and light scattering of Q3POPE:POPE 50:50 

likely support this argument, as seen in Figure 2.13  
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Figure 2.13. Leakage, light scattering, and content-mixing fusion of 100-nm LUVs composed of 

50% Q3POPE:50% POPE.Conditions: 0.10 M KCl buffered with 0.01 M TES, pH = 7.4;  

T = 37 °C. Total lipid concentration is 1.0 × 10−4 M. 
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The fusion assay signal of Q3POPE:POPE 50:50 LUVs is steady for quite a long time, 

suggesting fusion structures are stable without committing a phase transformation, in accordance 

with the lack of increase in the light scattering signal, while the leakage still happens. Leakage, 

fusion and light scattering of Q3POPE:POPE 20:80 suggest that at these high portions of POPE, 

other isotropic states of fused vesicles with a large size, such as cubic phase, might be formed. For 

liposomes made from 100 % Q3POPE or Q3POPE:POPE 80:20 LUVs, probably because there is 

not enough POPE in the inner leaflet, the vesicles have not reached the critical point of POPE 

portions to overcome the significant higher hydration level of POPE compared to DOPE in order 

to trigger the aggregation. Furthermore, it also possible that the time scale for aggregation of those 

vesicles is so slow and reversible that only a small fraction of liposomes is actually in an 

aggregated state. 

Regarding the difference in fusion behavior of Q3DOPE:DOPE 20:80 and Q3POPE:POPE 

20:80 LUVs, as the result of the different properties of DOPE and POPE, the model by Ellens can 

be applied to explain the observations; at this high portion of PE, the liposomal bilayers are nearly 

symmetrical after headgroup cleavage. The enhanced packing of the POPE saturated chain, as well 

its more hydrated headgroup compared to DOPE, initiates the formation of IMI slowly, which 

provides enough time for IMI to assemble and allow pore formation and completion of fusion of 

the inner leaflets before the aggregated liposomes undergo the L→Hǁ phase transition. On the 

other hand, because DOPE is more curved and less hydrated than POPE, the DOPE-enriched 

liposomes should have more protrusions/asperities forming per unit time than the POPE-enriched 

liposomes with the same portion of POPE, leading to more IMI formation between apposed 

bilayers, which is highly important for formation of the Hǁ phase. In addition, because of the wide 

splay of the tails, DOPE has less hydrocarbon packing constraints causing IMI to be able to form 
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and aggregate in the membrane at a rate sufficiently fast so as to promote the bilayer collapse faster 

than pore formation; that is, the rupture is kinetically favored over pore formation. 

 Interestingly, the important role of POPE in fusion events observed here is in agreement 

with the reported fusion study of plasma membrane SNARE-containing, planar-supported bilayers 

and purified neuroendocrine dense core vesicles regarding how different distributions of PE lipids 

between the two leaflets of the supported bilayers affected SNARE-mediated fusion. In that work, 

porcine brain L-α-phosphatidylethanolamine (18:1, 18:0), which is more similar to POPE than 

DOPE, was selected for fusion investigation. It was shown that the highest efficiency fusion was 

achieved with the PE lipid exclusively present in the distal (cytoplasmic face-mimicking) leaflet 

of the target membrane, while fusion was strongly inhibited and content-mixing was lost with PE 

exclusively in the opposite leaflet (extracellular face-mimicking leaflet).69 

In addition, research from the McCarley group has shown that liposomes made from pure 

Q3DOPE after the asymmetric cleavage experience a hemifusion whose structure appeared to be 

sufficiently long-lived to be observed under fluorescence microscopy.70 Because the Q3DOPE 

headgroup exhibits extremely pronounced hydrophobicity compared to that of the PE lipid due to 

the quinone group, Q3DOPE presence in the inner leaflets of the bilayers led to long-lived 

hemifusion structures due to strong hydrophobic-hydrophobic interaction among quinone groups. 

This also explains the non-fusion property of Q3POPE LUVs. It is noticed that asymmetric 

unsaturated lipids are more common in natural membranes, whereas lipids with both unsaturated 

acyl chains are present in much lower proportions.71 Eukaryotic and prokaryotic membranes 

possess POPE as the major PE lipids enriched in the inner leaflet of the plasma membrane, 

suggesting that POPE in the inner lipid membrane may play an important role in their cellular 

fusion.67, 72-73 Thus, the observation of POPE in the inner leaflet determining successful fusion of 
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Q3PE-based liposomes emphasizes the role of lipid composition in the inner leaflet to fusion of 

cellular membranes whose bilayer is asymmetric.  

2.4. Conclusion 

In this chapter, the effect of membrane asymmetry on the stability of the liposomes and 

lipid distribution at the bilayer on the release kinetics and fusion of Q3PE-based liposomes were 

presented, with focus being placed on the uneven lipid distribution in the inner and outer membrane 

leaflets caused by the asymmetric cleavage of the quinone headgroup. Inclusion of PE lipids in 

Q3PE-based liposomes leads to rapid content release in an off-on switch scenario after the 

symmetric bilayer of the liposomes transforms to an unsymmetric bilayer, with the content release 

exhibiting a low concentration dependence, which suggests possible use of such liposomes at low 

concentration with maintained high release efficiency. Furthermore, the seemingly slight 

difference in the structure of POPE and DOPE resulting in their different of L→Hǁ phase 

transition temperatures can produce a pronounced difference in the fusion behavior of Q3PE-based 

liposomes, because POPE drastically facilitates the content-mixing fusion when POPE is present 

in the inner leaflet of liposomes, while the presence of DOPE does not. 

The findings of how POPE lipids and their distribution play a significant role in the fusion 

of Q3PE-based liposomes in this work are important when relating it to cellular fusion, as POPE 

is found to be a major component of PE lipids in eukaryotic and prokaryotic membranes. In 

addition, the inner leaflet of the cellular membrane is enriched by PE lipids which have been 

proposed to promote membrane deformation and stabilize fusion pores during exocytotic events. 

However, understanding of interleaflet PE distributions has not been studied well because of the 

challenge in producing liposomes with an asymmetric bilayer. The findings in this research 

emphasize the structural importance of intermembrane intermediates for the Q3PE-based 
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liposomal fusion, which could be crucial for elucidating the molecular mechanisms of biological 

membrane fusion. Furthermore, the fusion control capability of the Q3PE-based liposomes allows 

a potential design that vesicles can deliver drugs intracellularly via liposome-cellular membrane 

fusion. 
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3 CHAPTER 3  

BLUE LIGHT-PHOTORESPONSIVE LIPOSOMES DELIVERY AGENTS BASED 

ON SYMMETRICAL CLEAVAGE OF THE QUINONE PROPIONIC ACID GROUP  

3.1. Introduction 

Development of practical methods for triggered release of payloads with precise 

spatiotemporal capability is crucial for liposomal drug delivery to achieve a higher local 

concentration of therapeutics. In addition, when encapsulates are toxic, the triggered release of 

liposomes enables a reduction of the overall injected dose as well as systemic toxicity. Tremendous 

efforts have been made to achieve different triggered release modalities capable of unloading 

therapeutics after liposomes sense a significant change in microenvironment resulting from the 

action of internal factors, such as pH, enzymes, oxidative stress, or external factors, such as light, 

magnetic field, ultrasound, or temperature.1-3 However, when internal triggers are not expressed at 

the target delivery site, a more general triggered release methodology must be developed. Of the 

mentioned external triggers, photoirradiation is a viable candidate, because it is easy to access and 

has a broad range of adjustable parameters (e.g., wavelength, duration, intensity). In addition, it 

can be patient-friendly, and remote initiation of release with high spatial and temporal resolution 

can be achieved. As a result, photoresponsive liposomes have great potential for applications in 

topical and transdermal drug delivery for a wide variety of tissues, some of which include skin, 

eyes, and mucosal tissues.4-7 General payload delivery of photoresponsive liposomes for tumor 

treatment is summarized in Figure 3.1. 
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Figure 3.1. Payload release of photoresponsive liposomes. Drug-loaded liposomes (dark blue 

circles) are transported through blood vessels (red) where they accumulate in the tumor area 

passively by the enhanced permeability and retention (EPR) effect (1) or are taken up by the cells 

by active targeting (2). Upon photoactivation (3), liposomes are triggered to release their contents, 

either extracellularly followed by diffusion of their contents into the cells, shown by the light blue 

color, indicating low effective concentration of the drug (4), or intracellularly, shown by the dark 

blue color of the cells, showing more efficient drug delivery (5). (Adapted from Puri, 2013).4  

Phototriggered release liposomes can be fabricated by using either non-photoresponsive 

lipids or photoresponsive lipids, whose release mechanisms are presented in Figure 3.2. The 

phototriggerred release based on use of non-photoresponsive lipids is achieved through the 

incorporation of photoresponsive species embedded in the liposome membrane or entrapped in the 

aqueous core, such as photosensitizers, gold nanostructures, or photoresponsive proteins such as 

rhodopsin, whose photoactivation induces membrane destabilization and permeabilization.8-9  
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Figure 3.2. Mechanism of phototriggered release of liposomes that encapsulate drugs (purple) via 

inclusion of photoresponsive lipids (red) or photoresponsive species like gold nanostructures 

(gold) or photosensitizers (blue) to the matrix lipid (green). Photostimulation results in a shrunken 

domain, membrane destabilization, or lipid phase transition, leading to the leakage/release of the 

liposomal contents.  

Typically, photosensitizer-assisted release of liposomes exploits photoinduced oxidation 

of unsaturated lipids that make up the membrane by reactive oxygen species (ROS) generated by 

the photosensitizers upon photostimulation, which damages the lipid acyl chains and induces the 

formation of pores in the bilayer, accompanied by cargo leakage.10-12 For example, when a 

photosensitizer that can consist of four major groups, such as porphyrin derivatives, chlorins, 

phthalocyanines, and porphycenes, is exposed to an appropriate wavelength of light, it generates 

ROS that react with the vinyl ether linkages of plasmalogen or (R)-1,2-di-O-(1′Z,9′Z-

octadecadienyl)-glyceryl-3-(ω-methoxy-poly(ethyleneglycol)ate (BVEP) lipids. The resulting 

lysolipid products induce lipid phase transitions, leading to membrane fusion and leakage of the 

encapsulated contents.13 Photoinduced oxidation by photosensitizers is also currently applied in 

photodynamic therapy to kill cancer cells by disrupting their membrane.12, 14 However, as with 
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many dyes used in biological applications, the fundamental challenges of this activation method 

are photobleaching and limited availability of safe photosensitizers with strong molecular 

absorptivity. 

The other photoresponsive species promoting phototriggered release of liposomes are gold 

nanostructures via a photothermal effect. Gold nanostructures, including shells, particles, rods, and 

cages, which exhibit rapid and strong absorption in the visible-near IR region four to five times 

higher than conventional photosensitizers are the most efficient material for photothermal energy 

conversion. Photoexcitation of these structures results from coherent oscillations of the conduction 

band electrons, which under photoirradiation produce a heated electron gas that quickly cools 

down by exchanging energy with the nanoparticle lattice. Rapid heat dissipation to the surrounding 

medium causes localized heating and imposes membrane stress and rupture, thereby causing cargo 

leakage and/or release. Photothermal energy conversion also induces the formation and collapse 

of vapor microbubbles, producing an effect similar to ultrasonication, which disrupts liposomal 

bilayers. In addition, localized heating can sometimes trigger lipid phase transitions, which 

increases content release.5, 15-19 However, the complexity and efficiency of nanostructure-

incorporated liposomal formulations result in several challenges as these structures may trigger 

liposomes to aggregate or disturb the physical and chemical properties of the membrane, which 

destabilizes the liposomes. Also, nanostructures require a powerful laser for their successful 

implementation, which can damage tissue.16 In addition, use of metallic nanostructures raises 

concerns regarding lack of degradability and possible lack of clearance mechanisms of particles 

from the body.9 

To avoid using metallic species, phototriggered liposomes are formulated by employing 

photoresponsive lipids, which can be considered to be more biocompatible. Typically, three major 
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parts of phospholipids (i.e., the headgroup, glycerol backbone, and fatty acyl chains) can be 

chemically modified to become photoactive. Several photoactivation mechanisms of liposomes 

made of photoresponsive lipids have been proposed to promote cargo release, such as 

photoisomerization, photopolymerization, and photocleavage.4-5, 12 In Figure 3.3 are presented 

examples of some currently available photoactivatable lipids. 

 

Figure 3.3. Examples of photoresponsive lipids. The photoactivable bonds and their 

positions in the molecules are indicated by arrows. 



75 

 

Photoisomerization is based on the propensity of lipids to undergo a conformational change 

upon light stimulation, with azobenzenes being the most commonly used moiety for lipid 

modification.20 Upon exposure to UV light in the 300–400 nm range, the double bond between the 

nitrogen atoms bearing two phenyl rings undergoes a transformation from trans to cis 

conformation. The transition from a polar, linear state to a more polar, twisted state with kinked 

chains distorts the packing of the bilayer and causes the liposomes to become leaky, allowing the 

substantial loss of encapsulated materials from liposomes.21-24 Photoisomerizable liposomes have 

also been prepared using retinoyl phospholipids or spiropyran.25-26 

Photopolymerization of unsaturated bonds located in the hydrophobic domain of the 

bilayer causes parts of the bilayer to shrink, which disrupts the uniform packing of the lipid 

molecules and produces pores in the bilayer, thereby increasing membrane permeability and 

content leakage.5, 27-28 For example, liposomes composed of synthesized DC8,9PC lipid with other 

matrix lipids are able to release their payloads upon exposure to UV light, as the polymerization 

of DC8,9PC forms local aggregates in the bilayer.28-29 The other example is liposomes made of bis-

SorbPC, whose photoreaction induced lateral phase separation of PEG-rich and crosslinked 

polymer-rich domains within the membrane bilayer, breaking the lamellar integrity, which 

pronounced enhances membrane permeability.30  

Photocleavage triggering of liposome content release can be achieved by using a 

photocleavable protecting group, such as those based on dithianes, disulfides, coumarins, 

diazirines, and the 4-hydroxyphenacyl functionality, as well as the 2-nitrobenzyl group engineered 

into the lipids. Light stimulation causes cleavage of the moiety, followed by phase separation of 

fractions possessing lower amphiphilic character, resulting in destabilization of the  

liposome.9 31-32 For example, liposomes made from NB-PC phospholipid generated from the 
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modification of PC with the photolabile 2-nitrobenzyl group in the acyl chain at the sn-2 position 

release their contents under light irradiation (350 nm), resulting from C-N bond cleavage, to 

produce aldehyde and amide components.33 In addition, a photoresponsive TNB-PC lipid-

containing triazole and o-nitrobenzyl moieties was synthesized by “click” chemistry. Photolysis 

of TNB-PC liposomes upon exposure to UV light causes cleavage of one nitrobenzyl moiety from 

one hydrophobic chain, inducing bilayer permeability and eventually causing disruption of the 

liposome.34  Another example is based on a photocleavable lipid called NVOC-DOPE. Irradiation 

of the liposomes at 345 nm produces DOPE, which does not form a bilayer structure, with 

formation of DOPE inducing calcein release.35 Chandra et al. also synthesized photocleavable 

amphiphilic lipids by conjugating a non-polar stearyl amine tail to charged amino acid as polar 

headgroups via an o-nitrobenzyl derivatives spacer; the feasibility of the photocleavage is dictated 

by pKa of the amino acids.31, 36 Linking hydrophilic phosphocholine headgroups to hydrophobic 

tails via a photolabile, dithiane-based tether has been another approach to synthesize 

photocleavable lipids. Liposomes formulated by such photolabile lipids mixed with other lipids 

and cholesterol are capable of unloading their contents upon photoactivation.37  

However, the mentioned photocleavage moieties often require the use of UV light to 

activate the chemical bonds of interest, with UV light having limited penetration depth into and 

potential phototoxicity within biological samples. Thus, strategies to make photoresponsive lipids 

that are able to be activated at longer wavelengths are necessary. On the other hand, as seen in the 

previous chapter, the lipid composition in the inner leaflet of the liposomes dictates the fusion of 

Q3PE-based liposomes resulting from the asymmetric cleavage of the Q3 headgroup. Therefore, it 

is posited that symmetric cleavage of functional groups of PE lipids at both leaflets of the liposomal 

bilayer can change the mechanism of release so as to enhance fusion of Q3PE-based liposomes, 
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which would also help to understand to a higher degree the role of membrane asymmetry for 

liposomal fusion and content release. To achieve a symmetric cleavage of the headgroup, the 

photocleavage strategy is a feasible option as photons can cross the membrane and induce 

photoreaction at the two leaflets at the same time. However, Q3PE lipids are not photoresponsive. 

In order to create photoresponsive Q3PE lipids without significantly changing their chemical 

structures, I propose to exploit modification of the quinone headgroup with methyl sulfide 

functionalities. Furthermore, it would be beneficial if the lipid is designed to be responsive at a 

longer wavelength using a low-power source. Recently, Walton and Dougherty demonstrated a 

unique strategy to form free phenolic oxygen moieties through visible energy photoreduction of 

quinone derivatives that contain the trimethyl lock motif.38 This photoreduction route makes use 

of either sulfides or tertiary amines as electron donors, which promote red-shift absorption and 

efficient uncaging of different leaving groups. The applicability of this photodecaging method can 

be extended to the synthesis and preparation of visible light-reactive liposomes, as shown in  

Figure 3.4. Herein, a blue-light responsive MeSQ3DOPE lipid is synthesized, and the 

photoresponsive property of the liposomes constituted by this lipid is examined upon exposure to 

a light-emitting diode (LED). Due to photobleaching of calcein in the conventional leakage assay 

used in Chapter 2, diffusion-ordered NMR spectroscopy (DOSY) and capillary electrophoresis 

(CE) methods are developed to interrogate leakage/release of contents from the new 

photoresponsive liposome system. 
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Figure 3.4. General decaging strategies for the quinone trimethyl lock and its adaption for blue-

light photoresponsive Q3DOPE-based liposomes.38 

3.2. Experimental 

3.2.1. Lipid Synthesis 

MeSQ3DOPE photoresponsive lipid was synthesized for the first time by coupling 

MeSQ3NHS to DOPE, using a modified form of the reported protocol, as shown in Figure 3.5.38 

Yield = 90 %; 1H NMR (400 MHz, CDCl3) δ 5.34 (m, 5H), 4.45 (m, 1H) 4.16 (m, 1H), 3.95 (m, 

2H), 3.87 (m, 2H), 3.48 (s,1H), 3.38 (m,2H), 2.84 (s, 2H), 2.45 (s,3H), 2.31 (m, 4H), 2.11−1.99 

(m, 17H), 1.58 (m, 4H), 1.38−1.26 (m, 46H), 1.26 (m, 40H), 0.88 (t, 6H). HRMS (ESI) calculated 

for C55H93NO11PS [M−H]− 1006.6212, found 1006.6218 (0.13 ppm); calculated for C55H94NO11PS 

[M+H]+ 1008.6358, found 1006.6382 (1.8 ppm). MeSQ3OEt was synthesized as a control (ethanol 

as the leaving group). Yield = 88 %, 1H NMR (400 MHz, CDCl3) δ 4.04 (q, J = 7.1 Hz, 2H), 2.95 

(s, 2H), 2.47 (s, 2H), 2.16 (s, 3H), 2.13 (s, 2H), 1.42 (s, 6H), 1.19 (t, J = 7.1 Hz, 2H); HRMS (ESI) 

calculated for C16H23O4S [M+H]+ 311.1312, found 311.1314 (0.67 ppm). 

Y = H, Alkyl

Chemical or
enzymatic
reduction

Y = SR, NR2

Visible-light
Photo-reduction

Trimethyl
lock

- HX

X = leaving group

Blue LED
+ DOPE

MeSQ3-DOPE
liposomes

MeSQ3 Hexagonal



79 

 

 

Figure 3.5. The synthesis paths for MeSQ3DOPE photoresponsive lipid and MeSQ3OEt  with their 

proposed photoreduction products under blue LED irradiation (440–460 nm) in methanol. 

3.2.2. Blue LED Irradiation Setup 

A royal-blue LED from Luxeonstar with a typical wavelength of 447.5 nm and wavelength 

range of 440–460 nm, 520 mW power mounted on a 20-mm Star Cool Base (20×20×5 mm 

dimension) was used. A 1.0 mL quartz cuvette containing sample was irradiated under the LED 

for a period of time before being placed in the fluorimeter in order to avoid interfering light from 

the LED to reach the photomultiplier detector. 

3.2.3. Liposomal Leakage Monitoring by Fluorescence Quenching-based Assay 

The calcein fluorescence quenching-based assay reported in the previous chapter is not 

suitable for leakage/release measurements of photoinduced release of contents from MeSQ3DOPE 

liposomes due to its photobleaching by the blue LED light (shown later). Sulforhodamine B ("red 

dye"), which also exhibits a concentration-based fluorescence quenching effect, was exploited 

because of its far red absorption.39-40 Red dye stock solutions at a concentration of 0.080 M were 

prepared using pH 7.4 PBS buffer that contains 0.050 M phosphate, 0.10 M KCl, and 1.0  104 

M EDTA. Liposomes were prepared using the same protocol as in Chapter 2. Fluorescence signals 
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of red dye-containing samples were measured via excitation at 560 nm and emission intensity 

recorded at 590 nm via use of an adjustable slit width (1.0−2.5 nm). Triton X-100 (0.1 % final v/v) 

was used to lyse liposomes, and the subsequent fluorescence signal at the plateau was normalized 

as being 100% content release.  

3.2.4. Liposomal Leakage Monitoring by Capillary Electrophoresis (CE) 

CE has been developed for separation and quantification of drug-associated liposomal 

leakage based on different retention times of probe molecules free in solution and encapsulated in 

liposomes.41-42 Herein, CE experiments were performed in a Beckman Coulter instrument. Fused-

silica capillaries were cut into effective lengths of 28.6 cm (from the injection end to the detection 

window). Capillaries were rinsed with 1.0 M NaOH, followed by ultrapure water (18.2 Mohm.cm), 

and subsequently washed with separation buffer containing 0.020 M phosphate and 0.010 M 

sucrose at pH 7.4 (CE-PBS buffer) at 20.0 PSI for 10.0 min. After each run, the capillary was 

rinsed with the CE-PBS buffer at 20.0 PSI for 1.0 min. Red dye was selected for signal detection 

due to its high molar extinction coefficient (~ 99,000 cm−1.M−1),43 which can enhance the detection 

capability of conventional CE without increasing the length of the detection window (increasing 

the thickness of the capillary at the detection area). Liposomes containing 0.080 M red dye were 

isolated from free red dye by size-exclusion chromatography and resuspended in CE-PBS buffer 

so as to achieve the total final volume of 200 µL with total lipid concentration of 10 mM. All 

samples were hydrodynamically injected at 0.5 PSI for 5.0 s, followed by separation at 20.0 kV  

(~ 500 V/cm), and signal was detected by measuring absorption at 560 nm. All measurements were 

performed at 25 °C. 

3.2.5. Liposomal Leakage Monitoring by Diffusion NMR 

While fluorescence-quenching based assays, such as terbium/dipicolinic acid  (Tb/DPA), 

8-aminonaphthalene-1,3,6-trisulfonic acid/p-xylene bispyridinium bromide (ANTS/DPX), and 
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other fluorescent dyes are simple when liposomal leakage is induced by changes in pH, 

temperature, and other non-radiative chemical processes, photobleaching of fluorophores and their 

light absorption interference are big concerns when considering phototriggered release routes. The 

shortcomings of fluorescence-based leakage assay in liposomal photoinduced release can be 

overcome by utilizing DOSY.44-45 The diffusion coefficient of a small probe molecule confined 

inside vesicles is different from that of the probe free in solution, generally by orders of magnitude. 

In addition, monitoring liposomal leakage using a fluorine (19F)-containing probe by DOSY is 

simple, because signal detection is made simple by observing the signal from one nucleus with no 

interference from multiple proton peaks, and water suppression is not necessary. Therefore, a 

trifluoromethane sulfonate ion was used as the DOSY probe because of its negative charge. A 0.25 

M stock solution of the probe was prepared using 0.15 M phosphate buffer at pH 7.4 containing 

10% D2O (for NMR signal locking purpose). The bulk unencapsulated probe molecules were 

removed by size-exclusion chromatography (Sephadex G-50) using elution buffer containing 0.40 

M phosphate, 10% D2O at pH 7.4. The liposomes were used freshly right after the column.  

The DOSY measurements were carried out with Bruker AVIII 500 MHz spectrometer with 

liquid-nitrogen-cooled Prodigy TCI (HCN) probe, which is capable of forming pulsed field 

gradients (PFGs) up to 50 G/cm. The pulse program ledbpgppr2s from Bruker was used without 

modification. The peak area 𝐴 of the probe follows a Gaussian function of the applied field strength 

and is related to the diffusion coefficient by the expression 

𝐴 = 𝐴0𝑒
−𝐷𝑠(γδG)2(Δ − 

δ
3

)
 

Equation 3.1 

where γ is the magnetogyric ratio of fluorine (2.68 × 104 G−1.s−1), δ is the length of the pulsed-

field gradient (4.4 × 10−3 s), Δ is the diffusion delay time (0.05 s), 𝐺 is the gradient strength (G/cm), 
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and 𝐷𝑠 is the diffusion coefficient (cm2.s−1). Taking the logarithm of both sides of Equation 3.1 

yields 

𝑙𝑛𝐴 = 𝑙𝑛𝐴0 − 𝐷𝑠(γδ)2 (Δ − 
δ

3
) G2 

 Equation 3.2 

Linear fitting of 𝑙𝑛𝐴 vs G2 yields probe diffusion coefficient. Theoretically, from Equation 3.1, if 

two diffusion coefficients are different at about two orders of magnitude, at a certain gradient 

strength, the signal intensity of the free probe in solution (with bigger 𝐷𝑠) will reduce significantly 

while the signal intensity of the probe encapsulated in vesicles (with smaller 𝐷𝑠) is barely affected. 

Monitoring the ratio of the total intensity of the probe at two different gradients enables 

quantification of the probe in two different environments. 

3.3. Results and Discussion 

The UV−vis spectra of MeSQ3OEt and MeSQ3DOPE in MeOH irradiated under blue LED 

over time are shown in Figure 3.6. In both compounds, a charge-transfer event results in a broad 

absorption band in the visible range (max ~ 420 nm), so that photoreduction is possible at 

wavelengths generated by the available blue LED, as indicated by the decrease in intensity of the 

quinone absorption band (~ 260 nm). Under blue light illumination, the color of solutions of 

MeSQ3DOPE in MeOH and the corresponding liposomes in aqueous PBS was observed to 

gradually change from yellow to colorless. The decrease in intensity of the visible band at λmax was 

treated as following a pseudo-first-order decay reaction 

𝐴𝑡  = 𝐴0𝑒−𝑘𝑡 Equation 3.3 

where k is the decay constant. The absorbance at time 𝑡 (𝐴𝑡) was then normalized to the absorbance 

at plateau (𝐴) and was fitted with a linear least-squares approach 

𝑙𝑛
𝐴𝑡 − 𝐴

𝐴0 − 𝐴

= −𝑘𝑡 
Equation 3.4 
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In Figure 3.7 is shown that the decay of the visible band at λmax of MeSQ3OEt is faster than that of 

MeSQ3DOPE in MeOH, and both are faster than that of liposomes in PBS.  
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Figure 3.6. Representative time course UV−vis spectra during photolysis by irradiation 

with a 447.5-nm LED (520 mW). A. MeSQ3OEt in MeOH (λmax = 396 nm),  

B. MeSQ3DOPE lipid in MeOH (λmax = 407 nm), C. MeSQ3DOPE LUVs in PBS buffer 

(λmax = 409 nm). Spectra are shown with expansions of the visible (left) and quinone (right) 

absorption bands. Arrows indicate changes in the spectra over time. Conditions: 100 µM 

MeSQ3OEt and MeSQ3DOPE at T = 25 °C.  
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Figure 3.7. Pseudo-first-order fit of the decay of the visible absorption band at λmax under LED 

irradiation. 

To examine the integrity of MeSQ3DOPE compared to Q3DOPE, the release of 

MeSQ3DOPE LUVs encapsulating calcein was tested with SDT. In Figure 3.8 is shown that 

MeSQ3DOPE LUVs exhibit the same behavior as Q3DOPE LUVs when chemically activated by 

SDT. Typically, the release of MeSQ3DOPE LUVs is faster when the temperature is increased, or 

when POPE or DOPE is included in the liposomal compositions. Their release is also lipid 

concentration dependent. These observations confirm that adding a photoresponsive moiety to Q3 

group preserves the SDT-induced, release-associated property of Q3DOPE LUVs. 

When MeSQ3DOPE LUVs containing encapsulated calcein are exposed to the blue LED, 

calcein experiences photobleaching, which causes to be inaccurate this method of liposomal 

leakage quantification induced by photoactivation. Thus, the red dye (Sulforhodamine B), which 

does not display noticeable photobleaching, was selected for this purpose, as shown in Figure 3.9. 
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Figure 3.8. The response of MeSQ3DOPE-based LUVs to sodium dithionite. A. Release of 

MeSQ3DOPE LUVs at 37 °C, B. at 25 °C, C. Light scattering of MeSQ3DOPE LUVs at different 

wavelengths at 37 °C, D. Light scattering of MeSQ3DOPE:POPE 20:80 LUVs at 37 °C. E. Light 

scattering of MeSQ3DOPE:DOPE 20:80 LUVs at different temperatures in reference to 

MeSQ3DOPE LUVs. Conditions: 0.040 M calcein encapsulated in LUVs with 0.10 M KCl and 

1.0 × 10−4 M EDTA buffered with 0.050 M phosphate, pH = 7.4, lipid concentration = 1.0 × 10−4 

M. 
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Figure 3.9. Examination of possible photobleaching of calcein and Sulforhodamine B (red dye) 

under blue LED irradiation. A. Free calcein in PBS, B. MeSQ3DOPE LUVs containing 

encapsulated calcein and its spectral expansion, C. Free red dye in PBS, D. MeSQ3DOPE LUVS 

encapsulating red dye and its expansion. Conditions: PBS buffer at T = 25 °C, free dye 

concentration = 5.0 × 10−6 M, and lipid concentration = 1.0 × 10−4 M.  

Nevertheless, MeSQ3DOPE LUVs undergo a substantial content leakage without being 

under blue LED illumination compared to DOPG LUVs, as shown in Figure 3.10. The leakage of 

red dye in MeSQ3DOPE LUVs could be associated with increased permeability of red dyes in the 

hydrophobic MeSQ3DOPE membrane compared to that of DOPG, as a result of the red dye 

possessing less negative charge compared to calcein at pH 7.4, which is predicted from the pKa of 

calcein. (pKa1 = 2.1, pKa2 = 2.9, pKa3 = 4.2, pKa4 = 5.5, pKa5 = 10.8 and pKa6 =11.7).46  
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Figure 3.10. Leakage of MeSQ3DOPE and DOPG LUVs containing red dye (sulforhodamine B) 

upon storage in the dark at T = 25 °C in PBS buffer.  

In addition, when DOPG LUVs containing encapsulated red dye were used for method 

validation of liposomal leakage quantification, the red dye signals did not behave consistently, as 

shown in  Figure 3.11. Free red dye in CE-PBS buffer has retention time at 4.8 min. When DOPG 

LUVs encapsulated with red dye were injected into the capillary, a new peak appeared at 3.1 min 

and was initially assigned to the red dye encapsulated in liposomes. The feasibility of leakage 

quantification was tested by spiking the liposome samples with red dye stock solution. The data 

shows that the peak area at 4.8 min increases after the spike. When Triton X-100 was added to 

lyse the liposomes, the signal at 4.8 min also increased significantly, as a result of the entrapped 

dyes being released to the surroundings, but the signal at 3.1 min remained unaffected, which 

contradicts with the prediction that two signals should become one peak after lysis of the 

liposomes. Thus, using red dye for liposomal leakage quantification by CE needs further 

investigation in the future. 
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Figure 3.11. Examination of DOPG LUVs with red dye (sulforhodamine B) by CE. A. Free red 

dye standard at different concentrations, B. Enlarged view of electropherograms with included 

peak areas, C. DOPG LUVs at different CE separation voltages, D. DOPG LUVs containing 

encapsulated red dye followed by addition of free dye or adding Triton X-100.  

Conditions: Voltage = 20 kV, 0.020 M phosphate-buffered saline (PBS) at pH 7.4  

containing 0.010 M sucrose, T = 25 °C.  

Additionally, DOSY was validated as another method for obtaining liposomal leakage 

quantification. Fitting NMR peak areas of the entrapped fluorine probe and the free probe in 

solution versus the gradient strength through use of Equation 3.4 yields diffusion coefficients of 

6.7 × 10 ̶ 7 cm2
.s

  ̶1  and  1.6 × 10 ̶ 5 cm2
.s

−1, as shown in Figure 3.12. The almost 2 order of magnitude 

difference in diffusion coefficients is sufficient to quantify the probe leakage/release.44  After 

inserting the two above measured diffusion coefficient values in the Equation 3.3, it follows that 

the signal from the free probe should almost disappear (about 5.1% of its initial values) at 16.60 

G/cm, while the signal of the probe trapped inside the liposomes is affected less significantly 

(88.3% of its initial values). At 1.75 G/cm, the signal intensities are only slightly decreased for 
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both free (96.7 %) and trapped (99.9%) probe. If 𝑥 is the fraction of trapped (encapsulated) probe, 

the ratio, 𝑅, of peak areas at 16.60 G/cm and 1.75 G/cm is then 

𝑅 =
𝐴16.60

𝐴1.75
=  

88.3𝑥 + 5.1(1 − 𝑥)

99.9𝑥 + 96.7(1 − 𝑥) 
=  

83.2𝑥 + 5.1 

3.2𝑥 + 96.7 
 

Equation 3.5 

Conversely, x can be expressed in terms of R as 

𝑥 =  
96.7𝑅 − 5.1 

83.2 − 3.2𝑅 
 

Equation 3.6 

As following from Equation 3.6, the ratio of the peak areas at the high and the low pulsed-field 

gradient values is a reasonable measure of the percentage of encapsulated material. However, 

Figure 3.12 D shows that DOPC LUVs containing encapsulated probe experience an unacceptable 

high rate of intrinsic leakage in the dark, which is commonly found for small probes.37 Thus, 

synthesis of a suitable fluorine-based probe that does not exhibit a significant escape from 

liposomes is crucial for liposomal leakage quantification using DOSY. 

Because the contents leakage measurements from MeSQ3DOPE LUVs via DOSY and CE 

were unsuccessful, qualitative examination of the leakage was studied by DLS. DLS 

measurements show that MeSQ3DOPE LUVs do not exhibit any apparent aggregation during LED 

irradiation, as shown in Figure 3.13. Because stable Q3DOPE:DOPE 20:80 LUVs can be prepared, 

as shown in Chapter 2, if MeSQ3DOPE LUVs undergo photocleavage at the headgroup, DOPE 

must be produced at a sufficient amount (>80%) so as to trigger aggregation of/phase transition 

of/contents release from the vesicles. Thus, MeSQ3DOPE:DOPE 20:80 LUVs were prepared to 

see if LED can trigger their aggregation/phase transition. 
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Figure 3.12. DOSY measurements of free probe and DOPC LUVs containing encapsulated 

trifluoromethanesulfonate anion probe. A. 19F-NMR spectrum of the probe with KF as the 

reference, B. DOSY of free probe in solution, C. DOSY of encapsulated probe in ~100-nm 

diameter DOPC LUVs (related to liposome mobility). The initial (steeper) slope in C is due to a 

small amount of un-encapsulated free probe in the liposome sample. D. Probe leakage from of 

DOPC LUVs containing encapsulated probe in the dark. Conditions: A, B. 0.25 M probe solution 

in 0.15 M PBS, pH 7.4 with 10% D2O, C, D. Leakage of 10 mM DOPC LUVs encapsulating probe 

suspended in 0.40 M PBS, pH 7.4, 10% D2O, T = 25 °C. 
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Figure 3.13. DLS measurements of MeSQ3DOPE LUVs in PBS show that the LUVs do not exhibit 

aggregation under LED irradiation. 

In Figure 3.14 is shown that under LED irradiation, MeSQ3DOPE:DOPE 20:80 LUVs 

experience a slight increase in their size, probably due to a small amount of aggregation.  
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Figure 3.14. DLS measurements of MeSQ3DOPE:DOPE 20:80 LUVs. A. in dark, B. under various 

LED irradiation times in PBS buffer, T = 25 °C. 

To further evaluate the influence of the LED on the photoreduction of MeSQ3DOPE LUVs, 

the vesicles were irradiated with the LEDs for different periods of time prior to SDT addition so 

as to cause reduction-induced release of contents. Light scattering in Figure 3.15 shows that only 

after about 1 min under LED irradiation, the SDT-induced contents release and PE lipid phase 

transition of the liposomes starts being inhibited. This trend can be seen in more detail in the 
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supporting information Figure SI3.1. This observation suggests that there is photochemical 

reaction changing the chemical properties of the MeSQ3DOPE lipids, making them so that they 

are unaffected by SDT presence (reduction by SDT is prevented).  
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Figure 3.15. Light scattering of ~100-nm diameter MeSQ3DOPE LUVs as a function of various 

LED irradiation times prior to addition of SDT reductant. Conditions: PBS buffer at 25 °C, lipid 

concentration = 1.0 × 10−4 M.  

Based on the reported photochemistry of photoresponsive quinone-based compounds,47 the 

proposed photochemistry mechanism of MeSQ3DOPE lipid under LED irradiation in different 

solvents is shown in Figure 3.16.  

 

Figure 3.16. Proposed photolysis of MeSQ3DOPE lipid in different solvents. 
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The photoreaction begins with an electron transfer from sulfur to the quinone ring, followed by an 

irreversible β-hydrogen transfer, which leads to a net two-electron intramolecular reduction of 

quinone to the hydroquinone and formation of a zwitterionic intermediate 1 via both ionic or 

radical pathways. Capture by solvent or the phenolic oxygen, intermediate 1 undergoes a trimethyl 

lock ring closure, which completes the decaging of DOPE. Photolysis in water produces the 

disulfide 5, presumably via a thiohemiacetal intermediate 4. Because water has lower 

nucleophilicity compared to MeOH, the photolysis rate in aqueous solution is slower than in 

MeOH, which is in agreement with the data presented in Figure 3.17. Typically, an increasing 

percentage of water in MeOH slows down the decay rate of the visible absorption band at max of 

MeSQ3DOPE. 
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Figure 3.17. A. Kinetic plot of MeSQ3DOPE lipid transformation in MeOH:PBS mixture at 

different solvent ratios under blue LED irradiation. B.  Molar extinction coefficient of 

MeSQ3DOPE lipid in different solvents.  max of the visible band is at 397 nm in MeOH, at 409 

nm in MeOH:PBS 50:50, at 412 nm in both MeOH:PBS 10:90 and 3:97 (v/v).  

 

To evaluate the influence of MeOH on the photoreaction of MeSQ3DOPE LUVs, DLS 

measurements were taken over time and are displayed Figure 3.18. Adding MeOH (at 10% final 

v/v) to the solution of MeSQ3DOPE:DOPE 20:80 LUVs causes an increase in the average size of 

liposomes over time, probably due to membrane swelling.48 However, under LED irradiation, the 
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vesicles are likely to undergo significant aggregation, which might be resulted from byproducts 2 

and 3 are produced in the presence of MeOH at the faster rate than the hydrolysis of intermediate 

1 in water, leading to more DOPE lipids being produced. 
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Figure 3.18. DLS measurements of MeSQ3DOPE:DOPE 20:80 LUVs in PBS under the influence 

of MeOH over time at 25 °C. A. without LED irradiation, and B. with LED irradiation.  

All of the observations above suggest that MeSQ3DOPE-based LUVs do not experience 

the L→Hǁ phase transition upon their exposure to blue LED. The first explanation rests on the 

possibility that the blue LED irradiation is insufficient to induce the reduction and cleavage of the 

quinone headgroup. However, several examples have demonstrated the photocleavage feasibility 

of MeSQ3DOPE-like compounds. For example, Walton and Walton reported that decaging of 

MeSQ3GABA (compound 6 in Figure 3.19) upon its exposure to 455-nm light from an LED is 

observed in aqueous conditions with disulfide 5 as the byproduct, and the photoreduction is much 

faster than trimethyl lock closure.38 

 

Figure 3.19. Cleavage of the neurotransmitter γ-aminobutyric acid (GABA) to activate 

GABAA receptors in Xenopus oocytes upon irradiation with a 455-nm LED.38 
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In addition, Truong and Forsythe synthesized photodegradable hydrogels via a thio-bromo click 

reaction to form a benzoquinone link for 3D cell encapsulation, and release by visible-light unclick 

chemistry under an aqueous environment was achieved, as shown in Figure 3.20.49 In these cases, 

the leaving groups are primary amines and the quinones are alkylated sulfides, with such motifs 

being quite similar to those of MeSQ3DOPE. Thus, the headgroup photocleavage of MeSQ3DOPE 

LUVs to produce DOPE and disulfide 5 should happen to some extent, and this event is confirmed 

by mass spectrometry, as shown in Figure 3.21. 

 

Figure 3.20. Schematic of polymer precursor crosslinking in aqueous via thio-bromo click reaction 

and its subsequent decomposition under visible light irradiation.49 
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Figure 3.21. HRMS (ESI) of MeSQ3DOPE LUVs in water under blue LED irradiation for 2 hours. 

A. Mass calculated for C26H30O6S2
 (compound 5) [M+Na]+ 525.1376, found 525.1364 (1.2 ppm). 

B. Mass calculated for C41H78NO8P
 (DOPE) [M+H]+ 744.5538, found 744.5530 (1.43 ppm). 

C. Mass calculated for C14H16O3S
 (compound 3) [M+H]+ 265.0893, found 265.0898 (1.81 ppm) . 

 

 

Figure 3.22. Proposal for formation of a new lipid conjugate after MeSQ3DOPE LUVs are 

irradiated with the blue LED.  

In Figure 3.23 are shown the 1H-NMR spectra of MeSQ3DOPE in the form of liposomes before 

and after LED irradiation for 1 hour. The disappearance of the sulfomethyl peak (red star) and the 

DOPE
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formation of aldehyle and another peaks (black star) is supportive for the mechanism mentioned 

in Figure 3.16 and Figure 3.22 

 

Figure 3.23. 1H-NMR of MeSQ3DOPE LUVs before (red) and after (black) LED irradiation 

for 1 h at T = 25 °C. LUVs solutions were dried under N2 gas then the resulting residue was 

dissolved in CDCl3 containing 1 % (v/v) tetramethylsilane (TMS).  

In addition, Nawimanage reported that decaging of several amine-based leaving groups 

was achieved via quinone methide formation after chemical reduction (SDT) of a hydroxymethyl 

benzoquinone trigger group (HMBQ).50 However, when DOPE is the leaving group in the form of 

in HMBQDOPE LUVs, contents release from HMBQDOPE LUVs was not observed. The author 

proposed that the highly reactive quinone methide species (compound 8 in Figure 3.24) formed 

after the reduction is susceptible to nucleophilic attack by the free amine of the recently generated 

DOPE which is in close proximity, thereby forming a new lamellar-stabilized lipid that inhibits 

the L→Hǁ phase transition. Thus, although HMBQDOPE:DOPE 20:80 LUVs have been 

prepared, their release has not been observed after addition of SDT, as shown in Figure SI3.3 in 

the supporting information below. 
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Figure 3.24. Schematic representation of proposed HMBQDOPE liposomes response via 

quinone methide formation. 

The evidence presented herein suggests that blue light from LED can trigger the reduction 

and cleavage of the MeSQ3 headgroup, but the subsequent formation of a new trigger group-DOPE 

lipid prevents the lipids in the bilayer from undergoing the L→Hǁ phase transition, which 

explains observations from the irradiation/SDT reduction experiment in Figure 3.15. When MeOH 

(10% v/v) was added to the LUV samples, because of its higher nucleophilicity than water and 

free amine of DOPE, MeOH preferentially reacts with the intermediate 1, producing DOPE in 

higher amounts, therefore leading to aggregation of the DOPE-rich vesicles. 

3.4. Conclusion 

In this chapter, blue light photoresponsive liposomes made from MeSQ3DOPE lipid were 

prepared with the goal to examine their leakage/fusion as the result of symmetrical cleavage caused 

by photoreduction via blue LED irradiation. Conventional calcein leakage/fusion assays were not 

applicable due to photobleaching, which encouraged the employment of new techniques including 

CE and DOSY. However, this research is still ongoing so as to further validate and optimize CE 

and DOSY for liposomal leakage quantification.  The small amount of data generated here suggests 

that irradiation by blue LEDs leads to reduction and cleavage of the quinone group from 

MeSQ3DOPE, but the subsequent reaction of DOPE with the intermediate 1 leads to the formation 
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of a hydroquinone-caped DOPE lamellar-stabilized lipid, which hinders the L→Hǁ phase 

transition. Therefore, it is very important to establish a critical proportion of DOPE incorporated 

in MeSQ3DOPE:DOPE LUVs so that they can maintain the lamellar phase, but in smaller 

quantities, the conversion of MeSQ3DOPE to DOPE can trigger the collapse of vesicles. In 

addition, reagents that can compete or block the nucleophilicity of free amine of DOPE, such as a 

hydrophobic scavenger of zwitterionic intermediate 1 in MeSQ3DOPE LUVs, or a faster-triggered 

reduction quinone moiety could be utilized to promote the phase transition of MeSQ3DOPE 

vesicles.  
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4 CHAPTER 4  

A RATIONAL DESIGN OF MALACHITE GREEN DERIVATIVES FOR 

MOLECULAR ADSORPTION AND TRANSPORT THROUGH LIPID BILAYER 

STUDY 

4.1. The Importance of the Study 

 The cell membrane is the boundary where the exchange of contents between the 

intracellular and extracellular fluids occurs. This membrane-associated movement of biological 

molecules and ions plays a crucial role to maintain cellular activities and functions, and therefore, 

containing the information of living cells.1-3 Mechanisms for molecular transport across 

membranes can be classified into two categories: active and passive transport. Cells can actively 

absorb molecules in the direction opposed to the concentration gradient with the help of membrane 

proteins, which requires regulatory machinery with an input of energy. On the other hand, some 

molecules can passively enter cells due to their associated concentration gradient, an entropy-

driven and nonspecific diffusion process, as in the case of O2 and CO2 movement across the 

membrane.4-6 Passive transport of molecules and ions across the bilayer membrane can be divided 

into four consecutive steps: molecular adsorption at the exoplasmic surface (outer surface of the 

membrane), partitioning the membrane hydrophobic region that has a thickness of about 5–10 nm, 

diffusion through the membrane to the endoplasmic surface (inner membrane surface), and 

partitioning/entrance into the cytosol. The adsorption of molecules/ions on membranes is dictated 

by the adsorption constant that correlates with the affinity of molecule binding to the outer and 

inner surfaces of the membrane, while the partition coefficient is indicative of the solubility and 

permeability of adsorbed molecules in the hydrophobic region of the lipid bilayer.7-9  

Most drugs are transported passively through the membrane.5, 10-11 Therefore, 

understanding the mechanism of passive permeation is crucial not only in fundamental biological 

research but also in medical applications, potentially offering insightful information about drug–
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membrane thermodynamics and kinetics. Importantly, of great interest for drug development is a 

detailed understanding of how structure and properties of drugs and membranes control their 

interactions and the passive uptake process.5, 11-12 However, in vivo probing of drug–membrane 

interactions faces intricacies of the cellular environment, the experimental cost, and complexity, 

all which limit high-throughput screening capabilities during new drug development. Therefore, 

in vitro techniques with proper models are significantly important for a rational drug design that 

has helped in expanding passive-permeation databases.13 

The cell membrane is composed of a wide variety of lipid species, where their identity and 

distribution play a role in many events, such as protein organization, membrane fusion, and 

cellular-signal communication.14-15 Liposomes—spherical vesicles formed from self-assembly of 

phospholipids, which have an exterior structure analogous to the cell membrane—have been 

widely utilized for drug delivery applications.16-17 The lipid compositions of liposomes are easily 

tailored by a simple formulation adjustment, which allows them to be the most suitable surface 

model of the cell membrane in order to investigate interface-related biological processes, 

especially for molecular interactions at lipid bilayers, such as adsorption and passive transport of 

compounds through the bilayer.18-20 On the other hand, elucidation of the comprehensive structure-

permeability relationship of drugs is impeded by an overwhelming number of possible drug 

structures. The chemical structural diversity issue can be simplified by studying chemical analogs, 

a group of compounds having a similar backbone, but differing from others in respect to a certain 

component, so as to systematically investigate factors and their significant contributions to passive 

permeability. 

In this chapter, the analogs, malachite green derivatives (MGDs), and liposomes composed 

of different phospholipids, such as DOPG, DOPS, DOPC, Q3DOPE are produced to investigate 
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how molecular charge, polarity, size, lipophilicity, and lipid headgroup structures control 

adsorption and transport processes. In collaboration with the Haber research group at LSU, second 

harmonic generation (SHG) is used to measure in real-time molecular adsorption and transport 

through liposomal membranes. In addition, molecular dynamics simulations (MD) provided by the 

Kumar research group at LSU were used to obtain a detailed estimation of interactions between 

MGDs and lipid membranes at the molecular level. In Figure 4.1 is presented a general overview 

of the collaborative study. In this project, I am responsible for the synthesis of MGDs and creation 

of liposomes. From a measurement science perspective, this chapter focuses on rational synthesis 

of MGD probes, principles of the measurements, and proof-of-concept data. 

 

Figure 4.1. Rational design of malachite green derivatives (MGDs) for study of their adsorption 

and transport at liposomal lipid bilayers by molecular dynamics simulations and second 

harmonic generation.  

X = H, Cl, Br, NO2, NCS, NH2

=

The McCarley group

The Kumar group

The Haber group
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4.2. Adsorption and Transport of MGDs Through a Liposomal Bilayer Studied by SHG 

4.2.1. Introduction to SHG 

The experimental capacity of conventional optical techniques, such as fluorescence, 

Raman, and infrared spectroscopies, when probing interfacial interactions, provides inadequate 

information and lack of sensitivity due to the difficulty to resolve the signal from a small number 

of molecules adsorbed on the surface versus the signal emanating from a much larger population 

of the same molecules in bulk solution.21-23 Non-linear optical techniques, such as sum frequency 

generation (SFG), are able to differentiate the two different origin signals, thanks to the high 

intensity of light that can be generated from lasers, which makes SFG a versatile technique to 

interrogate interfacial interactions at the molecular level. 

SHG is the most common form of SFG, in which two photons of the incident light with the 

same frequency (ω) simultaneously interact with a non-linear medium to generate the third photon 

at the second harmonic frequency (2ω). However, SHG is medium symmetry-dependent, and 

arises only from media lacking a center of symmetry, such as an anisotropic crystal, or at an 

interface between two media. In addition to the flat surface of materials, applications of SHG have 

been extended to a full scope of colloidal surface systems, including polymer particles, 

nanoparticles, emulsions, and living cells, when the particle size exceeds the critical value of tens 

of nanometers. Particularly, the non-destructive and label-free nature, and the laser’s ultra-fast 

time scale in SHG are beneficial for monitoring biological systems in an in situ manner.24-27 

4.2.2. SHG Principles 

When light propagates in a medium, the molecules in the medium are polarized and gain 

an electric dipole moment. A sum of the induced molecular dipoles per unit volume is the electric 

polarization. This should not be confused with the polarization of the light field, which is related 
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to the change of its electric field direction. The optical response of the material to an electric field 

is expressed in terms of the induced polarization 𝑃 via a Taylor expansion  

𝑃 =  𝜒(1)𝐸𝜔 + 𝜒(2)𝐸𝜔𝐸𝜔 + 𝜒(3)𝐸𝜔𝐸𝜔𝐸𝜔 + ⋯ Equation 4.1 

where χ(𝑛)is the nth order nonlinear susceptibility of the material and describes the local nth order 

optical response of the medium, and is an indicator of how easily the medium is polarized in the 

electric field vector, 𝐸𝜔, with frequency, ω, of the incident light. χ(1) is responsible for the linear 

polarization, while higher order susceptibilities are responsible for the hyperpolarization. When 

the electric field is weak, the interaction of light and matter is dominated by the linear process, 

such as with normal absorption, reflection, and emission in conventional spectroscopy. However, 

with an intense field generated by a laser beam, for example, higher order nonlinear terms become 

observable. For instance, χ(2) describes sum and difference-frequency generation, while χ(3) 

describes both two- and three-photon absorption, as well as third harmonic generation and coherent 

anti-Stokes Raman scattering. The nonlinear polarization contains frequency components which 

are not present from the fundamental exciting beam, and therefore, it is able to obtain more 

information of the material.23, 28-30 In SHG, due to the χ(2) nonlinearity, the fundamental wave 

generates a nonlinear polarization wave that oscillates with twice the fundamental frequency. The 

SHG electric field strength 𝐸𝑆𝐻𝐺  is proportional to the induced second-order polarization 𝑃2𝜔 by 

𝐸𝑆𝐻𝐺 ∝ 𝑃2𝜔 = 𝜒(2)𝐸𝜔𝐸𝜔 Equation 4.2 

The macroscopic value of χ(2) of the medium can be expressed in terms of the microscopic second-

order polarizability or the first hyper-polarizability 𝛽(2) of the molecules in the medium, which is 

related to a charge oscillation in the molecule depending on the strengths of the interacting fields 

by 

𝜒(2) = 𝑁𝑠〈𝛽
(2)〉 Equation 4.3 
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where 𝑁𝑠 is the number density of molecules in the medium, and the brackets denote their 

orientational average. The first hyper-polarizability 𝛽(2) of the molecules under dipolar 

approximation can be expressed as 

𝛽(2) ∝ 
⟨𝑔|µ|𝑖⟩⟨𝑖|µ|𝑓⟩⟨𝑓|µ|𝑔⟩   

[(ωgi − ω)-γ
ig

] [(ωgf  − 2ω) − γ
fg

]
 

Equation 4.4 

where ⟨𝑔|µ|𝑖⟩ represents the transition dipole moment from the g to the i state of the molecule in 

the material, 𝜔𝑔𝑖 is the corresponding frequency of the transition, 𝛾𝑖𝑔 is the linewidth associated 

with the transition, and so on. The physical meaning of Equation 4.4 is that the magnitude of 𝛽(2), 

and therefore, 𝜒(2) and SHG signal intensity, will be greatly enhanced when the fundamental 

frequency (ω) or/and the second harmonic frequency (2ω) is in resonance with that of the 

molecular transitions, as demonstrated in Figure 4.2.31-32   

 

Figure 4.2. The energy diagram in which SHG enhancement occurs when the fundamental 

frequency ω and/or the SHG frequency 2ω are in resonance with the electronic transitions of 

the molecules. |𝑔⟩ is the ground state, |𝑖⟩ and |𝑓⟩ are the excited states. 

Equation 4.3 shows that not only the molecular energy levels but also the incoherent 

summation of their nonlinear polarization vectors contribute to the overall SHG response of the 

medium. This orientational dependence underscores the SHG phase-sensitive property and its need 

for a noncentrosymmetric region of the medium. For example, when two molecules are within a 

distance that is much less than the coherence length of the SHG, and they are oppositely oriented, 

the SHG of those two molecules will be out of phase and add incoherently, thereby diminishing 

|𝑔⟩

|𝑖⟩

|𝑓⟩

ω

ω

2ω
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the net SHG signal. Therefore, in bulk solution, the net SHG from randomly oriented molecules is 

canceled out for symmetry reasons.33-35 However, if the molecules are locally adsorbed onto a 

surface and assemble in a preferential orientation, their individual SHG can constructively interfere 

to result in a non-zero net SHG signal. As a result, the phase cancellation diminishes at the colloidal 

interface, where diameters of particles are comparable or larger than the wavelength of the 

incoming beam, which makes SHG observable.31, 36-37  

Generally, SHG exploits molecules with a large molecular hyperpolarizability 𝛽(2) 

detected in a resonantly enhanced process. Nevertheless, water at a charged interface, such as 

silica, produces an SHG signal as the result of a mono-molecular water layer oriented directly at 

the interface and a longer-range induced polarization of the water molecules by the static electric 

field of the charged surface.38 Thus, when a surface possesses a charge density, the total observed 

SHG is expressed by  

𝐸𝑆𝐻𝐺 ∝ 𝑃2𝜔 = √𝐼𝑆𝐻𝐺 = χ(2)𝐸𝜔𝐸𝜔 + χ(3)𝐸𝜔𝐸𝜔𝛷0 Equation 4.5 

where 𝐼𝑆𝐻𝐺  is the SHG intensity and 𝛷0 is the interfacial electrostatic potential arising from its 

surface charge. The genesis of the χ(3) susceptibility tensor is the second-order hyperpolarizability 

of any adsorbed molecules, including water solvent, that are partially aligned by the static electric 

field generated from the surface charge.39-40 

Noticeably, incoherent scattering of the second harmonic, named hyper-Rayleigh 

scattering (HRS), can be observed from the centrosymmetric bulk solution due to the fluctuations 

in orientation and density of the molecules, which disrupts the phase cancellation discussed 

previously. While HRS of SHG-active molecules in the bulk solution is linearly proportional to 

their concentration, the SHG intensity shows a quadratic dependence on the number density of 
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molecules adsorbed on the nanoparticle surface. This HRS does not have a surface origin and is 

small compared to the SHG signal from the absorbates on the surface.41-45 

4.2.3. Malachite Green Derivatives (MGDs) 

The amphiphilic nature of malachite green (MG) due to its delocalized positive charge 

and hydrophobicity from conjugated benzyl rings, in addition to its medium molecular weight 

(330 g/mol), can represent the soft ion as a drug-like molecule, and is therefore highly relevant 

to transport of pharmacological agents.31, 43, 46 MG in solution has a low intensity fluorescence 

band centered at 460 nm due to the fast nonradiative relaxation, which is related to torsional 

degrees of freedom of the phenyl rings around the central carbon. The enhanced fluorescent 

signal is observed when the phenyl rings of MG experience molecular confinement due to 

specifically binding to proteins or nucleic acids, which makes it widely used for biological 

molecular labeling.47-49 Most importantly, MG has a large hyperpolarizability as the result of its 

strong absorption around 400 nm, which is in resonance with the SHG generated from 

commonly used 800 nm Ti: sapphire femtosecond lasers. Its large hyperpolarizability and 

insignificant fluorescence response at 400 nm make MG the most common probe for SHG 

measurements that use 800 nm fundamental laser beams.31, 43, 46 Therefore, varying the 

functional groups and lipophilicity of MG to produce MG analogs, or malachite green 

derivatives (MGDs), not only retains the excellent SHG response of MG but also allows a 

systematic investigation to study their structure-permeability properties. 

4.2.4. Adsorption and Transport Kinetics of MGDs Through a Liposomal Lipid Bilayer 

Measurement by SHG 

In this research, a liposomal lipid bilayer functions as an interface, while MGD dyes are 

considered as adsorbates. Unlike the case of an interface of solid particles, after MGDs are 

adsorbed onto the outer surface of the liposomes, they are anticipated to penetrate the hydrophobic 
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region of the membrane (due to their physicochemical properties), followed by adsorption onto 

the inner layer of the liposomes. Finally, a portion of the dyes from the inner wall of the membrane 

diffuse to the interior of the liposomes, because of the driving force of the concentration gradient 

across the bilayer, as shown in Figure 4.3.  

 

Figure 4.3. Molecular transport dynamics at the liposomal membrane. Step 1: Adsorption of 

dyes at the outer surface of the liposomes. Step 2: Penetration of the dyes into the membrane 

hydrophobic region. Step 3: Diffusion through the membrane core to the inner surface. Step 4: 

Partitioning/entrance into the liposomal interior aqueous.  

During the adsorption step, MGDs replace water and acquire certain orientations on the 

outer surface of liposomes, resulting in a rise of SHG signal. When the dyes are translocated to 

and appear at the inner leaflet of the liposomes, they have orientations opposite to those of the dyes 

at the outer leaflet. Because they are separated by the bilayer at a thickness of 5–10 nm, which is 

expected to be much less than the coherence length of the SHG process, the phases of generated 

SHG fields from each dye are negated, leading to a time-dependent decay in the SHG signal. At 

equilibrium, the plateau SHG signal will be proportional to the population difference of the dyes 

between the two surfaces, which results from their total surface area difference, as well as the 

membrane electric potential due to the positively charged dyes accumulating in the inner bilayer 
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of the liposomes. Thus, the decay of the SHG intensity in time is attributed to the transport of the 

dyes from the outer to the inner bilayer.35, 50-51 

The modified Langmuir adsorption model is used to obtain the adsorption site density and 

adsorption equilibrium constant in Step 1 of Figure 4.3. The kinetics of adsorption and desorption 

of dyes (D) at the outer membrane surface are described by  

D + So 
𝑘1

𝑘−1
 ⃐             DS 

Equation 4.6 

where D is the dyes, So and DS are empty and filled adsorption sites on the outer liposomal surface, 

respectively. The kinetics equation that describes the change in the number of adsorbed dyes on 

the membrane is  

𝑑𝑁

𝑑𝑡
= 𝑘1

(𝐶 − 𝑁)

1
(𝑁𝑚𝑎𝑥 − 𝑁) − 𝑘−1𝑁  

Equation 4.7 

where N is the concentration of adsorbed dyes at the interface, 𝑁𝑚𝑎𝑥 is the maximum concentration 

of adsorption sites of the membrane surface, and 𝑘1 and 𝑘−1 are the rate constants for adsorption 

and desorption of dye. C is the total concentration of adsorbed and bulk dye. (C−N) is the 

concentration of free dyes in the bulk solution where (C−N)/1 is its concentration relative to its 

standard state of 1.0 M, as a reference state, in order to make the equilibrium constant 

dimensionless. It is important to note that this adsorption model is valid when penetration of the 

dyes into the membrane occurs at a slower rate compared to the desorption of dyes at the outer 

membrane surface. When the adsorption and desorption are at equilibrium, their rates are equal 

(dN/dt = 0), so then Equation 4.7 becomes 

𝑘1

(𝐶 − 𝑁)

1
(𝑁𝑚𝑎𝑥 − 𝑁) − 𝑘−1𝑁 = 0 

Equation 4.8 

Dividing both sides of Equation 4.8 by 𝑘−1 yields 
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𝐾 =  
𝑘1

𝑘−1
=

𝑁

(𝐶 − 𝑁)(𝑁𝑚𝑎𝑥 − 𝑁)
 

Equation 4.9 

 

where 𝐾 is the equilibrium constant of dye adsorption and desorption at the liposomal outer leaflet 

Equation 4.9 can be rearranged to obtain a quadratic equation 

𝑁2 − (𝐶 + 𝑁𝑚𝑎𝑥 +
1

𝐾
) 𝑁 + 𝐶𝑁𝑚𝑎𝑥 = 0  

Equation 4.10 

 

Solving for N as an unknown 

𝑁 =
(𝐶 + 𝑁𝑚𝑎𝑥 +

1
𝐾) − √(𝐶 + 𝑁𝑚𝑎𝑥 +

1
𝐾)

2

− 4𝐶𝑁𝑚𝑎𝑥

2
 

Equation 4.11 

Dividing both sides of Equation 4.11 by 𝑁𝑚𝑎𝑥 yields the surface coverage () 

𝜃 =
𝑁

𝑁𝑚𝑎𝑥
=

(𝐶 + 𝑁𝑚𝑎𝑥 +
1
𝐾) − √(𝐶 + 𝑁𝑚𝑎𝑥 +

1
𝐾)2 − 4𝐶𝑁𝑚𝑎𝑥

2𝑁𝑚𝑎𝑥
 

Equation 4.12 

The total measured SHG intensity 𝐼𝑆𝐻𝐺  produced at the time the dyes are added to the liposome 

sample (𝑡 = 0 s) is proportional to the relative surface coverage and amount of free dye in the 

solution: 

𝐼𝑆𝐻𝐺 (𝑡=0) = 𝑎(𝜃)2 + 𝑏 + 𝐶𝛼 Equation 4.13 

where 𝑎 is the SHG intensity at the surface coverage saturation of the dyes, 𝑏 is the baseline offset, 

C is the concentration of free dyes in solution, and α is the slope obtained from the plot of  𝐼𝑆𝐻𝐺  as 

a function of dye concentration without liposomes, indicating the HRS response from the dye.  

Combining Equation 4.12 and Equation 4.13 yields  
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𝐼𝑆𝐻𝐺(𝑡=0) = 𝑎

[
 
 
 (𝐶 + 𝑁𝑚𝑎𝑥 +

1
𝐾) − √(𝐶 + 𝑁𝑚𝑎𝑥 +

1
𝐾)2 − 4𝐶𝑁𝑚𝑎𝑥

2𝑁𝑚𝑎𝑥
)

]
 
 
 
2

+ 𝑏 + 𝐶𝛼 

Equation 4.14 

Thus, by titration of a fixed concentration of liposomes with increasing concentration 𝐶 of the dyes 

until the 𝐼𝑆𝐻𝐺(𝑡=0) reaches a plateau, a nonlinear least-squares fitting of 𝐼𝑆𝐻𝐺(𝑡=0)  versus 𝐶 by the 

function described in Equation 4.14 allows determination of 𝐾 and 𝑁𝑚𝑎𝑥. Afterward, adsorption 

free energy ∆𝐺° is calculated from the thermodynamic relation: 

∆𝐺° =  −𝑅𝑇𝑙𝑛𝐾 Equation 4.15 

To study the molecular transport of MGDs through the liposome bilayer, the decay of 𝐼𝑆𝐻𝐺 (𝑡) over 

time at each dye concentration is fitted to single exponential functions given by 

𝐼𝑆𝐻𝐺 (𝑡) = 𝑎0 + 𝑎1𝑒−𝑡/𝜏 Equation 4.16 

where, 𝑎0 and 𝑎1 are proportionality constants, 𝑡 is the experimental time after MGD addition, and 

τ is the transport time constant. Notably, when the signal reaches a plateau, all three steps in  

Figure 4.3 are in equilibrium. 

4.3. Experimental 

4.3.1. Synthesis of MGDs 

In Figure 4.4 is described a general synthesis path for MGDs. Synthesis of B in the first 

step was carried out by modifying the method given by Wang et alia.52 To a mixture of A (1.0 

mmol) in 5 mL of anhydrous dichloromethane (DCM), anhydrous aluminum chloride (2.0 mmol) 

was added and stirred for 15 min, followed by the dropwise addition of B (2.2 mmol) at room 

temperature, during which time the color of the mixture changes from yellow to dark orange and 

finally becomes green.  The resulting mixture was kept stirring overnight, then carefully quenched 
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with 50 mL of water. A few drops of 1.0 M HCl were added to the mixture until the slurry of 

aluminum byproduct was dissolved completely. The mixture was extracted with 30 mL of DCM 

(3 times), followed by washing with 30 mL of brine solution. After the solution was dried over 

anhydrous Na2SO4, the solvent was removed by rotatory evaporation. The solid was then dissolved 

in a minimum amount of ethyl acetate on a hot plate. Addition of hexane followed by 

recrystallization results in a bright yellow solid B. Typically, for the nitro-substituted compound 

B1 (MGNO2-H): yield = 65 %; 1H NMR (400 MHz, CDCl3) δ 8.11 (d, 2H, J = 8.82), 7.29 (d, 2H,  

J = 8.44), 6.94 (d, 4H, J = 8.65), 6.68 (d, 4H, J = 7.55), 5.45 (s, 1H), 2.93 (s, 12H);  13C NMR (126 

MHz, CDCl3) δ 153.45, 149.22, 146.17, 130.93, 130.06, 129.83, 123.36, 112.55, 54.90, 40.60; 

HRMS (ESI) calculated for C23H25O2N3 [M+H]+ 376.2039, found 376.2039 (0.1 ppm error). 

 

Figure 4.4. The synthesis scheme of malachite green derivatives. 
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Synthesis of C in the second step is followed as described in the literature.53 First, B (1.0 

mmol) was dissolved in 10 mL of ethanol (EtOH), followed by addition of tetrachloro-1,4-

benzoquinone (1.5 mmol). The reaction was stirred at 80 °C and monitored by TLC (SiO2, 

MeOH/CHCl3 1/5 v/v). After completion of the reaction (1−3 hours), the resulting mixture was 

concentrated under reduced pressure, and the obtained residue was pre-purified by a silica gel 

column (MeOH/chloroform 1:9 as the mobile phase). The collected green fraction was 

concentrated under rotatory evaporation and purified by using C18-reversed-phase silica gel 

flash chromatography with acetonitrile/water 20/80 (v/v) as the mobile phase. The green 

fractions were dried under flow of N2 gas to give pure dark blue solid MGDs. Typically, for the 

nitro-substituted C1 ( MGNO2
+): yield = 60 %; 1H NMR (400 MHz, CDCl3) δ 8.13 (d, 2H, J = 

8.53 Hz), 7.56 (d, 2H, J = 8.49 Hz), 7.09 (d, 4H, J = 8.48 Hz), 6.66 (d, 4H, J = 8.26 Hz), 2.95 

(s, 12H); 13C NMR (126 MHz, CDCl3) δ 171.51, 157.14, 149.75, 145.65, 140.44, 134.67, 

127.21, 123.48, 114.76, 41.48; HRMS (ESI) calculated for C23H24O2N3
+ [M]+ 374.1863, found 

374.1877 (2.4 ppm error). 

4.3.2. 𝒍𝒐𝒈𝑫 Calculation 

Lipophilicity, or hydrophobicity, is an important physicochemical property to predict in 

vivo permeability of a possible drug in drug discovery, which is described by the partition 

coefficient 𝑃 or distribution coefficient 𝐷. The two coefficients indicate the differential solubility 

of the compound in two immiscible solvents, typically octan-1-ol (octanol) and water. The 

partition coefficient, P, is the ratio of the concentration of the compound in octanol to its 

concentration in water, while the distribution coefficient, D, is used for the sum of the 

concentrations of all forms of the compound in each solvent.54 Thus, the partition coefficient, P, 

is the descriptor of lipophilicity for neutral compounds, or when the compound exists in a single 
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form, while the distribution coefficient, D, can extend to describe an ionizable compound as shown 

in Equation 4.17 

𝑙𝑜𝑔(𝐷𝐴) = 𝑙𝑜𝑔 
∑[𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑜𝑓 𝐴]

𝑜𝑐𝑡

∑[𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑜𝑓 𝐴]
𝑤𝑎𝑡𝑒𝑟

 
Equation 4.17 

A 𝑙𝑜𝑔(𝐷𝐴)  value of 1 means there is a 10:1 ratio of the total concentration of all forms of 

the compound A in octanol to that of A in water. Hydrophobic drugs with a large 𝑙𝑜𝑔𝐷 are mainly 

distributed to hydrophobic areas, such as lipid bilayers of cells, whereas hydrophilic drugs with 

small or negative 𝑙𝑜𝑔𝐷 are found primarily in aqueous regions such as in the blood serum or 

extracellular/intracellular spaces. Thus, 𝑙𝑜𝑔𝐷 is useful in estimating the distribution of drugs at 

different locations within the body, and its value should be balanced so that the drug is not only 

soluble in the aqueous phase but is also soluble in the lipid membrane, thus allowing for its 

transport across cell membranes.55-56 Most drugs are weak bases or acids whose acid-base 

conjugate ratio depends on their pKa and the pH of the solution, and their charge state can largely 

affect the permeation process. The majority of drugs cross the lipid membrane in the uncharged 

form, because there exists a high energy barrier for the charged form to cross the hydrophobic core 

of a membrane.57-59 For example, ibuprofen, a nonsteroidal anti-inflammatory drug, with a charge 

of −1 at pH = 7, is found to localize near the lipid headgroups of membranes. On the other hand, 

neutral ibuprofen present dominantly at low pH preferentially penetrates deep into membranes. 

Therefore, 𝑙𝑜𝑔𝐷 values reported at a specific pH are used to measure the pH-dependent 

lipophilicity of the drug. However, experimental determination of 𝑙𝑜𝑔𝐷 for every compound is not 

practical; it may be of interest to calculate 𝑙𝑜𝑔𝐷 prior to synthesis of a new drug so as to predict 

its lipophilicity. In this work, the 𝑙𝑜𝑔𝐷 Predictor using ChemAxon method derived from  

Viswanadhan et al.,60 was used to calculate the 𝑙𝑜𝑔𝐷 of each MGD at pH of 4.0, in which MGDs 
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are expected to be the most stable. The 𝑙𝑜𝑔𝐷 Predictor is a widely accepted and used algorithm 

that makes use of molecular fragments and their properties to calculate the 𝑙𝑜𝑔𝐷 values.39, 61  

4.3.3. MGD Surface Charge Distribution and Dipole Calculation 

The structures of MGDs were built using GaussView 6.0 and optimized using Gaussian 

16W, with the following operational parameters—method: ground state, DFT, default spin, 

B3LYP; basis set: LandL2DZ; charge: +1; spin: singlet; solvation model: CPCM in water. 

4.4. Results and Discussion 

It is apparent from inspection of Figure 4.5 that addition of a nitro group (-NO2) to 

malachite green results in a shift of its λmax for the lowest energy transition from 618 nm to 640 

nm, while the other two transitions is essentially unchanged (428 nm vs. 427 nm, and 318 nm vs. 

316 nm). Study of molecular electronic energy levels of malachite green has shown that three 

energy transitions in the absorption spectrum are of the type n→π*.62 In addition, the longest 

wavelength band (~ 600 nm) is characterized by an oscillation of an electron cloud across the 

molecule between the two auxochromes (two amine groups), while the shorter band (~ 400 nm) 

corresponds to an oscillation through the phenyl group, accounting for S0→S1 and S0→S2 

transitions respectively.63 Thus, the red shift in the first transition of MGNO2 is due to the addition 

of a resonance effect associated with the nitro group, leading to electron movement among the 

three auxochromes in MGNO2.  
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Figure 4.5. Absorption and chemical stability of 5.0 × 10−6 M MGNO2 (A) and MG (B)in 5.0 

mM citrate buffer, pH 4.0. MGNO2 has three electronic transitions at max of 640 nm, 427 nm, 

and 316 nm, while those of MG are at 618 nm, 428 nm, and 318 nm.  

Previously, our collaborative work with the Haber research group led to the observation 

that MG is able to be transported through the membranes of 100% DOPG liposomes but not those 

of 100% DOPC or 100% Q3DOPE liposomes.39 In addition, it was found that brilliant green (BG) 

and methyl green are not transported through DOPG, DOPC or Q3DOPE membranes. Preliminary 

data that has been obtained with the Haber group indicate that MGNO2 is transported through 

membranes of liposomes composed of 100% DOPG and 100% DOPC lipids, but not through those 

made of 100% Q3DOPE lipid, which is similar to malachite green isothiocyanate MGITC observed 

before (data not shown).64-65  

To explain the different transport behaviors of these similar structure dyes, the different 

substituted functional groups and their related physical and chemical properties should be 

highlighted. To that end, I performed computations using Gaussian 16W so as to generate surface 

charge distribution representations and electric dipole moment values. As seen in Figure 4.6, 

partial positive charges (blue) are concentrated at the two nitrogen atoms, while the para-position 

at the substitution position of the function group has less positive charges (red). In addition, the 

introduction of electron-withdrawing groups (-Cl, -NO2, -NCS) increase the positive charge 

A B 
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density at the two nitrogen atoms and produces a larger electric dipole (blue arrow), as shown in 

Table 4.1. On the other hand, ethyl substitution at the two nitrogen atoms shields the positive 

charge of the molecules more pronouncedly compared to the methyl group (less blue), as indicated 

when compared the same substitution group in BG and MG. 

 

  
MG BG 

  
MGCH3 BGCH3 

 
 

MGCl 
BGCl 

Figure 4.6. Surface charge distribution and electric dipole (blue arrow) representation of MGDs. 

Blue represents a more negative charge than red. All structures are represented in the same color-

electron volt scale. 

(figure cont’d.) 



121 

 

 
 

MGITC BGITC 

 
 

 

MGNO2 BGNO2 

Table 4.1. Calculated 𝑙𝑜𝑔𝐷 and dipole values of MGDs at pH 4.0 

 𝑙𝑜𝑔𝐷 Dipole 

(Debye) 

 𝑙𝑜𝑔𝐷 Dipole 

(Debye) 

MG 0.66 4.67 BG 1.36 2.92 

MGCH3 1.18 4.84 BGCH3 1.86 3.25 

MGCl 1.22 10.73 BGCl 1.92 8.84 

MGITC 1.68 15.76 BGITC 2.38 13.39 

MGNO2 0.62 16.96 BGNO2 1.30 14.78 

The Gaussian and 𝑙𝑜𝑔𝐷 calculations support the experimental observations of MG, 

MGITC, MGNO2, and BG in DOPG, DOPC and Q3DOPE liposomes. In the case of the negatively 

charged liposomal membrane DOPG, charge-charge and dipole-dipole interactions between the 
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dyes and the membrane are strong and comparable to each other. Thus, dyes with large dipole 

moments and a significant exposure of positive charge density will adsorb and transport faster in 

DOPG liposomes, as demonstrated with MG, MGITC, and MGNO2. By contrast, with zwitterionic 

liposomal membranes made from DOPC, the dipole-dipole interactions are dominant. The general 

trend observed from SHG studies suggests that MGDs with a large dipole moment will help to 

transport through DOPC membrane, as observed in MGITC and MGNO2. Interestingly, BG, which 

is very similar in structure to MG and has spectroscopic properties very close to those of MG, 

neither adsorbs nor transports on/through either membrane because of its small dipole moment. 

Additionally, the positive charges in the two nitrogen atoms are shielded in BG, which could lead 

to much lower electrostatic interactions with the lipid bilayer. 

In addition to charge and dipole interactions, the influence of 𝑙𝑜𝑔𝐷 should be discussed. 

The study of some small model guest molecules with a π-moiety indicated that when the octanol-

water partition coefficient (𝑙𝑜𝑔𝑃𝑜𝑤) < 1.9, the guest molecules were leaked from the lipid 

membranes, while most of the guest molecules with (𝑙𝑜𝑔𝑃𝑜𝑤) > 1.9 did not.66 For example,  a 

dimer of a coumarin derivative (𝑙𝑜𝑔𝑃𝑜𝑤  > 3) was converted to monomers (𝑙𝑜𝑔𝑃𝑜𝑤= 1.78) in the 

lipid membrane by photoirradiation at 254 nm, and the monomer was released. A few models have 

been developed to rationale the possible permeation mechanisms, with the two major ones being 

solubility-diffusion and transient pore formation mechanisms. It was reported that the solubility-

diffusion model is reasonable for predicting permeation of small molecules through a thick 

membrane, with lipid chain lengths of 14–24 carbon atoms, whereas transient pore formation 

model works well for permeation of a small polar molecule through a thin lipid membrane.5 In our 

case, MGITC and MGNO2 are significantly polar, and all liposomes used have a long chain length 

(18 carbons) with two double bonds, making a wider space compared to other saturated lipids. 
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Thus, MGITC and MGNO2 may initiate a transport across the membrane by a pore formation 

before being permeable through the membrane. A reported comparison between DOPC and POPG 

bilayers proposed that the drugs are prone to concentrate more in DOPC bilayers, while transport 

through the POPG bilayer appears to be easier.67 

On the other hand, the influence of 𝑙𝑜𝑔𝐷 could lead to another possible explanation for the 

quick decay in SHG signal. Possibly, MGITC has a rigid orientation when adsorbed on the 

membrane, while after partitioning into the hydrophobic region, they may adapt free rotation, 

leading to a decrease in the signal, without transport to the inner surface of the liposomal 

membrane. If the lipid–water partition coefficient is too big, then the drug is unlikely to leave the 

membrane and may merely be sequestered within it.6 In addition, the molecular volume associated 

permeability of a solute indicates that the membrane barrier possesses polymer characteristics 

rather than properties of liquid hydrocarbon.68 Thus, the observation that adsorption and transport 

of MGDs is not observed in Q3DOPE liposomal membranes might indicate that a bulky 

hydrophobic quinone group prevents dyes from adsorbing and penetrating the membrane.  

To demonstrate the potential for chemically modified MGDs to still exhibit cell membrane 

permeability, MGNO2 was tested with human cells. In Figure 4.7 are presented some preliminary 

SHG measurements, indicating that MGNO2 can cross the cell membrane of H596 lung cancer 

cells. The adsorption and transport of MGNO2 in real cells show potential applications of the 

MGDs for cell imaging by SHG microscopy. 
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Figure 4.7. Transport of MGNO2 in H596 lung cancer cells. Dead cells are suspended in  

5.0 × 10−3 M citrate buffer at pH 4.0 at concentration of 3.2 × 105 cells/ mL. 

4.5. Conclusion 

Rational design and implementation of MGDs was accomplished with the aid of time-

dependent SHG measurements in combination with computational methods. It is proposed that 

MGDs interact with liposomal membranes via two major mechanisms, charge-charge and dipole-

dipole interaction mechanisms, and MGD transport ability is affected by their solubility in the lipid 

bilayer. A change in charge distribution and electric dipole moment caused by different functional 

groups allows for control of the adsorption and transport through the membrane. The simulations 

and experimental measurements of MGD-lipid membrane suggest that the adsorption and transport 

kinetics are driven by many factors, and a molecular structural design can contribute significantly 

in drug discovery and cellular imaging.  
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5 CHAPTER 5  

CONCLUSIONS AND OUTLOOK 

5.1. Summary and Conclusions 

Under physiological conditions, zwitterionic DOPE lipids favor existing in the inverted 

hexagonal phase (Hǁ), due to their small headgroup/lipid ratio. Chemical modification of the 

headgroup of DOPE with a cleavable quinone group (Q) yields QDOPE lipids, which have 

increased headgroup size and headgroup charge density, which sustains the formation of the 

lamellar liquid crystalline phase (L) necessary for formation of stable liposomes. When QDOPE 

liposomes are exposed to a reducing agent of sufficient thermodynamic nature, the quinone 

headgroup is reduced and subsequently cleaved from QDOPE to produce DOPE at one or both 

leaflets of the liposome, depending on the membrane permeability of the reagent. Subsequently, 

interleaflet distribution of DOPE in the liposomal membrane governs the potential for bilayer 

contact and consequently, the lamellar to hexagonal phase transition (L→Hǁ) that is accompanied 

by a release of liposomal contents to the surroundings. The goal of my research was to investigate 

the role of membrane symmetry resulting from asymmetric/symmetric cleavage of the quinone 

headgroup from the bilayer and the influence of lipid composition in leakage/release and fusion of 

redox-triggered release of quinone-based liposomes under the action of an internal (enzyme 

activity, which is simplified in vitro by using sodium dithionite) or external (photoirradiation) 

stimulus. This study is significant, as it introduces the possibility of a new method for intracellular 

delivery of therapeutics to cancer cells or their membrane organelles via fusion of liposomes. 

In Chapter 2, I was able to demonstrate a system wherein can be formed an asymmetric 

liposomal membrane resulting from asymmetric reduction and cleavage of the Q3 quinone 

headgroup at the outer leaflet of the Q3PE-based liposomes, while the inner leaflet remained intact. 

Inclusion of PE lipids (both DOPE and POPE) in Q3PE-based liposomes leads to a rapid content 
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release in an off-on switch scenario, with the content release displaying a low concentration 

dependence. In addition, POPE drastically facilitates the content-mixing fusion when POPE is 

present in the inner leaflet of liposomes, while the presence of DOPE does not, emphasizing the 

role of the interleaflet distribution of PEs, which is seemingly related to cell membrane structures 

and dynamics in biological fusion events. 

In Chapter 3, I showed it possible to achieve symmetrical cleavage of a photoresponsive 

quinone headgroup (MeSQ3), which was synthesized by slight chemical modification of the Q3 

headgroup. This was done by photoinduced reduction of the quinone moiety under blue light. In 

addition to fluorescence-based techniques, new analytical tools, including diffusion NMR and 

capillary electrophoresis, were developed to interrogate the leakage/release of the photoresponsive 

liposomes. Irradiation by blue LEDs led to the reduction and cleavage of the quinone group from 

MeSQ3DOPE, but it is possible that the subsequent reaction of generated DOPE lipid with the 

photoreduction intermediate compound resulted in the formation of a hydroquinone-caped DOPE 

lamellar-stabilized lipid, which hinders the (L→HII) transition. However, high proportions of 

DOPE incorporated into MeSQ3DOPE LUVs results in a small amount of vesicle aggregation 

under blue light irradiation of MeSQ3DOPE LUVs. 

In Chapter 4, rational design and implementation of SHG probe analogs, malachite green 

derivatives (MGDs), was demonstrated with the aid of time-dependent SHG measurements in 

combination with computational methods to investigate how molecular charge, polarity, size, 

lipophilicity, and lipid headgroup structures control adsorption and transport processes through the 

liposomal membrane. In collaboration with the Haber research group at LSU, second harmonic 

generation (SHG) is used to measure real-time molecular adsorption and transport through 

liposomal membranes. Molecular dynamics simulations (MD) provided by the Kumar research 
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group at LSU were used to obtain a detailed estimation of interactions between MGDs and lipid 

membranes at the molecular level. The success of this great collaboration has been demonstrated 

by a number of published papers and by promising ongoing projects.  

5.2. Outlook 

5.2.1. Engineering Asymmetrical Liposomes for Leakage/Release and Fusion Studies 

In Chapter 2, an asymmetric membrane of Q3PE-based liposomes was generated by using 

sodium dithionite as a non-bilayer permeable reagent, which is labeled Approach 1 in Figure 5.1. 

In Chapter 3, the membrane symmetry of the liposomes was retained by using photoirradiation as 

the bilayer permeable reagent, which is labeled Approach 2 in Figure 5.1. Approach 2 can also be 

achieved if appropriate reagents that can cross the membrane are selected. For example, reduction 

potentials of the quinone headgroup can be tuned so that they are able to reduce by the nonionic 

and bilayer-permeable reducing agent dithiothreitol (DDT). The redox potential data in Table 5.1 

suggests that DDT can potentially reduce and induce the headgroup cleavage of MeOQ3DOPE. 

On the other hand, liposomes with asymmetric membranes can be prepared based on a number of 

reported protocols1-4, through which, the role of the inner leaflet can be investigated, as labeled 

Approach 3 in Figure 5.1. The three approaches can provide a comprehensive understanding of 

membrane symmetry, which dictates liposomal content leakage/release, fusion, and phase 

transition of Q3PE-based liposomes, as well as a variety of responsive liposome systems reported 

so far in literature. 
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Figure 5.1. Leakage/release and fusion of liposomes related to membrane symmetry can be 

examined by selecting an appropriate membrane-permeable reagent or engineering liposomes 

with symmetric/asymmetric membrane at the beginning.  

Table 5.1. The standard reduction potential of some quinones and reducing reagents. 

Compound 
Standard Redox Potential vs 

SHE (V) 

 

Q3PA 

0.047 (at pH 7)5 

 

MeOQ3PA 

0.128 (at pH 7)5 

 

Dithinonite (DT) 

−0.66 (at pH 7)6 

 

DithioThreitol (DDT) 
−0.33 (at pH 7)7 

5.2.2. Alternative Visible Light Photoresponsive Liposomes 

In Chapter 3, after the cleavage of the quinone headgroup of MeSQ3DOPE liposomes under 

blue light irradiation occurs, the generated free amine of DOPE lipid is suspected of undergoing 

an intermolecular chemical reaction with the photoreduction intermediate to form a quinone-
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capped lipid, which inhibits the L→HII phase transition and content release of the MeSQ3DOPE 

liposomes. The problem can be overcome by preparing a new photoresponsive lipid, thereby 

inhibiting the intermolecular chemical reaction under photoirradiation. For example, blue light 

photoresponsive isoindoline derivatives (substituted lipid 1) can be synthesized, as shown in 

Figure 5.2. The initial intramolecular charge transfer excited state would lead to hydrogen/proton 

transfer, with the intramolecular rearrangement being kinetically favored so as to produce a DOPE 

leaving group without subsequent chemical reaction of DOPE with intermediates.8-9 

 

Figure 5.2. Schematic description of the possibility of isoindoline quinone-substituted DOPE lipid 

to produce DOPE under blue-light irradiation. 

5.2.3. New Probes for Liposomal Leakage Quantification by DOSY NMR  

Bispyridinium bromide bearing trifluoromethyl groups exhibiting no detectable leakage 

from liposomes has been demonstrated for liposomal leakage quantification using DOSY.10 In 

addition, fluorinated calcein, which is expected to experience minimum leakage when entrapped 

in liposomes, could be synthesized, and its dual-monitoring probe property might be useful in 

correlating liposomal leakage quantification by two methods, DOSY, and fluorescence. These two 
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fluorine-containing probes shown in Figure 5.1 can be synthesized based on reported 

 protocols.10-11 

 

Figure 5.3. Possible fluorine-containing probes for liposomal leakage measurements by DOSY.  

 

5.2.4. Triggered Release of Cell-derived Vesicles (CDVs) for Delivery of Therapeutics  

Efficiency and safety of therapeutics delivery will be improved if carriers are made directly 

from cell materials, known as cell-derived vesicles (CDVs) because these natural vesicles have 

excellent immune-compatibility as compared to other synthetic carriers.12 Extracellular vesicles 

(EVs), including microvesicles and exosomes, are CDVs that are naturally released from cells. 

These lipid membrane-bound structures, which can be harvested from cell cultures, contain 

membrane proteins and carry RNA and cytosolic contents. They also play a key role in intercellular 

communication and material transfer pathways.13-15  

CDVs of nano-dimensions can also be produced from the plasma cell membrane by 

subjecting whole cells to chemo-physical processes, including passing cells through extruders or 

cell-slicing through microchannels.16-17 In addition, CDVs have been generated in high yields and 

are easily loaded with a variety of cargos via a technique called nitrogen cavitation.18 These CDVs 

are able to deliver many types of cargos, such as therapeutics, and fluorescent labels to the interior 

of cells both in vitro and in vivo. On the other hand, one-step production of native vesicles by 

blistering off the plasma membrane while retaining mother cells’ surface receptors and 

cytoplasmic proteins has been demonstrated by incubation of cells with cytochalasin B; this 

chemical reagent actively destabilizes the cytoskeleton-membrane interactions.19-20  
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Engineering CDVs so that they can load therapeutics or have surface modifications is 

indispensable for different therapeutics delivery applications.14, 18 For example, modification of 

the surface of exosomes has been demonstrated via direct membrane fusion of liposomes and 

exosomes using a freeze-thaw method.21 In addition, hybrid EVs created from their fusion with 

liposomes containing soluble cargoes triggered by polyethylene glycol (PEG) has also been 

reported.22 Another example is hybrid exosomes loading plasmids prepared by incubation of 

exosomes with the mixture of liposomes and plasmids through plasmid-induced exosomes-

liposomes.23 Thus, the fusion-based engineering enables CDVs loaded with potentially any 

compound associated with synthetic liposomes accompanied by surface modification from 

liposomes. Additionally, methods for therapeutic post-loading of vesicles after their isolation have 

also been well reported, including incubation, electroporation, sonication, osmotic shock, and 

extrusion in the presence of cargo.13, 24 A combination of complementary features of CDVs and 

widely available targeted liposomes would result in an advanced new hybrid nanocarrier for 

therapeutics targeted delivery applications. For example, fusion of exosomes and Q3DOPE 

liposomes could produce redox-responsive hybrid exosomes. 

5.2.5. Liposomes Incorporating Gold−Silver−Gold—Core−Shell−Shell (GSG—CSS) 

Nanoparticles 

A lot of examples have demonstrated the applicability of controlled release of liposomes 

resulting from the photothermal effect of gold nanoparticles incorporated into liposomes.25-29 The 

Haber research group at LSU has been very successful in the production and application of highly 

photothermal GSG—CSS nanoparticles, as compared to traditional spherical gold nanoparticles 

and gold nanorods.30 These unique nanoparticles with plasmon enhancement and near-infrared 

light (NIR) absorption is very beneficial for biological applications, such as photothermal cancer 

treatment and biosensing.30 Gold nanoparticles have been incorporated within liposomes by 



137 

 

several methods, such as reverse evaporation, thin-film hydration, interdigitation-fusion, lipid 

vesicle metallization, and chemical bond attachment, which is compatible for any particles that 

have a gold shell.25, 31-34 Based on the hydrophobicity of the nanoparticles and the type of liposome 

formulation technique, the nanoparticles can be located in different parts of liposomes, such as 

within the lipid bilayer, inside or on the surface of the liposomes, and free in solutions containing 

liposomes. A systematic study of the interaction of GSG—CSS with the thermally sensitive lipid 

DPPG and the photothermal release of this hybrid could be investigated. 

In addition, acid-responsive fusion of cationic liposomes could be investigated using 

carboxyl-modified GSG—CSS nanoparticles. Typically, the carboxylic group is deprotonated at 

neutral pH, creating negatively charged nanoparticles that bound to the surface of cationic 

liposomes through electrostatic attraction, an event that stabilizes the liposomes. Under acidic 

conditions, the carboxyl group is protonated, and the subsequent neutral particle stabilizers detach 

from the liposomes, thereby producing free cationic liposomes that can actively fuse with various 

biological membranes.27 

5.2.6. Second Harmonic Imaging Microscopy (SHIM) 

SHIM has been established as a viable, label-free, non-invasive imaging technique for 

biological samples due to its ability to obtain contrasts from repeating asymmetric cellular 

structures, such as collagen, microtubules, and muscle myosin.35-37 In addition, SHIM using NIR 

wavelengths as the incident light offers the ability to construct three-dimensional images of 

specimens by imaging deeper into thick tissues. SHIM of non-SHG active cellular structures could 

be obtained by exploiting targeting SHG probes. For example, SHG-active unnatural amino acids 

have been synthesized for studying protein structures and their conformational changes.38 Another 

example is using several noncentrosymmetric nanocrystals, such as titanate (BaTiO3) as a versatile 

and durable SHG labeling probe for in vivo imaging and immunostaining.39 Furthermore, time-
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resolved SHIM has been used to spatially resolve the adsorption and transport rates of malachite 

green through lipid membranes of individual living cells.40 From this context, the MG derivatives 

from Chapter 4 can be used as potential SHG probes for cell imaging. Interestingly, conjugation 

of MG derivatives with drugs or subcellular targeting molecules can also be used for tracking the 

destination of drugs or subcellular visualization by SHIM, respectively. For example, a 

coumarin−MG conjugate has been synthesized for fluorogenic labeling of surface, intracellular, 

and total protein pools in living cells.41 

 Likewise, SHG probes can also be used to visualize the uptake and intracellular fate of 

nanoparticles in cells by SHIM. For example, MGDs can be used with GSG−CSS nanoparticles to 

determine the destination of nanoparticles after their uptake by cells. Typically, cells can be 

incubated with nanoparticles, followed by a washing step to remove free nanoparticles. The cells 

are subsequently incubated with MGDs. The high affinity of MGDs adsorbing on nanoparticle 

surfaces after being taken up by cells enables the imaging of nanoparticles in the cells. Similarly, 

MGD−nanoparticles can be chemically conjugated, and their uptake can be determined in the same 

manner. The stability of the nanoparticles could be useful in tracking cell lineages during 

embryonic development as they are passed from cell to cell. Thus, not only the “blind” GSG−CSS 

nanoparticles can be visualized in the cells by SHIM, but they can be potentially used for killing 

cancer cells due to their excellent photothermal effect. 
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APPENDIX A. SUPPORTING INFORMATION FOR CHAPTER 2 
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Figure SI2.1. Q3DOPE:DOPE 20:80 LUVs concentration dependence. Conditions: 0.040 M 

calcein encapsulated in LUVs with 0.10 M KCl and 1.0 × 10−4 M EDTA buffered with 0.050 M 

phosphate, pH = 7.4; T = 37 °C; lipid concentration = 1.0 × 10−4 M. 
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Figure SI2.2. Content release and light scattering from Q3DOPE:POPE 20:80 LUVs at various 

lipid concentrations. A. 50 µM, B. 100 µM, C. 500 µM. Conditions: 0.040 M calcein 

encapsulated in LUVs with 0.10 M KCl and 1.0 × 10−4 M EDTA buffered with 0.050 M 

phosphate, pH = 7.4; T = 41 °C. 
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Figure SI2.3. Light scattering of Q3DOPE:DOPE LUVs at various DOPE portions. Conditions: 0.040 M 

calcein encapsulated in LUVs with 0.10 M KCl and 1.0 × 10−4 M EDTA buffered with 0.050 M 

phosphate, pH = 7.4; T = 37 °C;  lipid concentration = 1.0 × 10−4 M. 
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Figure SI2.4. Content release of Q3POPE LUVs at 70 °C with (red curve) and without SDT 

(black curve). t1: cuvette containing LUVs was taken out from the fluorometer and incubated in 

a 70 °C water bath for 15 mins before it was placed back in the fluorometer; t2: triton 0.1% (final 

v/v) was added to lysed LUVs; t3: SDT was added to the cuvette containing LUVs at 37 °C in 

the fluorometer; t4: the cuvette was taken out from the fluorometer and incubated in 70 °C water 

bath for 5 mins before it was placed back in the fluorometer; t5: triton 0.1% (final v/v) was added 

to lysed LUVs. Conditions: 0.05 M phosphate, 0.1 M KCl, EDTA 1.0 × 10−4 M, pH 7.4. Note: 

the cuvette was incubated in 70 °C water bath instead of directly increasing temperature of the 

cuvette holder of the fluorometer by Peltier temperature controller to avoid bubling in the 

cuvette during the fluorescence measurement. 

 

 

  
 

Figure SI2.5. 31P NMR of Q3DOPE-based GUVs in solution containing 0.2 M sucrose,  

10 % (v/v) D2O. Graph B is reproduced from Winter.33 
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Figure SI2.6. Q3DOPE:POPE 20:80 LUVs fusion with different vesicles ratios. 
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APPENDIX B. SUPPORTING INFORMATION FOR CHAPTER 3 
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Figure SI3.1. MeSQ3DOPE LUVs irradiated under blue LED at different time periods before 

added SDT. Conditions: PBS buffer at 25 °C, lipid concentration = 1.0 × 10−4 M. 
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Figure SI3.2. DLS measurement of MeSQ3DOPE:DOPE 20:80 LUVs with and without SDT in 

PBS buffer. 
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Figure SI3.3. Content release of HMBQDOPE:DOPE 20:80 LUVs with SDT. Conditions: 0.040 

M calcein encapsulated in LUVs with 0.10 M KCl and 1.0 × 10−4 M EDTA buffered with 0.050 

M phosphate, pH = 7.4, lipid concentration = 1.0 × 10−4 M. 
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APPENDIX C. 1H NMR AND MS OF QPE-RELATED COMPOUNDS 

 
 

C.1. 1H NMR of Q3lactone (Compound 1) 
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C.2. 1H NMR of Q3acid (Compound 2) 

 
 

 

C.3. 1H NMR of Q3NHS (Compound 3) 
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C.4. 1H NMR of Q1NHS (Compound 4) 

 
 

 

C.5. 1H NMR and MS of Q3DOPE (Compound 5) 
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C.6. 1H NMR and MS of Q3POPE (Compound 6) 
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C.7. 1H NMR and MS of Q1DOPE (Compound 7) 
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APPENDIX D. 1H NMR AND MS OF MeSQ3DOPE-RELATED COMPOUNDS  

 

D.1. 1H NMR and MS of lactone (Compound 8) 
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D.2. 1H NMR and MS of bromoacid (Compound 9) 

 
 

 

D.3. 1H NMR and MS of bromoester (Compound 10) 
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D.4. 1H NMR and MS of MeSQ3OEt (Compound 11) 

 
 

 

D.5. 1H NMR and MS of MeSQ3NHS (Compound 13) 
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D.6. 1H NMR and MS of MeSQ3DOPE (Compound 14a) 
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D.7. MS of BnSQ3DOPE (Compound 14b) 

HRMS (ESI) calculated for C61H98O11NPS [M-H]- 1082.6598, found 1082.6523 (0.99 ppm), 

[M+H]+ 1084.6671, found 1084.6667 (0.12 ppm) 
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APPENDIX E. 1H NMR AND MS OF HMBQDOPE-RELATED COMPOUNDS 

 
 

E.1. 1H NMR of Dimethoxy trimethyl benzene (Compound 15) 
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E.2. 1H NMR of dimethoxy trimethyl benzaldehyde (Compound 16) 

 
 

 

E.3. 1H NMR of dimethoxy trimethyl benzyl alcohol (Compound 17) 
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E.4.  1H NMR of dimethoxy trimethylsilyl ether (Compound 18) 

 
 

E.5. 1H NMR of hydroxymethyl trimethyl benzoquinone (Compound 19) 
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E.6. 1H NMR of MS of nitrophenyl quinone carbonate (Compound 20) 
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E.7. 1H NMR of and MS of HMBQDOPE (Compound 21) 
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E.8. 1H NMR of and MS of NitroDOPE (Byproduct of the step producing Compound 21) 
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APPENDIX F. 1H NMR, 13C NMR, AND MS OF MALACHITE GREEN DERIVATIES  

 

F.1. 1H NMR, 13C NMR, and MS of MGNO2-H (Compound B1) 

 

 
 

 



 

164 

 

 
 

 
 

 

 

 

 

 

 



 

165 

 

F.2. 1H NMR, 13C NMR, and MS of MGNO2-OH (Hydration product of compound B1) 
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F.3. 1H NMR, 13C NMR, and MS of MGNO2
+

 (Compound C1) 
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F.4. 1H NMR of and MS of MGCH3-H (Compound B3) 
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F.5. MS of MGCl+ (Compound C2) 

HRMS (ESI) calculated for C23H24N2Cl+ [M]+ 363.1623, found 363.1623 (0.1 ppm). 

 

 
 

 

 

F.6. 1H NMR of and MS of BGNO2-H (Compound B4) 
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F.7. MS of BGNO2+ (Compound C4) 

HRMS (ESI) calculated for C27H32N3O2
+ [M]+ 430.2489, found 430.2515 (2.6 ppm). 

 

 
 

 

F.8. MS of BGNH2
+ (Compound C5), and BGNH2-H (Compound B5) 

HRMS (ESI) calculated for (BGNH2-H) C27H35N3 [M+H]+ 402.2904, found 400.2913 (0.9 

ppm), for (BGNH2
+) C27H34N3

+ [M]+ 400.2747, found 400.2764 (1.6 ppm). 
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APPENDIX G. LIPID CONCENTRATION ASSAYS 

G.1. Calibration curve of total organic phosphorous quantification by Steward assay  
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G.2. Calibration curve of total phosphorous quantification by Barlette assay 
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