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ABSTRACT 

 

Designing lipid nanoparticles toward targeted drug delivery: 

Fundamental studies identify key compositional properties to improve formulations for the 

hydrophobic cancer drug paclitaxel 

By 

Victoria Marie Steffes 

 

In order to increase the efficacy of the cancer drug paclitaxel (PTX), scientists must 

develop more effective drug carriers that well solubilize PTX and achieve targeted delivery. 

Loading cytotoxic drugs like PTX into nanoparticles that are engineered to accumulate in 

cancer tissue by physical or chemical means is expected to increase local drug concentrations 

and minimize systemic side effects. Due to its hydrophobic nature, PTX loads into the actual 

membrane of lipid nanoparticles (LNPs)—closely associating with lipid tails—and has limited 

solubility in lipid membranes. In vitro cell viability experiments demonstrate a direct 

correlation between delivery efficacy and the duration of PTX solubility in LNPs.  This study 

importantly reveals enhanced delivery when PTX is loaded below, rather than at, its drug-

loading saturation level. Based on PTX loading into membranes, we expect and indeed observe 

that PTX solubility depends strongly on the types of lipids used in LNP formulations. Here we 

report the PTX-loading and delivery efficacy of a selection of lipids that enhance delivery of 

other therapeutics (hydrophilic drugs, nucleic acids) to see if they similarly improve PTX 



xi 

delivery: inverted cone-shaped lipids (DOPE, GMO), poly-unsaturated (18:2, 18:3) lipids, 

cationic lipids (DOTAP, MVL5), and polymer-conjugated lipids (2k and 5k PEG-lipids).  

We developed a complementary approach using physical and cell biology 

characterization methods to elucidate structure-function relationships of LNP composition. 

DIC microscopy observations are used to generate kinetic phase diagrams to compare PTX 

solubility in different LNP formulations. Small-angle x-ray scattering (SAXS) shows that 

PTX-loading thins lipid membranes and determines the self-assembly structures of LNPs. 

The in vitro delivery efficacy of LNP formulations is determined by incubating PTX-loaded 

LNPs with PC3 (prostate) and M21 (melanoma) immortalized human cancer cell lines and 

measuring the resultant cell death. Fluorescent microscopy and flow cytometry provide 

qualitative and quantitative information about how LNPs interact with cells based on their 

composition. Finally, cryoTEM images offer important clues about how LNP structure and 

stability directly impact cell interactions and PTX delivery. In particular, we highlight how 

LNP vesicles transition to various disk, worm, and sphere micelles as the fraction of cationic 

or PEG-lipid increases. Using these methods, we have found several promising strategies to 

improve LNPs for PTX delivery. Studying fundamental LNP properties to determine 

composition-function relationships is a smarter strategy than empirical discovery because it 

identifies specific ways to thoughtfully design better drug delivery systems. 
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Chapter 1 

Introduction to paclitaxel and nanoparticle drug delivery 

 

1.1  Cancer incidence and research motivation 

One in five people in the United States will die from cancer while two in five people 

will develop some form of cancer in his or her lifetime [1]. It is the second-most common 

cause of death both in the United States and globally [2]. Although there are over 100 

different types of cancer, they are all defined by uncontrolled cell division and the ability to 

invade surrounding tissue [3]. These unique physiological markers offer mechanistic 

pathways to target cancer cells to halt their progression and/or initiate cell death and 

eradicate the malignant cells. 

In the era of modern medicine, humans have developed a broad portfolio of cancer 

treatments, the most familiar of which are chemotherapy, surgery, and radiation. Additional 

approaches include hormone therapy, immunotherapy, stem cell (bone marrow) transplants, 

precision medicine, and targeted therapy [3]. Treatment developments have led to a 27% 

drop in the US cancer mortality rate since its peak in 1991 [4]. 

Although the cancer mortality rate has decreased and patient survival times have 

increased, cancer continues to affect nearly half of individuals and is a leading cause of 

death. Thus, plenty of opportunities to improve cancer treatments remain. Breakthroughs in 

immunotherapy, precision medicine, and targeted therapies are expected to revolutionize 

cancer treatment in the coming decades. The work described in this thesis focuses on the 
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development of targeted chemotherapy which aims to improve the efficacy of existing small-

molecule drugs by directing their delivery to cancer cells and minimizing off-target side-

effects.  

 

1.2  History and development of paclitaxel for cancer treatment 

1.2.1 Discovery of “taxol” drug and anti-cancer mechanism 

            The most well-known natural-source cancer drug is paclitaxel (PTX), originally 

named “taxol” (see Figure 1 for chemical structure). PTX was first collected from the bark of 

the Pacific Yew tree in 1962 [5]. However, it wasn’t until 1977, after isolation, purification, 

and preliminary tests, that researchers validated PTX’s anti-tumor activity. In the following 

years, Dr. Susan Horwitz discovered the drug’s tumor-suppression mechanism: PTX blocks 

cell division (mitosis) by stabilizing polymerized microtubules. PTX binds a hydrophobic 

pocket on the -tubulin microtubule monomer and locks the  and -tubulin subunits in a 

linear polymerized conformation. This obstructs the dynamic instability (cyclic 

polymerization and depolymerization) of microtubules that is necessary for chromosome 

capture and segregation—an essential step in cell division [6–12]. Subsequent studies have 

further elucidated multiple downstream signaling pathways connecting mitotic arrest to 

apoptotic cell death [13,14]. 
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Figure 1. Chemical structure of paclitaxel. Paclitaxel 

(PTX) is a hydrophobic drug used to treat various 

types of cancer. PTX is a mitotic inhibitor that binds 

to microtubules, locking them in the polymerized 

state, which disrupts the cell cycle and sends cells 

into apoptosis. 

The landmark discovery that PTX suppresses cell division and promotes 

tumor cell death [5] has resulted in the ongoing worldwide effort to develop delivery 

systems to administer the drug to patients. PTX is a hydrophobic molecule (Figure 1) 

that is therefore poorly soluble in blood. Biologists characterize drug hydrophobicity 

using a partition coefficient, logP, which describes the solubility of a drug solute in 2-

octanol versus water: 

logPoctanol/water = log ([solute]2-octanol / [solute]water) 

PTX has a logP value of almost 4, meaning that it is about four orders of magnitude more 

soluble in octanol than water. In water, PTX phase separates and forms well defined crystals 

that are incompatible with systemic drug delivery.  

1.2.2 First generation Taxol formulation 

In 1992, following fifteen years of development after the initial validation of PTX as 

a drug candidate, the FDA-approved the first formulation for PTX delivery, developed by 

Bristol Myers Squibb. The company controversially trademarked its formulation as “Taxol”, 

the original generic name of the drug; for disambiguation the drug was re-named paclitaxel. 

To solubilize PTX, Taxol® uses a solvent mixture of ethanol and polyethoxylated castor oil, 
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called Kollifor EL (formerly Cremophor EL). Kollifor EL itself causes hypersensitivity 

reactions, requiring corticosteroid pretreatment, and delivers PTX non-discriminately 

throughout the body [15–17].  

Ultimately Taxol treatment is dose-limited by both solvent and drug toxicity. Cancer 

drugs are selected based on mechanisms unique to cancer biology. For instance, since cancer 

cells proliferate more rapidly than most healthy cells, they are more sensitive to drugs that 

interfere with cell division. However, upon systemic administration those same drugs interact 

with and kill some healthy cells, especially those that normally have a high turnover rate (e.g. 

hair, bone marrow, gut), which causes treatment-induced side-effects such as hair loss, bone 

marrow suppression and digestive issues.  

Despite the inherent dose-limiting toxicity of Taxol, it has been a major clinical 

success. In 2000, it became the best-selling cancer drug with annual sales of $1.6 billion. 

PTX itself is relatively inexpensive since it is now bio-manufactured by engineered E. coli. 

PTX is among the most common drugs used to treat ovarian, breast, lung, pancreatic, 

Kaposi’s sarcoma and other cancers and is included in the World Health Organization’s List 

of Essential Medicines [12,18–22].  

1.2.3 Second generation Abraxane formulation 

Due to the known toxicity of Kollifor EL in Taxol, researchers worked to develop a 

non-toxic drug carrier for PTX. In 2005, the FDA approved the second generation PTX 

treatment called Abraxane®. In 2018, annual sales of Abraxane totaled $1 billion. This 

formulation solubilizes PTX in nano-sized albumin protein aggregates (see illustration in 

Figure 2) [23]. Albumin is a naturally occurring protein that normally shuttles hydrophobic 
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substances throughout the body. Abraxane® causes fewer adverse reactions than Taxol 

(although there may be a higher incidence of neuropathy), but there are mixed reports on 

whether it substantially improves survival outcomes [24–26]. It does eliminate the need for 

corticosteroid pretreatment, shortens infusion time, and increases the maximum tolerated 

dose of PTX [27]. Continued research has focused on developing a non-biologic non-toxic 

carrier for PTX, such as lipid or polymer nanoparticles, which would reduce treatment costs. 

 

Figure 2. Abraxane. Cartoon of Abraxane 

formulation: PTX-loaded albumin proteins 

aggregate to form a nanoparticle. Albumin proteins 

dissociate from aggregate and shuttle PTX through 

systemic circulation. Image from Abraxane website: 

www.abraxane.com 

 

1.3 Nanoparticle drug delivery 

1.3.1 Active and passive targeting mechanisms 

Beyond developing a better solubilizing agent for PTX, researchers are working to 

develop nanoparticles (NPs) capable of targeting tumor cells, concentrating the drug where it 

is needed and decreasing off-target side-effects. Targeting is achieved through either passive 

physical mechanisms or specifically programmed, active chemical interactions. One well-
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known physical targeting mechanism relies on NP size: NPs ˂ 200 nm in diameter enter 

tumors through newly-forming “leaky” vasculature. These small particles enter the tumor, 

but without a lymphatic drainage system, they accumulate over time via the enhanced 

permeation and retention (EPR) effect [28,29]. A second physical targeting mechanism is 

based on electrostatics: tumor vasculature has a greater negative charge than other tissue, 

thus positively charged particles adhere more to this area. Researchers have indeed observed 

that cationic NPs accumulate in tumors [30–35]. 

Active targeting instead exploits cell receptor pathways. Cell-surface receptors that 

are uniquely overexpressed by tumors and that induce endocytosis upon ligand-binding are 

chosen as NP targets. Researchers must then identify or develop ligands such as antibodies, 

aptamers, proteins, or peptides that target those receptors [36]. The ligands are installed onto 

the drug-loaded NPs and, as they circulate, the ligands should enhance NP adhesion and 

uptake by the targeted cells. In any case, each NP drug carrier must be tailored to achieve 

optimal loading, retention and controlled release of its therapeutic payload based on the 

drug’s unique physicochemical features [37,38]. 

1.3.2 Lipid nanoparticles 

Lipids are amphiphilic molecules made of a hydrophilic headgroup and hydrophobic 

fatty acid tail(s) (see Figure 3). Lipids are a diverse family of compounds that can have a 

wide spectrum of physicochemical properties. Naturally-occurring lipids are the primary 

constituents of all biological membranes, including the cell membrane and sub-cellular 

organelles. There are also many human-made synthetic lipids designed with special 

properties. Lipids self-assemble in water to form bilayer structures that shield the 

hydrophobic fatty acids from water [39,40]. In dilute solution, these bilayers curve in on 
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themselves to form spherical vesicles, also called liposomes. Lipids with either a cone or 

inverted-cone shape can also form various non-lamellar self-assemblies that include various 

micelle, inverted micelle or cubic gyroid structures, as shown in Figure 3 [41–43]. 

 

Figure 3. Lipid structure, shape, and self-assembly. Lipids are a diverse family of compounds with (A) a 

generic structure that includes hydrophobic fatty acid tail(s) and a hydrophilic headgroup. Depending on 

physical structure and electrostatic charge, lipids can have various (B) cylinder, cone, or inverted-cone 

shapes that (C) self-assemble in water to form different structures including lamellar sheets, cylindrical 

micelles, inverted micelles, cubic gyroid and others. Lipid self-assembly images adapted from [41–43]. 

Sub-micron liposomes, called lipid NPs (LNPs), are largely considered bio-

compatible and are used in both commercially-available treatments and many drug delivery 

formulations in clinical trials [44,45]. LNPs, illustrated in Figure 4, are versatile drug carriers 

that can sequester many different types of therapeutics, including long and short nucleic acids 

(electrostatically condensed with membranes) [46], as well as hydrophilic and hydrophobic 

drugs in different forms (solubilized, crystallized, surface-conjugated) [45]. Because each 

therapeutic possesses its own unique physicochemical characteristics, its liposomal carrier 

must be tailored to these properties to achieve efficient delivery [44]. 
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Figure 4. Lipid nanoparticles for drug 

delivery. Lipid nanoparticles (LNPs) can 

load different types of therapeutic payloads 

including hydrophobic small molecules and 

nucleic acids like DNA or RNA. LNPs are 

often coated with a hydrophilic polymer, 

such as polyethylene glycol (PEG), to delay 

immune clearance and increase circulation 

time. LNPs can further be functionalized 

for targeted delivery by the addition of cell-

targeting ligands. Image adapted from [47]. 

LNP functionality is dictated by composition, meaning which lipids are used and in 

what amounts. Lipid composition determines LNP properties such as membrane charge, 

stiffness, stability, particle size, particle shape, drug-loading, and fusogenicity. These 

properties depend on molecular features such as headgroup charge and steric bulk, fatty acid 

length and saturation, inclusion of cholesterol, and molecular shape (determined by the 

relative widths of the fatty acid tails and headgroup). Designing optimal LNP formulations 

depends on identifying what lipids, mixed in what ratios best achieve drug loading, retention, 

site-specific delivery, and release. 

1.3.3 Special considerations for hydrophobic drug delivery  

Liposomes are among the most investigated synthetic carriers of cytotoxic 

hydrophobic drugs in cancer therapeutics worldwide [28,34,47–53]. Various studies indicate 

that LNP–PTX formulations exhibit lower toxicity, may increase the maximum tolerated 

drug dose, and may improve biodistribution compared to Taxol® [54–58]. Hydrophobic 

small molecules such as PTX intercalate into the actual membranes of LNPs with the fatty 
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acid tails—as opposed to within the aqueous core as for hydrophilic drugs. Because of the 

direct drug-lipid contact, the intermolecular interactions between the two play an outsize role 

in LNP design, especially with respect to drug-loading and retention, compared to other 

systems where the therapeutic moiety resides in an aqueous inner pocket. 

For example, researchers have observed that PTX is quickly expelled to form 

insoluble crystals (Figure 5) from membranes consisting of saturated lipids or those 

that have a high concentration of cholesterol [28,58–62]. These observations confirm 

the importance of lipid selection in LNP formulations for hydrophobic drugs. Future 

work that combines empirical observations with modeling to better understand the 

intermolecular interactions governing LNP-drug systems will facilitate LNP design.  

 

Figure 5. PTX crystals phase separated from LNPs. PTX crystals phase separated from LNPs. (A) is 

polarized optical microscope image and (B) is from differential interference contrast microscopy and (C) is 

from cryo-TEM. Images (A) and (B) adapted from [63]. 

            A key concern about using LNPs for targeted hydrophobic drug delivery is that the 

drugs will leach out of LNPs too quickly in vivo and bind to plasma proteins (such as 

albumin) which act as ‘lipid sinks’ [38,45,64]. Researchers believe this process occurs 

because hydrophobic drugs reside at the particle boundary rather than interior. Shorter 

hydrophobic drug retention times have been observed in LNPs in vivo and it is thought that 
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drugs may leave LNPs before site-specific targeting can occur and thus that LNPs are 

unsuitable NPs for targeted hydrophobic drug delivery [38]. 

            This concern is extensively addressed in Chapter 3 of this thesis, adapted from Steffes 

et al. 2017 [63], which describes how drug delivery efficacy relates to drug loading. In many 

of the LNP formulations that have been tested in clinical trials thus far, PTX is loaded near 

the lipid membrane saturation level. Our findings suggest that this is not the best strategy and 

that loading PTX in LNPs further below the membrane saturation concentration may improve 

drug retention and permit active targeting. 

Straubinger reported that 3 mol% is the solubility limit for PTX in liposomes, above 

which PTX rapidly precipitates [65]. However, there are few other studies that systematically 

evaluate drug loading as a function of lipid and membrane properties and none that 

demonstrate that liposomes loaded with PTX at this limit are the most efficient at actual drug 

delivery. Studies from various groups have investigated the behavior of PTX in different 

types of membranes—cationic, anionic, neutral, cholesterol-containing, saturated, and 

PEGylated—but these studies are few in number and together form a very fragmented and 

sometimes contradictory picture [58–61,66,67].  

1.3.4 FDA-approved LNP formulations 

There are a number of FDA-approved lipid-based treatments for uses ranging from 

treating fungal infections to delivering vaccines. The most successful LNP product to date 

has been liposomal doxorubicin (DOX), used in cancer treatment. The two most widely-

known formulations are Doxil (Fig. 6) and Myocet, which are very similar except that Doxil 

has a polyethylene glycol (PEG) coating, which sterically stabilizes the LNPs to increase 
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their circulation half-life [45]. Doxil and Myocet contain different forms of 

phosphatidylcholine lipids, but both formulations have a large fraction of cholesterol 

(≅40%). The LNP-DOX formulations achieve very high drug-loading because DOX, with a 

logP value of about 1.3, is much more water soluble than PTX (DOX loads into LNP 

aqueous interior), and because DOX has an ionizable group that can be used to achieve high 

drug loading by a pH or ion gradient [68]. The chemical structure of PTX does not offer an 

equivalent tool for drug loading; PTX is so chemically different from DOX that an entirely 

different set of design principles—which are still being discovered—must be used to develop 

LNPs for PTX delivery. 

 

Figure 6. CryoTEM image of Doxil. CryoTEM 

image of the FDA-approved doxorubicin delivery 

LNP formulation Doxil. Doxil achieves high drug-

loading via an ionizable functional group on the 

doxorubicin drug. Image adapted from [68]. 

Studies suggest that longer retention times of an anticancer drug within LNPs leads to 

greater accumulation of the drug at tumor sites [38,69]. Much of this work has been done 

using DOX and other drugs that can be loaded efficiently in the interior aqueous pocket of 

liposomes (e.g. Doxil and Myocet) [70]. To prolong retention of these drugs in LNPs, the 

current approach is to increase the rigidity of the membrane and thereby reduce its 

permeability to hydrophilic drugs, by employing lipids with high melting points (e.g. with 
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saturated tails) and including cholesterol. As mentioned in section 1.2.3, PTX does not 

intercalate well into membranes with these components, therefore an alternate strategy to 

ensure adequate hydrophobic drug retention in LNPs must be determined. 

As further proof that LNP composition is critically related to function, both the Doxil 

and Abraxane formulations more effectively treat AIDS-related Kaposi’s sarcoma than 

earlier versions of DOX (pure drug) and PTX (Taxol) [71]. PTX in Abraxane can be 

effective to treat metastatic melanoma, whereas Taxol is not [72]. Considering its 

biochemical mechanism of action, PTX should be effective against most cancers. Therefore, 

its lack of efficacy against some cancers is likely caused by the inadequacies of the available 

drug delivery vehicles. Thus, development of novel drug delivery agents for established 

drugs may open new treatment avenues against an expanded range of cancers. 

LNPs have also been intensely investigated as delivery agents for nucleic acid 

therapies, which include DNA and RNA [46,73,74]. In August 2018, patisiran (Onpattro™) 

became the first-in-class FDA-approved siRNA drug [75]. This novel therapy treats 

hereditary transthyretin-mediated (hATTR) amyloidosis and is delivered by LNPs. The LNP 

formulation has two lipid components, PEG2000-C-DMG and DLin-MC3-DMA, a PEG-lipid 

(14:0) and an ionizable cationic lipid (18:2), respectively. Cationic lipid is essential for DNA 

or RNA delivery because it complexes with the anionic biopolymers to load them into the 

LNP—another drug-loading method that is not applicable to PTX. 

1.3.5 Lipusu, PICN, LEP-ETU, and EndoTAG for PTX delivery  

 Though none have been approved in the United States, there are several LNP-PTX 

formulations that have entered clinical trials or been approved abroad. One LNP formulation 
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of PTX is approved in China (Lipusu®) [76,77], while others are in clinical trials. The 

composition of Lipusu is not explicitly available.  

 Sun Pharmaceuticals, a company in India, has a formulation in Phase II/III clinical 

trials called paclitaxel injection concentrate for nanodispersion (PICN). PICN uses 

polyvinylpyrrolidone, caprylic acid and cholesteryl sulfate in its PTX formulation [78]. 

The LNP formulation LEP-ETU reached Phase II trials in the United States; LEP-ETU 

is an anionic LNP carrier composed of the neutral lipid DOPC (1,2-dioleoyl-sn-glycero-3-

phosphatidylcholine), cholesterol, and negatively-charged cardiolipin (90:5:5 mole ratio) 

with an additional 3 mol% PTX [79].  

In contrast, EndoTAG-1 (now called SB05 and owned by SynCore Biotechnology) is 

a cationic LNP formulation that has reached Phase III trials in Taiwan; it is composed of the 

positively-charged lipid DOTAP (2,3-dioleyloxypropyltrimethylammonium chloride), 

DOPC, and PTX (50:47:3 mole ratio) [28]. As described in section 1.2.1 cationic liposomes 

(CLs) physically target tumor tissue by an electrostatic mechanism.  This assertion was the 

basis for choosing the lipid mixture of EndoTAG-1 as a starting point in our investigation of 

PTX–lipid interactions.  

Other types of PTX-containing LNPs (e.g. PEGylated, antibody-targeted) have shown 

some promising early results, but have not progressed to clinical trials [34,54,58,67,80,81]. 

1.4 Preface to research chapters 

 This thesis investigates how using different classes of lipids in varied LNP 

compositions affects PTX delivery. We studied these effects to identify opportunities to 
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improve PTX delivery and to develop a mechanistic understanding of PTX-LNP interactions 

with cells upon which to develop future delivery technology.  

The Appendix summarizes the key methods used to evaluate the physical properties 

of PTX-LNPs along with the in vitro efficacy and LNP-cell interactions. The LNP 

formulations were physically characterized based on LNP properties (size, charge, structure) 

and PTX loading using techniques including cryo-EM, small-angle x-ray scattering (SAXS), 

dynamic and electrophoretic light scattering, and optical microscopy. The investigator 

correlated these properties to LNP drug delivery efficacy, which was determined by cell 

viability measurements following PTX-LNP incubation with human-derived immortalized 

cancer cell lines. LNP-cell interactions were further probed using qualitative microscopy 

methods and quantitative flow cytometry experiments. 

When the investigator began this inquiry, the primary aim was to figure out how to 

increase PTX-loading in LNPs above 3 mol% or to find an alternate way to encapsulate more 

drug per particle (as in a multilamellar construct). Contrary to expectation, early experiments 

(reported here in Chapter 2) revealed improved LNP efficacy when PTX was incorporated 

into LNPs at less than 3 mol%, when less drug was delivered per particle.  

 Although some strategies that have been used to enhance nucleic acid or hydrophilic 

drug delivery—such as the incorporation of cholesterol and/or saturated lipids—proved 

unsuccessful for PTX-LNP systems, there are several other lipid types that enhance delivery 

in these other systems that could also improve PTX-LNP delivery. In Chapter 3, we describe 

the PTX solubilizing capacity of LNPs made of DOPE (1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine) and GMO (glyceryl monooleate). These two lipids deliver nucleic 

acid with high efficiency and are considered “fusogenic”, which relates to their ability to 
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form non-lamellar structures like inverted hexagonal and cubic gyroid (Fig. 3). This means 

that DOPE and GMO promote LNP fusion with cellular and endosomal membranes to 

directly deliver LNP cargo into the cell cytosol. We postulated that this fusion mechanism 

would similarly improve hydrophobic drug delivery from LNP membranes directly to cell 

membranes. 

 Polyunsaturated fatty acid lipids are not commonly found in synthetic LNP drug 

formulations. One notable exception is the DLin-MC3-DMA lipid described in section 1.3.4 

which is used in nucleic acid delivery LNPs. Some LNP formulations are derived from 

natural lipid sources (such as soy PC) that have mixed acyl tails, one fully saturated and the 

other polyunsaturated. Though there are few studies on how polyunsaturated lipids affect 

LNP properties, we wanted to investigate this class of compounds knowing that PTX loads 

into the LNP membrane and could interact in a significantly different way with these lipids. 

Chapter 4 reports the author’s preliminary findings on LNPs composed of polyunsaturated 

fatty acid lipids. 

 One LNP modification employed across a number of NP types (lipid, polymer, and 

inorganic) is PEGylation, coating NPs in the hydrophilic polymer polyethylene glycol (PEG) 

(see Fig. 4). PEG is a hydrophilic polymer that disguises NPs from detection by the immune 

system and clearance from the body. It is used in many applications to increase the 

circulation half-life of NPs, which improves targeted drug delivery. PEG is covalently 

attached to a lipid anchor to incorporate it into LNPs. However, PEGylation affects a number 

of LNP properties which may alter the drug delivery activity compared to the conventional 

non-PEGylated LNP equivalent. In Chapter 5, the author describes how PEG enhances PTX 

delivery to cells in vitro, contrary to other systems wherein PEGylation decreases cargo 
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delivery. This observation is partly explained by cryoTEM evidence which shows how PEG 

affects the size and morphology of LNPs. Chapter 6 further investigates the relationship 

between LNP composition and particle morphology using cryoTEM. This final chapter 

reports the vesicle and micelle structures that exist in LNP formulations that incorporate 

PEG-lipid (2k and 5k molecular weight), neutral lipid, and uni- or multi-valent cationic 

lipids. This is part of an ongoing effort to identify a library of lipid compositions and design 

new synthetic lipids that form pure micellar phases. 
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Chapter 2 

 

Under-saturating lipid nanoparticles with paclitaxel improves 

cytotoxicity to cancer cells1 

 

 
TOC image illustrating the efficacy of lipid nanoparticles over time as a function of initial mol% drug 

loading of paclitaxel (PTXL). At high initial drug loading, PTXL phase separates from lipid nanoparticles, 

rendering them less effective at both short and long time scales. Conversely, at low drug-loading, PTXL 

remains solubilized in lipid nanoparticles and retains its cytotoxicity over time. 

 

2.1 Abstract 

Lipid-based particles are used worldwide in clinical trials as carriers of hydrophobic 

paclitaxel (PTXL) for cancer chemotherapy, albeit with little improvement over the standard-

of-care. Improving efficacy requires an understanding of intramembrane interactions between 

PTXL and lipids to enhance PTXL solubilization and suppress PTXL phase separation into 

                                                           
1 This chapter is reproduced in part with permission from Steffes et al., Biomaterials, 2017, 145, 242-255. 

Copyright 2017 Elsevier. 
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crystals. We studied the solubility of PTXL in cationic liposomes (CLs) composed of 

positively charged 2,3-dioleyloxy¬propyl¬trimethyl¬ammonium chloride (DOTAP) and 

neutral 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) as a function of PTXL 

membrane content and its relation to efficacy. Time-dependent kinetic phase diagrams were 

generated from observations of PTXL crystal formation by differential-interference-contrast 

microscopy. Furthermore, a new synchrotron small-angle x-ray scattering in situ 

methodology applied to DOTAP/DOPC/PTXL membranes condensed with DNA enabled us 

to detect the incorporation and time-dependent depletion of PTXL from membranes by 

measurements of variations in the membrane interlayer and DNA interaxial spacings. Our 

results revealed three regimes with distinct time scales for PTXL membrane solubility: hours 

for > 3 mol% PTXL (low), days for ≈ 3 mol% PTXL (moderate), and ≥ 20 days for < 3 

mol% PTXL (long-term). Cell viability experiments on human cancer cell lines using CLPTXL 

nanoparticles (NPs) in the distinct CLPTXL solubility regimes reveal an unexpected 

dependence of efficacy on PTXL content in NPs. Remarkably, formulations with lower 

PTXL content and thus higher stability show higher efficacy than those formulated at the 

membrane solubility limit of ≈ 3 mol% PTXL (which has been the focus of most previous 

physicochemical studies and clinical trials of PTXL-loaded CLs). Furthermore, an additional 

high-efficacy regime is seen on occasion for liposome compositions with PTXL ≥ 9 mol% 

applied to cells at short time scales (hours) after formation. At longer time scales (days), 

CLPTXL NPs with ≥ 3 mol% PTXL lose efficacy while formulations with 1–2 mol% PTXL 

maintain high efficacy.  Our findings underscore the importance of understanding the 

relationship of the kinetic phase behavior and physicochemical properties of CLPTXL NPs to 

efficacy. 
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2.2 Introduction 

The landmark discovery that paclitaxel (PTXL), derived from the Pacific Yew tree, 

suppresses cell division in tumors [1], has resulted in the ongoing worldwide effort to 

develop efficient synthetic carriers of PTXL for cancer chemotherapy [2]. PTXL is a 

hydrophobic molecule (Figure 1a,b) known to inhibit mitosis by stabilizing microtubules 

(upon binding a specific hydrophobic pocket on the -tubulin subunit), thereby obstructing 

chromosome capture and segregation during mitosis and subsequently activating apoptotic 

signaling pathways that lead to cell death [3–8]. PTXL is among the most common drugs 

used to treat ovarian, breast, lung, pancreatic, and other cancers and is included in the World 

Health Organization’s List of Essential Medicines [9–13]. PTXL is commonly administered 

in the form of Taxol®, where it is solubilized for delivery in Kollifor-EL (formerly 

Cremophor EL), which causes hypersensitivity reactions and delivers PTXL non-

discriminately throughout the body [14–16]. In 2005, nanoparticle albumin-bound PTXL was 

approved by the FDA (Abraxane®); this formulation is considered to have fewer adverse 

reactions than Taxol, although there are mixed reports on whether it improves survival 

outcomes [17–19].  



26 

 

Figure 1. PTXL-containing liposomes from the molecular to micrometer scale. (a–c) a molecular look at the 

PTXL–lipid system: a) the chemical structure of PTXL, b) space filling molecular models for DOPC and 

PTXL viewed from the side and the front, c) schematic drawing of a liposome with hydrophobic molecules 

(red spheres, representative of PTXL) embedded within the membrane. (d–f) Microscopy images of a 

singular unsonicated PTXL-containing liposome (composed of a 90:10:5:7.1 mole ratio of 

DOTAP:DOPC:OregonGreen-PTXL:TexasRed-DHPE), demonstrating colocalization of PTXL with the lipid 

bilayer: d) differential-interference-contrast image, e) green fluorescence due to Oregon Green-conjugated 

PTXL, f) red fluorescence from the Texas Red–DHPE lipid label, g) fluorescence overlay of Oregon Green 

PTXL and Texas Red lipid. (h) Polarized optical microscopy image of PTXL crystals that have phase 

separated from unsonicated liposomes (5:92:3 initial mole ratio of DOTAP/DOPC/PTXL) five days after 

hydration. 

Considering its biochemical mechanism of action, PTXL should be effective against 

most cancer cells. Therefore, its lack of efficacy against some cancers is likely caused by the 

inadequacies of the available drug delivery vehicles. There are various examples in the 

literature that demonstrate that the drug carrier is a contributing factor in determining which 

cancers a treatment will be effective against. For example, PEGylated liposomal doxorubicin 

(DOX) has proven to be more effective than conventional DOX administration to treat 

AIDS-related Kaposi’s sarcoma [20]. PTXL in the form of Abraxane appears to be effective 

to treat metastatic melanoma, whereas the Taxol formulation is not [21]. Thus, development 

of novel drug delivery agents for established drugs may open new treatment avenues against 

an expanded range of cancers. 
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Liposomal nanoparticles (NPs) are versatile drug delivery agents due to their ability 

to sequester multiple distinct therapeutic molecules, including long and short nucleic acids 

(electrostatically condensed with membranes) [22], as well as hydrophilic and hydrophobic 

drugs in different forms (solubilized, crystallized, surface-conjugated) [23]. Because each 

therapeutic drug molecule possesses unique physical and chemical characteristics, its 

liposomal carrier must be tailored to these properties to achieve efficient delivery [24].  

Studies suggest that longer retention times of an anticancer drug within circulating 

liposomes leads to greater accumulation of the drug at tumor sites [25,26]. Much of this work 

has been done using DOX and other drugs that can be loaded efficiently in the interior 

aqueous pocket of liposomes (e.g. Doxil and Myocet) [27]. To prolong retention of these 

drugs in liposomes, the current approach is to increase the rigidity of the membrane and 

thereby reduce its permeability to hydrophilic drugs, by employing lipids with high melting 

points (e.g. with saturated tails) and including cholesterol.  

Hydrophobic drugs, on the other hand, are solubilized by and reside directly in the 

nonpolar (hydrocarbon chain) region of the membrane (Fig. 1b,c). These drugs, which 

include PTXL, are quickly expelled from membranes consisting of saturated lipid tails or 

those that have a high concentration of cholesterol [28–33]. This observation indicates that 

the maximum loading and residence time of hydrophobic drugs within liposomes are 

particularly sensitive to the liposome composition. A key concern is that hydrophobic drugs 

will leach out of liposomes quickly in vivo because they reside at the particle boundary rather 

than the interior, and will subsequently bind to plasma proteins with hydrophobic pockets 

acting as ‘lipid sinks’ [23,26,34]. 
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Various studies indicate that liposome–PTXL formulations exhibit lower toxicity 

compared to Taxol®, may increase the maximum tolerated drug dose, and may improve 

biodistribution [30,35–38]. One liposomal formulation of PTXL is approved in China 

(Lipusu®) [39,40], while others are in clinical trials. Composition information for the Lipusu 

formulation is not publically available. LEP-ETU is in Phase II trials in the United States; it 

is an anionic lipid-based carrier composed of the neutral lipid DOPC (1,2-dioleoyl-sn-

glycero-3-phosphatidylcholine), cholesterol, and cardiolipin (90:5:5 mole ratio) with an 

additional 3 mol% PTXL [41]. EndoTAG-1 is in Phase III trials in Taiwan and has a cationic 

liposome structure consisting of the univalent cationic lipid 2,3-

dioleyloxypropyltrimethylammonium chloride (DOTAP), DOPC, and PTXL (50:47:3 mole 

ratio) [28]. Other types of PTXL-containing liposomes (e.g. PEGylated, antibody-targeted) 

have shown some promising early results, but have not progressed to clinical trials 

[30,35,42–45]. 

Straubinger has reported that 3 mol% is the solubility limit for PTXL in liposomes, 

above which PTXL rapidly precipitates [46]. However, there are few studies that 

systematically evaluate this drug loading parameter as a function of lipid and membrane 

properties and none that demonstrate that liposomes at this limit are the most efficient at 

actual drug delivery. Studies from various groups have investigated the behavior of PTXL in 

different types of membranes—cationic, anionic, neutral, cholesterol-containing, saturated, 

and PEGylated—but these studies are few in number and together form a very fragmented 

and sometimes contradictory picture [29–32,44,47]. What is lacking is a comprehensive 

study of how the physicochemical properties of liposome–PTXL particles, including their 
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time-dependent phase behavior, correlate to PTXL membrane content for optimal drug 

delivery and efficacy (i.e. ability to induce cancer cell death). 

Cationic liposomes (CLs) are of particular interest because the electrostatic attraction 

between positive particles and the negatively charged sulfated proteoglycans (components of 

the glycocalyx which covers cells) leads to cell binding. Studies suggest that positively 

charged particles may achieve some cancer-specific targeting because the tumor 

neovasculature is more negatively charged than other tissues in the body and will therefore 

accumulate cationic particles at a higher concentration [42,48–50]. This assertion was the 

basis for choosing the lipid mixture of EndoTAG-1 as a starting point in our investigation of 

PTXL–lipid interactions. 

In the work reported here, we generated kinetic phase diagrams characterizing the 

time-dependent phase separation and crystal formation of PTXL as a function of PTXL 

content in DOTAP/DOPC membranes. The phase diagrams were generated from direct 

observations of PTXL crystallization using differential-interference-contrast (DIC) 

microscopy. To corroborate this data, we used high-resolution synchrotron small-angle x-ray 

scattering (SAXS), which unambiguously identified the PTXL crystals by their characteristic 

diffraction peaks. Furthermore, SAXS allowed us to perform in situ measurements of 

variations in the membrane interlayer and DNA interaxial spacings in multilamellar, onion-

like complexes of cationic DOTAP/DOPC/PTXL membranes condensed with DNA, 

confirming both incorporation of PTXL and its depletion from the membranes upon 

crystallization.  

The kinetic phase diagrams show a solubility threshold at 3 mol% PTXL content: 

below 3 mol%, PTXL exhibits long-term solubility (≥ 20 days) in unsonicated CLs, whereas 
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above 3 mol%, the drug crystallizes within the first day following hydration. PTXL remained 

soluble in CLs on a time scale of days when incorporated at 3 mol%. The duration of PTXL 

solubility in CLPTXL NPs consisting of small (< 200 nm diameter) unilamellar liposomes 

(produced by sonication) is shorter than in unsonicated (uni- and multi-lamellar) liposomes 

with a broad distribution of larger sizes (average diameter ≈ 800 nm) over the whole range of 

PTXL contents tested.  

While previous studies seem to empirically choose one or two PTXL–liposome 

formulations based on physical characterization alone to push forward directly into animal 

testing, our study breaks from that approach and instead attempts to correlate the extent of 

biological response to the liposome properties. Thus, we assessed efficacy in vitro for a series 

of CLPTXL NPs with varying PTXL content in the CL membranes (at fixed total PTXL 

concentration in solution) by measuring human cancer cell survival. We observed new drug 

delivery behavior dependent both on the PTXL content (i.e., PTXL loading) and the timing 

of drug delivery after liposome hydration (at short (hours) vs. long (days) times). CLPTXL NPs 

that exhibit long-term solubility (PTXL content ≤ 2 mol%) show the highest efficacy (extent 

of cell death), whether delivered hours or days after liposome hydration. In the majority of 

experiments, CLPTXL NPs containing ≥ 9 mol% PTXL exhibited greater efficacy than NPs 

with 3–7 mol% PTXL when the particles were applied to cells within a few hours of 

hydration. This effect disappears over time, as PTXL phase-separates and crystalizes. Thus, 

whereas previous studies (including clinical trials) of CL-based carriers have exclusively 

focused on 3 mol% PTXL content (i.e. near the CL solubility limit) [35,41,51], our study has 

revealed two distinctly new PTXL composition regimes, below and above 3 mol% PTXL 

content, where CLPTXL NPs exhibit improved efficacy. Furthermore, our results demonstrate 
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that the time of NP delivery after liposome hydration is a critical parameter affecting 

efficacy. 

 

2.3 Materials and Methods 

2.3.1 Materials 

Lipid stock solutions of DOPC and DOTAP in chloroform were purchased from 

Avanti Polar Lipids. PTXL was purchased from Acros Organics and dissolved in chloroform 

at 10.0 mM concentration. CellTiter 96® AQueous-One Solution Cell Proliferation Assay 

was obtained from Promega. Paclitaxel–Oregon Green® 488 Conjugate, Texas Red–DHPE, 

and glycerol monooleate (GMO) were purchased from Thermo Fisher Scientific as powders 

and dissolved in chloroform to 190 M, 81 M and 10 mM concentrations, respectively. 

Custom DNA oligomers (sense strand: ACGCTTT; antisense strand: AGCGTTT) were 

purchased from Sigma-Aldrich. Luciferase plasmid pGL3 (purchased from Promega) was 

propagated in Escherichia coli and purified using a Qiagen Plasmid Mega Prep Kit. 

Cell Culture 

The human cell lines PC3 (ATCC number: CRL-1435; prostate cancer) and M21 

(melanoma) were gifts from the Ruoslahti Lab (Burnham Institute, La Jolla). M21 cells are a 

subclone that was derived in the laboratory of Dr. Ralph Reisfeld (Scripps Institute, La Jolla) 

from the human melanoma line UCLA-SO-M21, which was originally provided by Dr. D. L. 

Morton (UCLA, Los Angeles). Cells were cultured in DMEM (Invitrogen) supplemented 

with 10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin (Invitrogen). Cells 
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were passaged every 72 h to maintain subconfluency and kept in an incubator at 37 °C in a 

humidified atmosphere containing 5% CO2.  

2.3.2 Liposome preparation 

Mixed solutions of lipid and PTXL were prepared in chloroform:methanol (3:1, v/v) 

in small glass vials at a total molar concentration (lipid + PTXL) of 1 mM for cell 

experiments, 5 mM for DIC microscopy, and 20 mM for x-ray experiments. Individual stock 

solutions were combined according to the desired molar composition; typically, the cationic 

lipid DOTAP content remained constant for comparison, while neutral DOPC was exchanged 

for PTXL as the amount of PTXL was varied. The organic solvent was evaporated by a 

stream of nitrogen for 10 min and dried further in a vacuum (rotary vane pump) for 16 h. The 

resulting lipid/PTXL films were hydrated with high-resistivity water (18.2 M cm) to the 

aforementioned concentrations. Immediately thereafter, suspensions were agitated with a tip 

sonicator (Sonics and Materials Inc. Vibra Cell, set to 30 Watt output) for 7 min to form 

small unilamellar vesicles (“sonicated liposomes”). 

2.3.3 Dynamic Light Scattering 

A Malvern Zetasizer Nano ZS was used to measure the average size of the liposomes. 

A total of 100 L of a 5 mM stock suspension was diluted with 900 L of DMEM to mimic 

the salt conditions of the liposomes in solution when they are added to cells. This solution 

was loaded into a DLS cuvette (Malvern DTS1070) and measured. The liposome diameter is 

reported as the average ± standard deviation of 3 measurements.  

2.3.4 Polarized optical microscopy 
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Liposome samples at a concentration of 5 mM were loaded into flat microslides 

(VitroCom) via capillary action and sealed on both ends with 5-min epoxy glue. Samples 

were observed under crossed polarizers on a Nikon Optiphot microscope with a 5-fold 

magnification. 

2.3.5 DIC microscopy 

Samples prepared at 5 mM concentration were mixed manually after hydration by 

agitating the vial to ensure homogenous mixing. The sample solutions were stored at 37 °C 

for the duration of the experiment. At predetermined times, 2 L aliquots were withdrawn, 

placed on microscope slides, covered by a coverslip kept in place by vacuum grease, and 

imaged at 10 or 20X magnification on an inverted Diaphot 300 (Nikon) microscope. The 

samples were first imaged within minutes of adding water to the dried lipid films, then every 

2 h until 12 h, every 12 h until 72 h, and daily thereafter until PTXL crystals were observed 

or the entire sample was used up. The kinetic phase diagrams report an average time of 

PTXL solubility based on 2-4 independently formed samples for each mol% PTXL. 

2.3.6 Fluorescence microscopy 

Liposomes were prepared as described above at 5 mM total concentration, except for 

the incorporation of two fluorophores, one for lipid and one for PTXL. The liposome 

composition was DOTAP:DOPC:OregonGreen–PTXL:TexasRed–DHPE=90:10:5:7.1 (molar 

ratio). An aliquot of 2 μL of this solution was placed between glass coverslip and slide and 

sealed in with vacuum grease. The solution was imaged with a Nikon Diaphot 300 equipped 

with a Nikon 1.4 NA 60× Plan Apo DIC Objective and a PCO Sensicam QE CCD camera. 

2.3.7 X-ray scattering 
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X-ray scattering experiments were performed at the Stanford Synchrotron Radiation 

Lightsource (Beamline 4-2) with an x-ray energy of 9 keV and a sample–detector distance of 

1.2 m. Lipid/PTXL films were prepared as described for liposome preparation (30 mol% 

DOTAP, 70–xPTXL mol% DOPC). After hydration (to 20 mM, i.e., 6 mM DOTAP), lipid 

suspensions were placed in a bath sonicator for 30 min and then stored at room temperature. 

To prepare samples for x-ray scattering, aliquots of the liposome suspensions were mixed in 

1.5 mm quartz capillaries (Hilgenberg) with calf thymus DNA solution (5 mg/mL in water) 

at a lipid/DNA charge ratio of 1.5. Samples were centrifuged in a capillary rotor in a 

Universal 320R centrifuge (Hettich, Germany) at 14,000 g for 30 min and the condensed 

lipid–DNA phase pelleted to the bottom of the x-ray capillary along with any PTXL crystals 

already present. Condensation of liposomes into CL–DNA complexes is expected to 

introduce confinement of crystal growth, which would complicate crystal detection by 

scattering. Thus, CL–DNA complexes were prepared immediately prior to measurement for 

each time point for each liposome composition under investigation, with the expectation that 

complex formation and centrifugation would break up newly formed crystals and disperse 

them heterogeneously into the CL–DNA pellet.  

Concentrated lipid solutions with high PTXL content without DNA also produced 

opaque white pellets when centrifuged. X-ray scattering confirmed that these contained 

phase-separated PTXL. These results, shown in Figure 4a, are for samples using GMO as the 

neutral lipid in place of DOPC. The lipid only sample was DOTAP:GMO (50:50 mole ratio), 

while the PTXL sample had the composition DOTAP:GMO:PTXL (50:44:6 mole ratio).  

2.3.8 Cell viability assays 
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Cells were plated in 96-well plates at a density of 5,000 cells/well. Cells were 

incubated overnight to adhere to the plate. Liposome suspensions were diluted in DMEM to 

reach the desired concentration of PTXL. The cell culture medium was then manually 

removed from the wells with a pipette (rather than a vacuum aspirator; to ensure that cells 

were not removed unintentionally) and replaced with 100 L of the liposome suspension. 

After incubation for 24 h, the liposome-containing medium was removed manually with a 

pipette and replaced with supplemented DMEM. After incubation for another 48 h, the cell 

viability was measured with the CellTiter 96® AQueous-One Solution Cell Proliferation 

Assay (Promega). The assay solution was diluted 6-fold with DMEM and 120 L of this 

solution were added to each well. The absorbance at 490 nm was measured with a plate 

reader (Tecan M220) after 1 h of incubation as per the assay instructions. Each data point is 

the average of four identically treated wells and reported as a percentage of the viability of 

untreated cells. The incubation times in this procedure are based on previous experiments by 

L. Wilson (UCSB) that were reproduced in our lab and showed that the viability of cells 

treated with PTXL relative to control cells decreases over time until reaching a plateau at 

around 72 h [4]. 

For cell viability experiments comparing the efficacy of CLPTXL NPs to CLPTXL-DNA 

complexes, two batches of liposomes were prepared with either 30 or 50 mol% DOTAP, 3 

mol% PTXL, and the remainder DOPC. Complexes were formed by mixing the cationic lipid 

with negatively charged DNA at a positive charge ratio of 5. Two types of DNA were used: a 

large luciferase plasmid DNA and a short double-stranded DNA 5 base pairs long, with 2 

extra unpaired thymine residues at the 3’ end of each strand to minimize end-to-end DNA 

sticking [52]. Liposomes and DNA were each diluted in DMEM before subsequent mixing. 
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Particles were added to cells such that the amount of PTXL delivered to each cell culture 

well was constant. 

In viability experiments comparing CLPTXL NPs of varying PTXL content, the total 

concentration of PTXL was kept constant (at the approximate IC-50, see text). This results in 

varying lipid concentrations. For example, delivering a fixed PTXL concentration of 40 nM 

in a volume of 100 L at 1 and 9 mol% PTXL results in a total lipid concentration of 4 and 

0.44 M, respectively. 

To assess the effect of time after hydration on the efficacy of CLPTXL NPs, seven vials 

with CL/PTXL films were prepared as described above for each of the formulations (50 

mol% DOTAP, 50–xPTXL mol% DOPC) under investigation. These films were hydrated and 

sonicated over the course of 10 d (0, 1, 2, 4, 6, 8, and 10 d before addition to cells). On the 

day the CLPTXL NPs were added to cells, each suspension was first diluted in DMEM to a 

final PTXL concentration of 22.5 nM for PC-3 cells and 65.0 nM for M21 cells. The 

solutions were then used in the cell viability assay as described above. 

 

2.4 Results and Discussion 

2.4.1 Microscopy Characterization of PTXL-Loaded Cationic Liposomes.  

As described in the Introduction, hydrophobic drugs are expected to partition into the 

membrane of liposomes. Our x-ray scattering data (see below, discussion of Fig. 6) confirms 

this for PTXL in CLs. To visualize the partitioning, we carried out fluorescence 

colocalization experiments. Figure 1 (d-g) shows representative images of the results: part (d) 
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displays a DIC optical image of a giant cationic liposome (composed of 

DOTAP:DOPC:OregonGreen–PTXL:TexasRed–DHPE at a 90:10:5:7.1 mole ratio); part (e) 

shows the green fluorescence from the Oregon Green® 488–PTXL conjugate; part (f) shows 

the red fluorescence due to lipid label TexasRed–DHPE; part (g) shows the overlay of the 

fluorescence of lipid label and PTXL-conjugate. This series of images demonstrates that 

fluorescent PTXL and lipid are colocalized and concentrated along the outer edge of the 

liposome, consistent with the PTXL conjugate residing within the hydrophobic region of the 

bilayer. The fluorescent PTXL conjugate thus behaves similarly in this respect to PTXL. 

However, the Oregon Green® 488–PTXL conjugate is not a suitable PTXL analog for the 

quantitative study of the stability of PTXL in CL formulations because its chemical 

properties are significantly altered by the addition of the fluorophore. For example, while the 

conjugate can be used to image microtubules, it is applied to cells at a much higher 

concentration than lethal doses of unaltered PTXL, suggesting it is much less toxic. In 

addition, the fluorophore-conjugated PTXL is more water soluble than PTXL and does not 

readily phase-separate from the CL membranes to form crystals. This shows that caution is 

required in the use of fluorescently-tagged hydrophobic drugs for quantitative studies. We 

therefore used the unaltered form of PTXL (Figure 1a,b) for the remainder of our studies. 

Various groups have reported 3 mol% PTXL as the solubility limit in liposomes 

[41,46]. Beyond this limit, PTXL phase-separates and forms characteristic needle-shaped 

crystals. Figure 1h shows a low-magnification polarized optical micrograph displaying such 

crystals in an unsonicated CLPTXL sample 5 days after hydration. While previous studies have 

largely relied on multi-step HPLC experiments to monitor drug loading and retention over 

time [30,31,43], we set out to establish a DIC microscopy-based experimental protocol that 
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would allow us to determine the PTXL stability in novel lipid formulations with higher 

throughput. 

Nucleation and crystal growth theory, along with our experimental observations, 

suggests that the rate-limiting step in PTXL crystallization is nucleation, with crystal growth 

occurring on a much faster time scale thereafter. The experimental evidence supporting this 

is that the size of the crystals we observe in DIC microscopy is about 20 m or larger. The 

resolution limit of DIC microscopy is much smaller, but we do not see evidence of smaller 

PTXL crystals. This suggests that the crystals grow to their large size very rapidly or, in other 

words, that nucleation is the rate-limiting step. Thus, direct observation of PTXL crystals 

using DIC microscopy is an appropriate technique to assess CLPTXL stability on the relevant 

time scale of hours to days. Figure 2 provides examples of DIC micrographs of CLPTXL 

liposomes before and after PTXL crystallization. The pictured samples consisted of 30 mol% 

DOTAP, 1.25–5 mol% PTXL, and the remainder DOPC. Two methods of sample 

preparation were used: unsonicated liposomes as formed spontaneously upon hydration, 

which are larger and display a broad size distribution, and sonicated liposomes, which 

display a more monodisperse distribution of smaller sizes.  
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Figure 2. DIC microscopy images of liposomes and crystallized PTXL. Unless otherwise specified, samples are 

unsonicated liposomes made of DOTAP, DOPC and PTXL (30:70–xPTXL:xPTXL mole ratio). (a–c) Images of 

liposomes with xPTXL=5 taken a) 2 h, b) 4 h, and c) 6 h after hydration; crystal formation is evident at 4 h, 

indicating the short period of stability at high PTXL contents. (d) Image of a sample with xPTXL=4, showing 

PTXL crystals at 24 h after hydration. (e and f) Images of samples that exhibit longer-term PTXL solubility: e) 

xPTXL=2, sonicated sample with an average particle size < 200 nm, and f) xPTXL=1.5, unsonicated sample 

composed of larger multilamellar vesicles (≈ 800 nm average diameter). 

 

Figure 2 (a-c) displays images obtained for a sample in which the PTXL crystallizes 

in a matter of hours. The image shown in part (a) was taken 2 h after liposome hydration and 

shows no evidence of phase separation and crystal formation, while the images in parts (b) 

and (c) show PTXL crystals and an axialite bundle of crystals at 4 and 6 h, respectively. At 

lower PTXL content (4 mol%), CLPTXL NPs are stable for longer periods, with PTXL crystals 

appearing between 12 h and 24 h (Figure 2d). The images in Figure 2e (2 mol% PTXL) and 

2f (1.5 mol% PTXL) contrast the two sample preparation methods (sonicated (2e) and 

unsonicated (2f)) for two formulations at even lower PTXL content. These CLPTXL NPs 

exhibited long term stability, with no crystals detectable by DIC microscopy even 16 days 

(Figure 2e) and 21 days (Figure 2f) after hydration. As is evident in the DIC images, 
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unsonicated samples contain a broad distribution of particle sizes, up to tens of micrometers. 

This was confirmed by dynamic light scattering (DLS) measurements on CLPTXL NPs at 30 

mol% DOTAP but containing only 1 mol% PTXL: the average diameter of NPs for the 

sonicated sample was 180±20 nm, whereas the NPs in the unsonicated sample had an 

average diameter of 810±70 nm. Only a few liposomes at the upper limit of the size 

distribution of sonicated CLPTXL NPs can be resolved by DIC microscopy (Figure 2e). 

2.4.2 Kinetic Phase Behavior of PTXL-Loaded Cationic Liposomes.  

The time-dependent phase diagrams of unsonicated and sonicated PTXL-loaded CLs 

(DOTAP:DOPC:PTXL, 30:70-x:x mole ratio), as mapped out by DIC microscopy, are shown 

in Figure 3a and 3b, respectively. Blue color indicates that PTXL remained solubilized in 

membranes, i.e., no crystals were observed. Pink color indicates the time point at which 

PTXL crystals were observed. (Time points after the first observation of crystals were 

marked with pink color even if no further samples were assessed, since crystallization from 

the membrane is irreversible.) For example, in the unsonicated sample containing 5 mol% 

PTXL (DOTAP:DOPC:PTXL 30:65:5 mole ratio), crystals were first observed at the 4 h 

time point, meaning that PTXL crystallized between 2 and 4 h after hydration (Figure 3a).  
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Figure 3. Kinetic phase diagrams of PTXL solubility in CLPTXL NPs prepared from DOTAP, DOPC and PTXL 

(30:70–xPTXL:xPTXL mole ratio). DIC microscopy (see Figure 2) was used to assess whether PTXL crystallization 

had occurred at the indicated times after hydration. Blue color indicates absence of PTXL crystals (PTXL 

remained soluble in the membranes), while pink color indicates presence of PTXL crystals. (a) Stability of 

PTXL in unsonicated liposomes. (b) Stability of PTXL in sonicated liposomes. The black line, showing the 

solubility boundary for unsonicated liposomes, is included as a reference to facilitate comparison. 

 

The phase diagrams show that PTXL is relatively unstable within membranes when it 

is incorporated at > 3 mol% in DOTAP/DOPC liposomes, phase separating on a time scale of 

hours to one day. In contrast, samples incorporating PTXL at ˂ 3 mol% PTXL are stable for 

at least a week, with unsonicated samples not phase separating within the timeline of 

observation (with selected samples monitored over 30 days). At 3 mol% PTXL content, 

PTXL-loaded CLs display moderate stability, which is reduced if the sample was subjected 

to sonication. Indeed, as evident from a comparison of Figure 3a (unsonicated) to Figure 3b 

(sonicated), sonication reduced the stability of CLPTXL particles over the entire range of 

PTXL contents investigated. (The black line in Figure 3b marks the boundary denoting onset 

of crystal formation in unsonicated samples.) 
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The sonicated, smaller CLPTXL NPs have a much higher curvature (C ≈ 1/200 nm-1 

versus ≈ 1/800 nm-1 for unsonicated PTXL-loaded CLs), which appears to promote faster 

nucleation and growth rates. A possible rationale for this observation is that high membrane 

curvature breaks the symmetry between the inner and outer lipid monolayers (i.e., 

Cmonolayerouter > 0 while Cmonolayerinner < 0 for small NPs, whereas larger, nearly flat unsonicated 

membranes (C ≈ 0) have very small differences in curvature between the monolayers). This 

would lead to preferred PTXL partitioning into one monolayer in small NPs and thus a 

higher local PTXL concentration and faster nucleation time.   

2.4.3 Synchrotron Small Angle X-Ray Scattering (SAXS).  

We used SAXS to quantitatively confirm the existence of phase-separated PTXL 

crystals (observed in DIC) by their signature diffraction peaks [53–55]. We studied selected 

CLPTXL NPs and DOTAP/DOPC/PTXL multilayers condensed with DNA by SAXS at 

different times after liposome hydration for comparison with the kinetic phase diagram 

results obtained by DIC and to gather detailed structural information about PTXL-containing 

membranes.  

The top profile in Figure 4a depicts SAXS from a control sample of CLs 

(DOTAP:glycerol monooleate (GMO), 50:50 mole ratio) without PTXL, where only weak 

form factor scattering from the lipid membranes is observed. The bottom profile shows 

SAXS from CLPTXL NPs (DOTAP:GMO:PTXL, 50:44:6 mole ratio) where three strong 

diffraction peaks arise from the presence of phase-separated PTXL crystals. These crystals 

are also optically visible in the x-ray capillary. The three characteristic PTXL diffraction 

peaks are located at qP1 = 0.291 Å-1, qP2 = 0.373 Å-1, and qP3 =0.436 Å-1 in the low-q range 

(0.005 Å-1 < q < 0.5 Å-1) probed in our SAXS experiment.   
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Figure 4. X-ray scattering and cell survival studies of CLPTXL NPs compared to CLPTXL-DNA complexes. (a) 

Representative examples of the average scattering intensity for uncondensed (DNA-free) lipid samples without 

PTXL (red) and CLPTXL NPs with high PTXL content (blue). Only the scattering form factor appears for the 

lipid sample when the lipid bilayers are not condensed. When PTXL has crystallized (blue curve), peaks due to 

PTXL crystals are observed at P1 (q=0.291 Å-1), P2 (q=0.373 Å-1), and P3 (q=0.436 Å-1). (b) Cell survival 

outcomes of PC3 cells treated with 50 nM PTXL in either CLPTXL liposomes or CLPTXL–DNA complexes show 

no significant differences in efficacy due to complex formation (with either plasmid or short oligomeric DNA) 

or lipid charge density (30% DOTAP vs. 50% DOTAP). (c) Small angle x-ray scattering intensity for four 

CLPTXL NP samples with high PTXL solubility (PTXL content ˂ 3 mol%; DOTAP/DOPC/PTXL, 30:70–

xPTXL:xPTXL mole ratio) that were condensed with DNA on the fourth day after hydration. In these samples, 

PTXL remains soluble (no P1, P2 or P3 peaks are observed). However, because the samples have been 

condensed with DNA, the (001), (002), (004), and (005) peaks characteristic of the L
C phase appear, along 

with the broad DNA–DNA correlation peak, as labeled. 

Independent of the lipid composition, the x-ray scattering from liposome solutions 

(which do not pellet from centrifugation due to the similar densities of liposome and water) is 

weak (Figure 4a). To overcome this problem and enable detailed structural analysis of 

PTXL-loaded membranes we concentrated CLPTXL NPs by complexing them with oppositely 

charged macromolecules, using anionic DNA as the condensing agent (compare the lack of 

features in the range of q = 0.05-0.25 of Figure 4a to the well-defined peaks in same range in 

Figure 4c). The resulting CLPTXL–DNA complexes can be further compacted into a high-

membrane-concentration pellet by centrifugation. We verified that CLPTXL–DNA complexes 

(using either plasmid DNA or short 5 base-pair double-stranded DNA) had human cancer 

cell death efficacy equivalent to that of CLPTXL NPs (Figure 4b). We also found that a 
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moderate change in membrane charge density (DOTAP content of 30 versus 50 mol%) had 

no statistically significant effect on efficacy.  

In the absence of PTXL, SAXS has shown that CL–DNA complexes form the 

lamellar L
C phase for CLs composed of DOTAP and DOPC [56–59]. The multilayered 

structure of the L
C phase, consisting of onion-like NPs with diameter ≈300–400 nm, is also 

directly observed in cryoTEM [60,61]. Figure 4c shows SAXS profiles for CLPTXL–DNA 

complexes (DOTAP:DOPC:PTXL 30:70–xPTXL:xPTXL mole ratio; lipid/DNA charge ratio = 

1.5) at xPTXL = 2.75, 2.50, 2.25, and 2.00, prepared on the fourth day after liposome 

hydration. The observed sharp scattering peaks correspond to the (00L) peaks (L = 1,2,4, and 

5) of the L
C phase with interlayer spacing dlamellar = 2/q001 = 67 Å consisting of the 

combination of the thickness of the lipid bilayer (containing DOTAP, DOPC, and PTXL) and 

the water layer (containing a layer of DNA) [56–59]. The (003) peak is not observed because 

it is close to a minimum of the x-ray form factor of the CLPTXL–DNA complexes. The 

broader shoulder peak to the right of the (001) peak at qDNA = 0.112–0.116 Å-1 is due to 

DNA–DNA correlations and yields an average DNA interaxial spacing dDNA = 2/qDNA = 

54.0–55.9 Å [56]. The scattering from these samples containing < 3 mol% PTXL (Figure 4c) 

shows no evidence of PTXL-related peaks, consistent with the kinetic phase diagram (Figure 

3b).  
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Figure 5. X-ray scattering analysis of PTXL crystallization from CLPTXL NPs. Scattering intensity is plotted for 

samples containing 3.0 (red lines), 3.5 (green lines), and 4.5 (blue lines) mol% PTXL (DOTAP/DOPC/PTXL, 

30:70–xPTXL:xPTXL mole ratio). Over the course of 4 d following hydration, aliquots of the CLPTXL NPs were 

condensed with DNA each day (day of scan designated on graphs as D1–D4) and formation of PTXL crystals 

was assessed with SAXS. (a) Full scattering spectra for all samples over the investigated range of the scattering 

vector q (q=0.05–0.5 Å-1). Peaks originating from the stacked membranes of the lamellar L
C structure are 

labeled as 001, 002, 004, and 005, while the DNA–DNA correlation peak is marked DNA, and P1, P2, P3 mark 

peaks originating from PTXL crystals (see Figure 4). (b) Expanded view of the plots in (a) around the PTXL 

peaks (q=0.25–0.50 Å-1). The appearances of peaks at P1 and P3 are the clearest indication of the presence of 

PTXL crystals. (c) An example of peak fitting for the (001) and qDNA peaks. The dashed line indicates a 

background-subtracted fit as the sum of two Lorentzian functions. The background scattering is shown by the 

orange dashed line with the form Ibg(q) = m*q + y0. Each Lorentzian function was written as S(q) = A/[2 + (q-

q0)2)], where q0 and  correspond to the peak position and the HWHM (half width at half maximum), 

respectively. For the (001) SAXS peak, A001 = 3.80 × 10-3, q001 = 0.09374 Å-1, 002 = 1.16 × 10-3 Å-1; for the 

qDNA SAXS peak, ADNA = 1.36 × 10-3, qDNA = 0.1168 Å-1, DNA = 6.64 × 10-3 Å-1. (d) Example fit for the (005) 

peak, which was used to determine the interlayer lamellar distance (the sum of the membrane bilayer thickness 

and the DNA containing water layer). The (005) peak was fit to a single Lorentzian with a constant background 

scattering of y0 = 15.1, where A005 = 3.97 × 10-6, q005 = 0.4692 Å-1, and 005 = 1.70 × 10-3 Å-1. In this particular 

series of samples (30 mol% DOTAP, DOTAP/DNA charge ratio of 1.5), the prominent P2 peak overlaps the 

(004) peak. (e) Expanded view of the region around the P2 and (004) peaks (4.5 mol% PTXL, days 1-4). The 

black arrowheads indicate the predicted position of the (004) peak for each sample, based on the position of the 

(005) peak. As PTXL leaves the membrane, the (004) peak shifts to lower q (corresponding to a thickening of 

the membrane), toward the P2 peak (position indicated by dashed line) which appears as the PTXL crystals 

form. 
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Figure 5 shows data from time-dependent SAXS studies. For each CLPTXL NP 

sample, aliquots were freshly complexed with DNA at each time point (to avoid potential 

artifacts resulting from the confinement of the membranes in the CLPTXL–DNA complexes) 

and assessed by SAXS to check for the signature PTXL crystal diffraction peaks. For 

samples incorporating larger amounts of PTXL (xPTXL = 3, 3.5, and 4.5), the PTXL 

diffraction peaks appeared on or before day 4 of the experiment. This is illustrated by Figure 

5 (a and b), which shows the scattering profiles at four consecutive days after liposome 

hydration (labeled D1 through D4). The appearance of the P1 and P3 peaks is the primary 

indication of PTXL crystal formation for this set of data because the positions of the P2 and 

(004) peaks are very close together. The PTXL peaks appear on day 4 for 3.0 mol% PTXL, 

day 3 for 3.5 mol%, and day 2 for 4.5 mol% PTXL. All peak positions for the samples in 

Figure 4c and Figure 5 are reported in the Supplementary Data (Table S1).  

Figure 5c shows a representative lineshape analysis for the (001) and qDNA peaks 

(xPTXL = 4.5, day 3). To get an accurate value for the peak positions, these overlapping peaks 

were fit simultaneously as the sum of two Lorentzian functions (dashed line). Each 

Lorentzian function was written as S(q) = A/[2 + (q–q0)
2)], with q0,  and A as the fit 

parameters. The parameters q0 and  correspond to the peak position and the half-width at 

half-maximum, respectively, while A/2 is the peak intensity. The background scattering 

(orange line) was approximated by a sloped line with the form Ibg(q) = m*q + y0.  

Figure 5d shows a representative example fit for the (005) peak (for xPTXL = 4.5, day 

4), which was used to determine the lamellar interlayer spacing dlamellar = 2/(q005/5). The 

(005) peak was used to measure dlamellar because it is the highest order diffraction peak in the 
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q-range of our SAXS study. It is expected to show the largest variation in peak position, thus 

yielding the most accurate measurement of changes in dlamellar. The (005) peak was fit to a 

single Lorentzian with a constant background. As evident in Figures 5c and 5d, the 

Lorentzian fits show good agreement with the experimental scattering data, enabling an 

accurate measurement of peak positions. 

Figure 5e shows enlarged sections of the scattering data for the sample containing 4.5 

mol% PTXL in the vicinity of the (004) peak on days 1 through 4. The arrowheads in Figure 

5e point to the position of q004 as deduced from the position of q005 (which has no nearby 

peak). On days 1 and 2, when PTXL is still soluble in the membrane, q004 = 0.378 Å-1, but on 

days 3 and 4, when PTXL has largely phase-separated into crystals (i.e., when the P1 and P3 

diffraction peaks are strong), q004 = 0.375 Å-1. This indicates a change in membrane thickness 

upon PTXL crystallization (see below). The onset of P2 at a slightly lower q (0.373 Å-1, 

indicated by the dashed line) than q004 gives rise to a closely spaced doublet peak, which is 

quite evident from the asymmetric shape of the peak at day 3. The P2 and P3 peaks emerge 

on day 2 (see the small bump at the dashed line marking P2 in Figure 5e and the small P3 

peak in Figure 5b (4.5% PTXL) on D2), but based on their small size and the unchanged 

position of q004 (from day 1), most of the PTXL remains soluble in the membrane.  

Figure 6a displays plots of the interlayer spacing, dlamellar, calculated from the 5th 

harmonic (dlamellar = 2/(q005/5)), as a function of time (day 1 through day 4) for the samples 

with xPTXL = 3, 3.5, and 4.5 mol% (DOTAP/DOPC/PTXL, 30:70–xPTXL:xPTXL mole ratio). 

The data shows an increase in dlamellar from days 1 and 2 (when all PTXL is still soluble in the 

membranes) to days 3 and 4 (when insoluble PTXL crystals are present). An increase in 

dlamellar implies an increase in the average membrane thickness because the thickness of the 
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water layer containing the monolayer of DNA, electrostatically adhered to neighboring 

cationic membranes, is nearly constant at around 2.5 nm [56]. This increase in membrane 

thickness on days 3 and 4 (with PTXL crystals present) is consistent with depletion of PTXL 

from the membranes (i.e., replacing a DOPC molecule with a shorter PTXL molecule (see 

Figure 1b) is expected to thin the membrane; conversely, membranes thicken as the molar 

ratio of PTXL to DOPC and DOTAP decreases). 

 

Figure 6. Lamellar interlayer distance and DNA interaxial spacing for DOTAP/DOPC/PTXL samples 

(30:70–xPTXL:xPTXL mole ratio) condensed with DNA as derived from x-ray lineshape analysis. (a,b) Plots of 

dlamellar (a) and dDNA (b) as a function of time for samples which exhibited PTXL crystallization. (c,d) Plots of 

dlamellar (c) and dDNA (d) against PTXL content for the stable samples (no PTXL crystallization; ˂ 3 mol% 

PTXL) on day 4. The lamellar interlayer distance dlamellar is the sum of the thicknesses of the lipid bilayer and 

the DNA-containing water layer. It was calculated from the position of the (005) peak as dlamellar = 

2/(q005/5). The DNA–DNA spacing was calculated from the DNA–DNA correlation peak (dDNA=2/qDNA). 

See text for discussion. 

We also observed that the DNA interaxial spacing (dDNA) decreases with time as 

PTXL crystals form on days 3 and 4 and PTXL is depleted from the membrane (Figure 6b). 
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This decrease in dDNA arises because the charge density of DOTAP/DOPC/PTXL membranes 

increases upon the loss of neutral PTXL from the membrane (i.e., the number of charged 

molecules in the membrane (DOTAP) remains constant, but the area of the membrane is 

reduced by the loss of PTXL). An increase in cationic membrane charge density is known to 

drive a decrease in dDNA because the decrease in dDNA increases the anionic charge density 

(as required to maintain overall local charge neutrality between cationic membranes and 

anionic DNA) [56,57,59].  

Figure 6c depicts the interlayer spacing as a function of increasing PTXL content for 

the samples where PTXL did not phase separate (see Figure 4c), i.e., for xPTXL = 2, 2.25, 2.5, 

and 2.75 (DOTAP/DOPC/PTXL, 30:70–xPTXL:xPTXL mole ratio). The data shows the 

expected decrease in dlamellar (and thus the membrane thickness) as increasing amounts of 

DOPC are replaced by the shorter PTXL molecule (consistent with the behavior found in 

Figure 6a). Figure 6d shows that the DNA interaxial spacing increases when the PTXL 

content in the membrane is increased, similar to the behavior seen in Figure 6b. In this case, 

the number of molecules in the membrane is constant (DOPC is replaced with PTXL to 

increase the PTXL content). However, replacing a DOPC molecule with a shorter but thicker 

PTXL molecule (see Figure 1b) leads to an increase in the average distance between lipids 

(increase in the lateral area per lipid) and a lower membrane charge density. This lowering of 

the membrane charge density with increasing PTXL content drives the increase in DNA 

spacing (i.e., lowering of the anionic charge density) as noted above.  

This data shows that our new methodology, of using cationic membranes complexed 

with oppositely charged DNA to produce highly condensed aggregates suitable for in situ 

high-resolution synchrotron SAXS studies, has enabled us to accurately detect and measure 
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small variations in the membrane interlayer spacing and the DNA interaxial spacing due to 

changes in the relatively small amount of PTXL (< 5 mol%) incorporated in the cationic 

membranes as a function of time. After probing the time scale of PTXL solubility in 

membranes using optical microscopy and SAXS, we set out to correlate the observed 

differences between formulations incorporating varied amounts of PTXL to their drug 

delivery efficacy as measured by their toxicity to human cancer cell lines in vitro. 

2.4.4 CLPTXL NP Efficacy by Cell Viability Characterization.  

To begin our investigations of the efficacy of CL-based PTXL carriers (i.e. their 

ability to induce cancer cell death), we measured the approximate IC-50 (the drug 

concentration achieving half the maximal effect) for cytotoxicity in two human cancer cell 

lines. We obtained a baseline IC-50 value using CLs prepared from DOTAP:DOPC:PTXL at 

a molar ratio of 50:47:3 (to mimic the proprietary EndoTAG-1 formulation) [62]. The plots 

of cell survival (normalized to untreated cells) as a function of increasing PTXL 

concentration are shown in Figure S1 in the Supplementary Data. For PC3 cells, (prostate 

cancer metastasis) the IC-50 ≈ 20 nM and the cell survival curve exhibits a steep slope 

(between 10 and 50 nM). For the M-21 cell line (melanoma metastasis), IC-50 ≈ 45 nM with 

a more gradual slope (spanning the range of 5–200 nM). We found that the exact IC-50 

varies with cell passage number. This is a possible source of error which we minimized by 

making direct numerical comparisons only between formulations that were tested side-by-

side on cells of the same passage number. 

In Figure S2, we show the results of an early IC-50 experiment where the PTXL 

concentration response was determined for both an EndoTAG-1-like liposomal formulation 

and for PTXL dissolved in a minimal amount of DMSO before dilution in DMEM. The 
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results show that about four times the amount of DMSO-dissolved drug is needed to elicit the 

same drop in cell survival as CLPTXL NPs. This effect is much larger than the observed 

variability in IC-50 with cell passage number. 

Next, we compared the efficacy of CL-based PTXL carriers of varied composition 

side-by-side at the predetermined IC-50 (eliminating errors due to using cells of different 

passage number). For these experiments, we chose CLPTXL NPs at PTXL contents covering 

the three different regimes of PTXL membrane solubility observed in the kinetic phase 

diagram (Figure 3): long-term solubility (< 3 mol% PTXL), moderate solubility (3 mol% 

PTXL), and low solubility (> 3 mol% PTXL). To allow a valid comparison of cell survival 

for NPs with different PTXL content, the total applied concentration of PTXL was fixed near 

the IC-50 value. Thus, CLPTXL NPs with lower PTXL content in the membrane yielded 

correspondingly higher final molar concentrations of lipid.  

Figure 7 depicts PC3 and M21 cell survival in response to 20 nM and 50 nM PTXL 

concentration, respectively, as a function of increasing PTXL content for CLPTXL NPs with 

membrane composition DOTAP:DOPC:PTXL=50:50-xPTXL:xPTXL (molar ratio). For both cell 

lines, the data reveals a surprising dependence on the PTXL content. The most effective 

compositions, with the lowest cell survival, are the formulations with PTXL content below 3 

mol%. Cell survival is higher for particles with ≥ 3 mol% PTXL. For PC3 cells in the data 

shown above, cell survival decreases again above 7 mol%. This effect, where cell survival 

decreases for higher PTXL content formulations, has been seen for both cell lines (See the 

Supplementary Data Figure S3) with statistical significance, but not in every experiment 

(observed in three of five experiments). We attribute this to the fact that membranes which 

are super-saturated with PTXL exhibit significant variability as to when crystals form, 
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because they are more sensitive to external perturbations that promote nucleation. If 

crystallization occurs early (within the 72 hours required for PTXL to produce its cytotoxic 

effect), lower efficacy would result. 

 

Figure 7. Cell survival data for CLPTXL NPs of varied PTXL content in two human cancer cell lines. The total 

concentration of PTXL applied to cells was kept constant at 20 nM for PC3 prostate cancer cells (a) and 50 

nM for M21 melanoma cells (b). These concentrations are near the IC-50s for PTXL in EndoTAG-1-like 

NPs, which were determined in previous experiments to assess the sensitivity of each cell line to PTXL. 

Because the total amount of applied PTXL was constant, the amount of applied lipid decreased as the PTXL 

content increased. Cell viability was measured 72 h after the NPs were added to cells and is normalized to 

that of untreated cells. The color bars indicate the PTXL membrane solubility at each xPTXL value (blue: more 

soluble, i.e. PTXL content ˂ 3 mol%; yellow: moderate solubility, i.e. PTXL content = 3 mol%; pink: low 

PTXL solubility, i.e. PTXL content ˃ 3 mol%). Statistical significance (Student T-test) is indicated by 

asterisks: (*) 0.05 ˂ p ˂ 0.08, (**) 0.01 ˂ p ˂ 0.05, (***) p ˂ 0.01. 

The more sensitive response of PC3 cells to PTXL concentration (as illustrated by the 

steeper slope of the cell survival curve, see Figure S1) means that small changes in the 

amount of soluble/bioavailable PTXL will lead to larger differences in cell survival for PC3 

than M21. This may explain the more dramatic differences in cell survival for PC3 cells 

treated with different liposomal formulations compared to the more incremental differences 

observed for M21 cells (see Figure S3).  

To control for lipid toxicity—especially for CLPTXL NPs at low PTXL content, where 

the most lipid was administered to the cells—we measured the viability of PC3 and M21 

cells incubated with increasing concentrations of DOTAP/DOPC (50:50, mol:mol) small 
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unilamellar CLs. As evident from the data shown in Figure 8, no toxicity is observed even at 

100 M total lipid, the upper limit tested in this control experiment. This is consistent with 

literature values for various lipids, which showed toxicity arising in the 100-200 M range 

for the most toxic lipids in the study [63], while toxicity does not set in until 3000–4000 M 

for the common neutral lipids mixed-chain phosphatidylcholine (egg lecithin) and 

dipalmitoylphosphatidylcholine (DPPC). The final total lipid concentration in our 

experiments probing CLPTXL NP toxicity never exceeded 6 M lipid, and therefore the 

observed toxicity is due to the delivered PTXL. 

 

Figure 8. Assessment of lipid toxicity in a) PC3 cells (human prostate cancer) and b) M21 cells (human 

melanoma). Liposomes consisting of DOTAP and DOPC (1:1 mole ratio) were diluted in DMEM from 100 

to 0.1 M total lipid and added to cells. Cell viability was measured 72 h after the liposomes were added to 

the cells and is normalized to that of untreated cells. No lipid toxicity is apparent in this concentration range. 

To verify the unexpected toxicity trends as a function of PTXL content, we expanded 

on the limited snapshot of information afforded by the experiments reported in Figure 7. 

Thus, we measured the IC-50 for cell toxicity of CLPTXL NPs at PTXL contents of 1, 3, and 9 

mol% for PC3 and M21 cells (Figure 9). In these experiments NPs were added to cells within 

2–3 hours after hydration. For both cell lines, efficacy (diminishing of cell survival) is 
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greatest when PTXL is incorporated at only 1 mol% (and thus more lipid is used as a carrier). 

The IC-50 for CLPTXL NPs with 1 mol% PTXL is more than a factor of 2 lower than that for 

carriers with 3 mol% PTXL, both for PC3 (Figure 9a) and M21 (Figure 9b) cells. The cell 

survival curves for CLPTXL NPs at both 1 and 9 mol% PTXL are left-shifted with respect to 

the baseline formulation of 3 mol% PTXL, consistent with the bell-shaped curve in Figure 7a 

(and Supplementary Data Figure S3). (See the caption of Figure 9 for a list of key values of 

p.) Thus, this data further supports the presence of two optimal activity regimes at low (≈ 1 

mol%) and high (≈ 9 mol%) PTXL content. 

 

Figure 9. Cell survival as a function of PTXL concentration for CLPTXL NPs containing 1, 3 or 9 mol% PTXL 

added to a) PC3 cells and b) M21 cells. The dashed line indicates 50% cell death. For PC3 cells, the IC-50 is 

highest (about 20 nM) for 3 mol% PTXL, and lower for both 1 mol% PTXL (about 7.5 nM) and 9 mol% 

PTXL (about 15 nM). For PC3, the Student T-test indicates statistical significance of p<0.01 for pairwise 

comparison of all three data points at 10, 15 and 20 nM. The IC-50 in M21 cells is also highest (about 50 

nM) for 3 mol% PTXL, but lower for 1 mol% PTXL (about 20 nM) and 9 mol% PTXL (about 40 nM). For 

M21, p<0.01 for 1 mol% PTXL compared to 3 or 9 mol% PTXL at 40 nM and 60 nM, and for 3 mol% 

PTXL compared to 9 mol% PTXL, p=0.015 and p=0.026 at 40 nM and 60 nM, respectively. 

Our kinetic phase diagram study makes it evident that the microscopic states of PTXL 

in membranes evolve with time spent in the aqueous milieu (i.e., from a mixed state to a 

demixed state of PTXL nucleation and growth). Thus, we also investigated the efficacy of 

CLPTXL NPs with PTXL content of 1, 3 and 9 mol% as a function of time after hydration. The 

data from these experiments (Figure 10) demonstrates that cells respond very differently to 
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the same dose of PTXL depending on whether or not the PTXL is still soluble within the CL 

membranes. When more lipid is used to solubilize PTXL (1 mol% PTXL content), efficacy 

remains high (low cell survival) irrespective of time after hydration. In contrast, a significant 

drop in efficacy occurs (cell survival increases) over time for the CLPTXL NPs at 3 and 9 

mol% PTXL content.  

 

Figure 10. Cell survival data for CLPTXL NPs with selected PTXL content in two human cancer cell lines as a 

function of time after hydration in water. The total concentration of PTXL applied to cells was kept constant 

at 22.5 nM for PC3 cells (a) and 65.0 nM for M21 cells (b). The CLPTXL NPs containing 1 (blue), 3 (yellow), 

or 9 (pink) mol% PTXL (50 mol% DOTAP) were hydrated and sonicated at different time points leading up 

to the experiment to be applied to the cells at the same time. Cell viability was measured 72 h after the NPs 

were added to cells and is normalized to that of untreated cells. 

As time progresses and the PTXL phase-separates and crystallizes (becoming 

biologically inert), it renders the lipid carriers with ≥ 3 mol% PTXL less and less effective, as 

we see in Figure 10. Based on the fact that immediately after hydration no PTXL crystals are 

observed, we assume that essentially all PTXL is initially associated with the CL membranes 

(with a small amount dissolved in water, as determined by PTXL’s partition coefficient and 

water solubility). We thus believe that the PTXL crystals initially nucleate in the membrane 

but then exit (and in some cases protrude) from the membrane as the crystal grows and its 

size and shape can no longer be contained in the membrane. The membranes containing 
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supersaturated PTXL will be the reservoir for PTXL crystal growth, replenishing the small 

amount of PTXL dissolved in the aqueous phase as it is consumed by the growth of the 

crystal. 

The improved activity of carriers with well-solubilized PTXL (1 mol% PTXL) can be 

readily rationalized by the fact that the drug remains bioavailable for longer. The toxicity of 

PTXL requires about 72 hours to take full effect [4], and the properties of these carriers 

ensure that the drug will not phase separate in this period. If PTXL crystalizes from its 

delivery vehicle during the 72-hour window, we expect a reduction in the cytotoxicity 

because the concentration of bioavailable PTXL is effectively lowered. (Remember also that 

PTXL without a carrier is less effective (Fig. S2).) Interactions with cellular components 

such as membranes and cytoplasmic proteins (e.g. leading to loss of lipid from the CL carrier 

and thus creating a supersaturated state) may accelerate crystallization and in particular cause 

CLPTXL NPs at the PTXL membrane solubility limit to be less stable than they appear outside 

of cells, e.g. in the kinetic phase diagram experiment. 

Another aspect to consider for a mechanistic explanation of our findings is that the 

amount of lipid used to deliver a given amount of PTXL increases as the mol% PTXL in a 

formulation decreases. Since the particle size is constant, this results in an increased number 

of particles. For example, a formulation at 0.5 mol% PTXL content will contain six times as 

much lipid, and thus six times as many particles, as a formulation containing 3 mol% PTXL. 

At the same time, each of these particles will contain six times less PTXL. Since PTXL has 

to reach the cytoplasm to display its cytotoxic activity, our efficacy data shows that 

increasing the number of particles in solution increases the amount of PTXL delivered to the 

cytoplasm either directly from the plasma membrane or via endocytic pathways. Future cell 



57 

microscopy studies will be essential to further elucidate the relevant mechanisms. It is also 

interesting to speculate that the known interactions of microtubules with CLs could play a 

role in the transfer of PTXL to the tubulin within the cell [64]. 

The increased efficacy that reemerges in some experiments at higher PTXL loading 

(~9 mol%) on short delivery time scales is highly unexpected. It may be that at this 

concentration, with PTXL supersaturated in the membrane, PTXL molecules are readily 

expelled from the lipid membranes soon after hydration. This PTXL may diffuse directly into 

the cell membranes, which appear as a “lipid sink.” As noted, the increased efficacy at high 

PTXL content was not observed in all experiments. We attribute this to the fact that 

membranes which are super-saturated with PTXL exhibit significant variability as to when 

crystals form, because they are highly sensitive to external perturbations that promote 

nucleation. Thus PTXL may have crystallized sooner in the experiments where efficacy of 

particles at 9 mol% PTXL was similar to that of particles containing 3 mol% PTXL. 

 

2.5 Conclusions 

DIC optical microscopy and high-resolution synchrotron SAXS have allowed us to 

map the kinetic phase behavior of DOTAP/DOPC-based CL carriers of PTXL and correlate 

distinct stability and efficacy regimes. To date, all efficacy studies of liposome-based PTXL 

carriers (including in animal models and cancer chemotherapy clinical trials) have 

incorporated PTXL in lipid NPs near the membrane solubility limit at 3 mol% [35,36,41,62]. 

In strong contrast, the work reported here shows that CLPTXL NPs incorporating PTXL below 

3 mol% have notably higher efficacy in prostate (PC3) and melanoma (M21) human cancer 
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cells for NP delivery both on short and longer time scales (hours and days after liposome 

preparation). We also observed a secondary high efficacy regime on short delivery time 

scales for CLPTXL NPs with ≥ 9 mol% PTXL in some experiments. A further significant 

finding of our study is that the efficacy of CLPTXL NPs with higher PTXL content (≥ 3 mol%) 

is strongly dependent on the time between NP preparation and delivery. Our results 

underscore the importance of the integrated approach we present in the paper (connecting 

physical characterization of the particles to in vitro efficacy) and reveal that achieving long-

term PTXL solubility (rather than maximum PTXL loading at ~3 mol%) is a key parameter 

in improving the efficacy of liposomal drug delivery in vitro.  

Our experiments suggest that DOTAP/DOPC liposomes loaded with 3 mol% PTXL 

are still likely to phase separate on a time scale of days. This was observed in plain water, 

and is likely to be accelerated by perturbations in a biological environment (e.g. due to 

interactions with cellular components such as membranes and cytoplasmic proteins). To our 

knowledge, it has not yet been explored if liposomes encapsulating PTXL below its solubility 

limit can improve pharmacokinetics, pharmacodynamics, or biodistribution in vivo. Future 

studies will investigate how the findings we present here translate to in vivo efficacy and 

confirm them for other cell lines. It may be counterintuitive to use particles below their 

nominal drug-loading capacity, but our data suggest that this may facilitate actual drug 

targeting and enhance therapeutic outcomes for hydrophobic drugs by improving drug 

retention, as long as the threshold of lipid toxicity is not exceeded. As past examples 

demonstrate [20,21], changing the physicochemical properties of the drug delivery vehicle 

may significantly alter the activity of PTXL and improve its efficacy against cancers that are 

not currently amenable to treatment with PTXL in the Taxol or Abraxane formulations.  
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Finally, we presented a new methodology involving in situ synchrotron SAXS of 

PTXL-loaded cationic multilamellar membranes condensed by DNA, which has allowed us 

to directly confirm the presence of PTXL in membranes and to observe the incorporation and 

time-dependent depletion of PTXL from membranes upon PTXL crystal formation by 

measuring small variations in the membrane interlayer and DNA interaxial spacings. We 

expect this nondestructive approach to be generally applicable to other hydrophobic 

molecules. Besides allowing for precise measurements of the dimension of PTXL-containing 

membranes under realistic, bulk-water conditions, complexes of such membranes with DNA 

(or siRNA) constitute a promising class of dual-cargo delivery vehicles which may be used to 

deliver nucleic acids to work synergistically with the delivered PTXL [33]. 
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Chapter 3 

Negative spontaneous curvature lipids decrease paclitaxel solubility in 

liposomes  

 

3.1 Abstract 

The propensity of the lipids 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and 

glyceryl monooleate (GMO) to promote fusion with other lipid membranes enables them to 

deliver nucleic acid drugs from lipid nanoparticles with high efficiency. Paclitaxel (PTX) is a 

hydrophobic small molecule cancer drug that loads into the fatty acyl chain region of lipid 

nanoparticles. We postulated that DOPE and GMO could enhance PTX delivery to cells 

through the same membrane fusion mechanism. PTX solubility in liposomes composed of 

GMO or DOPE was evaluated by optical microscopy as an approximate measure of drug 

loading. PTX was much less soluble in DOPE liposomes compared to 1,2-dioleoyl-sn-

glycero-3-phosphatidylcholine (DOPC) liposomes, which are not fusogenic. PTX was not 

found to be substantially soluble in GMO liposomes. The fusogenicity of DOPE and GMO 

liposomes comes from their non-lamellar self-assembled morphologies (inverted hexagonal 

or cubic gyroid), which are determined by the average spontaneous curvature of the total 

lipid composition. We used small-angle x-ray scattering to determine whether PTX solubility 

is governed by particle structure or by local intermolecular interactions. The results show that 

the latter is of greater importance and that DOPE and GMO lipids are not suitable 

components of lipid nanoparticles—regardless of particle structure—for PTX delivery. 
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3.2 Introduction 

 The hydrophobic cancer drug paclitaxel (PTX) must be solubilized for systemic 

delivery. Originally, patients were treated with PTX in the form of Taxol, a formulation of 

PTX dissolved in a solvent mixture of polyethoxylated castor oil (Cremophor EL) that has its 

own toxicity [1–3]. More recently, the PTX formulation Abraxane was approved, which 

solubilizes PTX in the non-toxic and biocompatible albumin protein in nanoparticle (NP) 

form [4–6]. However, this second generation treatment is still dose-limited by tolerability of 

the PTX side effects and has not definitively improved patient outcomes compared to Taxol. 

To overcome this limitation, targeted drug delivery systems are being developed for PTX and 

other cytotoxic drugs to concentrate them at a desired tissue target and minimize interactions 

with healthy tissue [3,7–10]. 

Development of a targeted NP-based drug delivery system is an attractive strategy to 

create a more potent treatment that is also tolerable to patients [11,12]. Targeting is achieved 

through passive physical mechanisms or specifically programmed chemical interactions [13]. 

In either case, each NP drug carrier must be tailored correctly to achieve optimal loading, 

retention and controlled release of its therapeutic payload based on the drug’s unique 

physicochemical features and subcellular target [14–16]. Here, the biomolecular target of 

PTX is tubulin, the monomer subunit of microtubules, which is found in the cell cytoplasm 

[17–22].  

Lipid-based NPs (LNPs), also called liposomes, are largely considered bio-

compatible and are used both in commercially-available treatments and in many drug 

delivery formulations in clinical trials worldwide [23–31]. LNPs are versatile drug carriers 
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that can be loaded with diverse therapeutics ranging from hydrophobic or hydrophilic small 

molecule drugs to nucleic acids (DNA and RNA) and proteins [32,33]. Of note is that 

hydrophobic small molecules such as PTX intercalate into the actual membrane of liposomes 

with the fatty acid tails for drug loading [25,34–36]—as opposed to within the aqueous core 

as for hydrophilic drugs.  

In developing LNPs for PTX delivery, we sought to investigate whether LNP design 

principles for delivering other types of drugs would carry over to the PTX–LNP system. For 

example, when liposomes are used for delivery of hydrophilic drugs, cholesterol is often a 

major component of the formulation to increase particle stability through membrane 

stiffening and to disfavor loss of the drug via diffusion across the membrane [37–39]. While 

cholesterol is of great value for LNPs loaded with hydrophilic drugs, it has been shown to 

compete with PTX for space in the membrane, ultimately decreasing PTX solubility and 

loading in LNPs [25,35,36,40–42]. Therefore, this design rule does not translate to the PTX–

LNP system and cholesterol should not make up a large fraction of PTX–LNP composition. 

Another class of compound frequently used in LNPs is cationic lipids. They are used 

widely in formulations to deliver nucleic acid therapies because they bind anionic DNA or 

RNA to achieve loading. In particular for small molecule drugs, cationic LNPs are able to 

passively target solid tumors through electrostatic interactions [31,43–48]. Newly forming 

vasculature associated with growing tumors is more negatively charged than other tissue in 

the body, thereby attracting positively charged particles at higher concentrations. For this 

reason, some LNP formulations for drug delivery, such as EndoTAG, include positively 

charged lipids. EndoTAG, also called SB05, is a PTX delivery system currently in clinical 

trials [3,45]. EndoTAG is made of cationic 1,2-dioleoyl-3-trimethylammonium-propane 
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(DOTAP), neutral 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and PTX in a 50:47:3 

mole ratio [28]. We chose to use an EndoTAG-like formulation as a reference for 

comparison with the new formulations tested in this manuscript. 

 
Figure 1. Molecular shape, self-assembly, and chemical structures of lipids. Cylindrical lipids DOTAP and 

DOPC favor self-assembly into lamellar L bilayer structures. Lipids with an inverted cone structure, like 

DOPE and GMO, self-assemble into non-bilayer structures such as inverted hexagonal HII. 

Another common component of LNPs for nucleic acid delivery are lipids with a 

propensity to fuse with other lipid membranes. These so-called “fusogenic” lipids help LNP 

membranes merge directly with endosomal membranes to deliver LNP contents directly into 

the cell cytoplasm [49–55]. Fusogenic lipids have negative spontaneous curvature (C0 < 0)—

an inverted cone molecular shape with a small lipid head group and relatively larger tail area. 

These lipids include 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and glyceryl 

monooleate (GMO), and are known to form LNPs with non-lamellar liquid crystal structures 

such as inverted hexagonal and cubic gyroid, which promote fusion with other membranes by 

physical shape mechanisms (Figure 1 shows their molecular shapes, chemical structures, and 

self-assembled morphologies of these lipids). DOPE is chemically similar to DOPC, but 

DOPC’s bulkier choline headgroup results in a cylindrical molecular shape (C0 = 0) that is 
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not fusogenic [56]. In this work, we postulated that DOPE and GMO could enhance PTX 

delivery compared to DOPC by transferring drug from LNPs to cell membranes via fusion 

mechanism. 

We began by evaluating PTX solubility in LNPs composed of cationic DOTAP with 

DOPC, DOPE or GMO. As previously described [34], PTX delivery efficacy correlates to 

how long PTX is soluble in LNP membranes. Consistent with previous reports, it was found 

that in membranes largely composed of DOPC, PTX is soluble up to about 3 mol% loading 

for 24 h or longer [25,34–36]. The longer it takes after liposome hydration for PTX crystals 

to phase separate, the greater the corresponding cell death [34]. The prolonged drug 

solubility likely improves drug retention in LNPs and keeps PTX bio-available during the 

period between LNP delivery and when PTX reaches its tubulin target. 

To determine PTX solubility we used observational data from DIC microscopy to 

generate kinetic phase diagrams. The DIC images indicate variations in the appearance of 

PTX crystals that correspond to the drug loading capacity of membranes. We show the 

resultant kinetic phase diagrams for binary lipid mixtures of cationic DOTAP with a neutral 

lipid (DOPC, DOPE, or GMO) with PTX loading of 0.5-5 mol% replacing cationic lipid. We 

report that PTX is significantly less soluble in CLs containing DOPE or GMO (C0 < 0) 

compared to DOPC (C0 = 0), and therefore these lipids are ill-suited for PTX delivery. 

Further, we report PTX solubility in ternary CL formulations made of DOTAP and mixtures 

of DOPC and DOPE.   

We present PTX solubility data in conjunction with small-angle x-ray scattering 

(SAXS) data, which allowed us to determine the liposome morphology of each formulation, 

to identify whether LNP structure or lipid-PTX intermolecular interactions have a larger 
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effect on PTX solubility. The membranes vary from lamellar (L
C) to inverse hexagonal 

(HII
C) based on DOPC, DOPE and GMO composition. We observe that PTX shows poor 

solubility in lamellar CL membranes in the presence of negative C0 lipids, regardless of LNP 

structure. 

 

3.3 Materials and Methods 

3.3.1 Materials 

Lipid stock solutions of DOTAP and DOPC in chloroform were purchased from 

Avanti Polar Lipids at 25 mg/mL (35.8 and 31.8 mM, respectively). DOPE and GMO were 

purchased as powders and dissolved in chloroform to a concentration of 50 mM. PTX was 

purchased from Acros Organics and dissolved in chloroform at a 10.0 mM concentration. 

Calf thymus DNA was purchased is solid form from Thermo Scientific and dissolved in 

deionized high-resistivity water (18.2 M cm) to a concentration of 3.5 mg/mL. 

3.3.2 Liposome Preparation 

Solutions of lipid and PTX were prepared in chloroform:methanol (3:1, v/v) in small 

glass vials at a total molar concentration (lipid + PTXL) of 5 mM for DIC microscopy and 

30 mM for x-ray scattering experiments. Individual stock solutions of each component were 

combined according to the final desired concentration and molar composition. The organic 

solvent was evaporated by a stream of nitrogen for 10 min and dried further in a vacuum 

(rotary vane pump) for 16 h. The resulting lipid/PTX films were hydrated with deionized 

high-resistivity water (18.2 M cm) to the previously described concentrations. 
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3.3.3 Kinetic phase diagrams 

Samples prepared at 5 mM concentration were mixed after hydration either by 

manual agitation or using a vortex. The sample solutions were stored at room temperature for 

the duration of the experiment. At predetermined times, 2 L aliquots were withdrawn, 

placed on microscope slides, covered by a coverslip kept in place by vacuum grease, and 

imaged at 10 or 20 × magnification on an inverted Diaphot 300 (Nikon) microscope. The 

samples were imaged every 2 h until 12 h, daily up to 10 days, and periodically thereafter 

until PTX crystals were observed or the sample was used up. The kinetic phase diagrams 

report the median time to observation of PTX crystals after hydration for 3–6 independently 

formed samples at each mol% PTX. 

3.3.4 Small angle x-ray scattering 

To make x-ray capillary samples, 50 L of 30 mM liposome solutions in water were 

mixed by vortexing with a calf thymus DNA solution (3.5 mg/mL) at a cationic lipid to 

anionic DNA charge ratio of 1 in a 500 L centrifuge tube. The samples were subsequently 

centrifuged in a table top centrifuge at 5,000 rpm. The complexed pellets were then 

transferred to a quartz capillary with excess solution. The capillaries were centrifuged in a 

capillary rotor in a Universal 320R centrifuge (Hettich, Kirchlengern, Germany) at 10,000g, 

25 °C for 30 min. After centrifugation, capillaries were sealed with epoxy. 

SAXS measurements were carried out at the Stanford Synchrotron Radiation 

Laboratory (Palo Alto, CA) beamline 4-2 at 9 KeV (=1.3776 Å) with a Si(111) 

monochromator. Scattering data was measured by a 2D area detector (MarUSA, Evanston, 

Illinois) with a sample to detector distance of ≈3.5 m (calibrated with a silver behenate 
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control). X-ray beam size on the sample was 150 m in the vertical and 200 m in the 

horizontal directions. Scattering data is reported as a radial average of scattering intensity 

in Q space.  

 

3.4 Results and Discussion 

3.4.1 Differential interference contrast microscopy to monitor PTX solubility and 

phase separation 

We used differential interference contrast (DIC) microscopy to observe PTX-loaded 

lipid samples starting 2 h after sample hydration. Liposomes formed spontaneously upon 

hydration and were not sonicated. The grid in Figure 2 shows representative images of 

liposomes loaded with PTX (1.5, 2, 3, and 5 mol% across the horizontal axis), made of 70 

mol% neutral lipid (varied DOPC:DOPE ratios shown along vertical axis), and the remainder 

cationic DOTAP. Most of the chosen images show crystallized PTX unless the sample did 

not crystallize within the window of observation (20 days). Generally, the extent of 

crystallization was greatest and occurred most quickly for samples with the highest PTX 

loading, as expected, and for samples with the highest DOPE content. We often observed the 

formation of bundled PTX needles at high PTX loading and high DOPE content, whereas at 

lower PTX loading or higher DOPC content samples, lone PTX needles were often observed.  
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Figure 2. Select DIC microscopy images of liposomes and phase separated PTX. Lipid samples composed of 

varying DOPC:DOPE mol% ratios (as indicated along the vertical axis), PTX (1.5–5 mol%; specified along 

x-axis), and remaining mol% DOTAP, were monitored by DIC microscopy over time until PTX crystals 

were observed to have phase separated or up until 20 days after liposome hydration. The time after hydration 

at which the sample was imaged is shown on each image. PTX crystal appearance varied by composition. 

PTX remained soluble for longer at low PTX loading and at higher DOPC content; conversely PTX 

separated more quickly from liposomes with high PTX loading and high DOPE content, often forming 

bundles of crystals. Scale bars are 100 m. 

3.4.2 Kinetic phase diagrams describing PTX solubility in binary lipid formulations 

The data from the DIC observations can be plotted as a function of PTX loading and 

time after particle hydration to PTX crystallization to create kinetic phase diagrams for each 

formulation. Phase diagrams for binary lipid systems, cationic DOTAP mixed with a neutral 
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lipid (DOPC, DOPE or GMO) are shown in Figure 3. Blue indicates the period in which PTX 

remained soluble for a given formulation, pink indicates the period in which phase separated 

PTX crystals were observed. The plotted data reflect the median time to PTX crystallization 

from three or more trials.  

 
Figure 3. Kinetic phase diagrams of PTX solubility in binary lipid systems of cationic DOTAP with neutral 

DOPC, DOPE, or GMO lipid. Kinetic phase diagrams indicate the duration of PTX solubility in unsonicated 

liposomes containing neutral lipid a) 70 mol% DOPC, b) 70 mol% DOPE, c) 80 mol% GMO, and d) 50 

mol% GMO. PTX was incorporated at 0.5–5 mol% of the formulations, as indicated along the x-axis. The 

remaining mol% of each sample was DOTAP. Blue indicates when PTX likely remains soluble in the lipid 

membranes, while pink indicates when PTX is likely to have phase separated and formed crystals. The 

solubility front (the interface between the soluble and crystallized areas) was determined from the median of 

3-5 separate trials at each PTX mol%. 

DOPC, with a net neutral spontaneous curvature (C0 = 0), displays the best PTX 

solubilization properties, keeping 3 mol% PTX soluble through 7 days (see Fig. 3a). When 

the phosphocholine headgroup is replaced with the smaller ethanolamine in DOPE, we see 

that PTX solubility significantly decreases (Fig. 3b). Even at as low as 1.5 mol% loading, 

PTX is only soluble up to 6 days, while at 3 mol% PTX begins crystallizing by 4 hours. The 

smaller relative size of the DOPE headgroup results in a C0 < 0. 
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To further explore the role of C0 and membrane morphology on PTX solubility, we 

also analyzed formulations with GMO as the neutral-charge lipid. GMO has only a single 

lipid tail, but also a much smaller glycerol headgroup than DOPC or DOPE, yielding a net 

negative C0. GMO has shown the ability to form both inverted hexagonal and cubic gyroid 

self-assemblies. Here we tested formulations with both 50 and 80 mol% GMO. Immediately 

we observed, both by microscopy and visible solution cloudiness, that PTX phase separates 

rapidly from GMO formulations. As a result, we assessed PTX solubility at even lower drug 

loading, 0.5 and 1.0 mol% (see shifted PTX scale in Figs. 3c,d). Even at this lower PTX 

loading, PTX does not appear to be solubilized by lipid membranes where GMO is a major 

component. Decreasing the GMO content from 80 to 50 mol%, thereby increasing the 

amount of DOTAP and C0 = 0 lipid, only elicited a minor improvement to PTX solubility. 

The drastic decrease in PTX solubility is likely the result of both the C0 < 0 character 

of GMO combined with its one-tailed molecular structure. On a molar basis, the GMO 

molecule offers half the amount of hydrophobic chains to associate with and solubilize PTX 

compared to the two-tailed DOPC and DOPE. This likely has an effect on the area and 

volume of the hydrophobic domain where PTX resides. However, the low solubility in GMO 

liposomes appears to be an outsize difference based on the acyl tail number argument alone, 

suggesting that there are further molecular interactions promoting PTX nucleation and 

crystallization in the presence of GMO. 

3.4.3 Kinetic phase diagrams describing PTX solubility in ternary lipid formulations 

To further parse the relationship between lipid composition and PTX solubility, we 

tested a series of ternary lipid formulations composed of a mixture of neutral DOPC and 

DOPE (at molar ratios of 20:50, 35:35, and 50:20) with cationic DOTAP. The solubility 
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fronts of PTX are superimposed in Figure 4 for each formulation, including 70 mol% DOPC 

and DOPE. PTX likely remains soluble below each line and is likely to have crystallized 

above each line. 

 

Figure 4. Solubility of PTX in ternary lipid 

systems of cationic DOTAP with neutral DOPC 

and/or DOPE lipid. This figure shows an overlay 

of the solubility fronts for five different lipid 

formulations with varied DOPC:DOPE content 

(0:70 in red; 20:50 in orange; 35:35 in green; 50:20 

in aqua; 70:0 in blue). PTX was incorporated at 

1.5–5 mol% of the formulations, as indicated along 

the x-axis. The remaining 25–28.5 mol% was 

DOTAP. PTX is likely soluble below each line, 

and is likely to have phase separated and formed 

crystals above each line. The solubility front (the 

interface between the soluble and crystallized 

areas) was determined from the median of 3-5 

separate trials at each PTX mol%. 

 

We observe that PC:PE formulations at 0:70 and 20:50 (red, orange) have nearly 

identical solubility fronts that show poor PTX solubility. As the PC component increases we 

see significant solubility enhancements. The PC:PE formulations of 35:35, 50:20 and 70:0 

(green, aqua, blue) all exhibit PTX solubility > 20 d at 1.5 mol% PTX loading. At 2 and 3 

mol%, PTX is soluble in these formulations for about a day or longer. PTX is soluble for > 

20 d at 2 mol% drug loading in the 70 mol% PC formulation.  

3.4.4 Small angle x-ray scattering (SAXS) of condensed lipid-DNA samples 
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In order to elucidate the relative contribution of membrane morphology to PTX 

solubility, we used x-ray scattering to determine the self-assembly morphologies of the tested 

CLPTX formulations. The CLs contain 2 mol% PTX, neutral lipid as specified and the 

remainder DOTAP. The data shown in Figures 5 and 6 reports the radially averaged 

scattering intensity for these CL membranes condensed with calf thymus DNA. 

Electrostatically condensing the CL with DNA to form a pellet increases the coherent domain 

size and local concentration of material, thus increasing scattering and providing additional 

physical information that dilute solution scattering alone would not yield. Figure 1b shows 

cartoons of the lipids (yellow acyl tail, green and white headgroups) condensed with DNA 

(blue helices) in the lamellar (L
C) and inverse hexagonal (HII

C) structures. 

Previously, we have reported x-ray scattering of CLPTX-DNA complexes [34]. Figure 

5 is annotated with peak assignments for the lamellar L
C (00L) or inverse hexagonal HII

C 

(HK) phases, as well as the visible DNA-DNA correlation peak. Of the four binary lipid 

formulations, 70 mol% DOPC and 50 mol% GMO have L
C morphology, while 70 mol% 

DOPE and 80 mol% GMO both have HII
C structure. When PTX crystallizes, we observe 

characteristic peaks at qP1 = 0.291 Å-1, qP2 = 0.373 Å-1, and qP3 = 0.436 Å-1, consistent with 

our previous report [34]. Peaks from crystallized PTX are visible in each of these samples 

except for 70 mol% DOPC. This finding is consistent with the solubility study showing that 

PTX crystallizes from DOPE and GMO CLs faster than from DOPC CLs. 
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Figure 5. X-ray scattering analysis of PTX-

loaded LNPs made of two lipid 

components: cationic DOTAP with neutral 

DOPC, DOPE, or GMO. The scattering 

intensity is plotted for 4 LNP samples 

loaded with 2 mol% PTX, revealing their 

various self-assembly structures complexed 

with long linear DNA. Peak assignments 

are labeled for L
C (00L), HII

C (HK), DNA-

DNA interaxial spacing (DNA), and 

crystallized PTX (P1, P2, P3). LNP 

composition: neutral lipid (70 mol% 

DOPC, 70 mol% DOPE, 80 mol% GMO or 

50 mol% GMO), 2 mol% PTX, remaining 

mol% DOTAP. LNPs were complexed with 

calf thymus DNA in a 1:1 charge ratio. 

 

To take a closer look at how the ratio of negative to neutral spontaneous curvature 

lipids affects PTX solubility, we made ternary lipid mixtures where negative C0 lipid (DOPE) 

was 070 mol%. The corresponding x-ray scattering data is shown in Figure 6. As shown in 

Fig. 5, 70 mol% DOPC CLs (blue) have L
C structure, whereas 70 mol% DOPE CLs (red) 

exhibit HII
C morphology. The PC/PE mixture of 20/50 (yellow) shows a coexistence of L

C 

and HII
C. At equal amounts 35/35 (green), the L

C phase dominates, but we also observe a 

minor fraction of HII
C. Further increasing DOPC to 50/20 (aqua) eliminates the HII

C phase 

and we observe only L
C. 



80 

 

 

 

Figure 6. X-ray scattering analysis of PTX-

loaded LNPs made of DOTAP with mixed 

amounts of DOPC and DOPE.  This figure 

shows the x-ray scattering intensity over Q-

space for five LNP formulations with 

varied DOPC:DOPE content (0:70 in red; 

20:50 in orange; 35:35 in green; 50:20 in 

aqua; 70:0 in blue). LNP structures (L
C 

and/or HII
C) were determined from the 

structure factor and are reported to the right 

of the graph. P2 and P3 from PTX crystals 

are observed in the 0/70 and 20/50 PC/PE 

samples. LNP composition: DOPC/DOPE 

as specified on plot to total 70 mol%, 2 

mol% PTX, 28 mol% DOTAP. LNPs were 

complexed with calf thymus DNA in a 1:1 

charge ratio. 

 

When we compare the x-ray results to the kinetic phase diagrams, we can see that 

even when CL compositions have L
C morphology, PTX solubility is lower in the presence 

of negative spontaneous curvature lipids. This point is illustrated by the 50/20 PC/PE mix 

and the 50 mol% GMO sample, both of which are in the L
C phase, but have decreased PTX 

solubility compared to the L
C 70 mol% DOPC sample lacking negative C0 lipids. 

 

3.5 Conclusion 

 The determination of PTX solubility in CL formulations incorporating different types 

of neutral lipids (DOPC, DOPE, GMO) showed that PTX is more soluble in DOPC (C0 = 0) 

than DOPE or GMO (C0 < 0). Among the C0 < 0 lipids, PTX was much less soluble in GMO 
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formulations than DOPE formulations. This may in part be due to the fact that GMO has only 

one acyl tail whereas DOPE (and also DOPC) has two acyl tails, and therefore a larger 

hydrophobic membrane volume. There is likely a specific intermolecular contribution to PTX 

solubility which we are unable to define here. There is room in this field to use molecular 

dynamics simulations to probe how intermolecular interactions either promote PTX phase 

separation or improve its solubility. X-ray scattering experiments were able to show that 

intermolecular interactions between the lipids and PTX dictate the drug’s solubility more 

than the self-assembled structures of the lipids. This was most evident from the CL 

formulations that included C0 < 0 lipids but were in the L
C phase, which still had poorer 

PTX solubility compared to the DOPC-only CLs. While DOPE and GMO may significantly 

improve delivery of nucleic acid therapeutics, they are not suitable for PTX delivery because 

they promote earlier drug phase separation from the CL NP carriers. 
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Chapter 4 

Comparing the effects of poly-unsaturated to mono-unsaturated fatty acid 

lipids on paclitaxel solubility and particle structure of liposomes for drug 

delivery 

 

4.1 Introduction 

One of the key challenges to improving cancer chemotherapy treatments is that many 

cancer drugs are hydrophobic and must be solubilized by some means for administration to 

patients [1,2]. The solvents commonly used to achieve this often have their own side-effects 

and cause hypersensitivity reactions. One important example where this occurs is the use of 

KolliphorEL (formerly called CremophorEL) to solubilize the cancer drug paclitaxel (PTX). 

PTX in KolliphorEL—a formulation known altogether as Taxol—has been widely used to 

treat various cancers [3–11]. Though Taxol has been a successful cancer treatment, it is 

inherently dose-limited by hypersensitivity reactions caused by KolliphorEL, which require 

patients to be premedicated with steroids [12]. To further decrease the chemotherapy side-

effects that are caused by the drug itself and simultaneously increase potency, researchers are 

now developing targeted nanoparticle drug delivery systems that aim to bring cytotoxic 

drugs, like PTX, to the sites where they are needed in the body (i.e. tumors) and lower 

systemic drug exposure. 

Lipid nanoparticles (LNPs) have been shown to solubilize PTX without added side-

effects and do not require premedication [13–17]. However, PTX loading and retention in 
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LNPs is somewhat low (≈3 mol% of the LNP formulation) [17–23]. Our group has 

previously shown that PTX solubility in LNPs is one of the determinants of delivery efficacy 

[24]. The lipid composition of LNPs will ultimately dictate their drug-loading, stability, and 

delivery properties. To optimize a PTX-LNP delivery system, it is worthwhile to investigate 

possible strategies to improve PTX-loading.  

Lipids are a molecular family with a wide range of chemical diversity; the 

hydrophilic headgroups and hydrophobic tails can be a variety of substituents attached with 

different linkages. Hydrophobic drugs like PTX are unique in how they load into the lipid 

bilayer, closely associating with the fatty acid lipid tails, rather than within the aqueous 

interior of LNPs where hydrophilic therapeutics are loaded [2]. Knowing that PTX loads into 

the fatty acid tail region, we wanted to investigate how chemical properties of the tails (such 

as saturation, chain length, methyl branching) affect the PTX-LNP system. Here we 

specifically focus on how fatty acid tail saturation affects drug loading and LNP properties.  

Many commercial therapeutic LNP products are composed of saturated and/or mono-

unsaturated lipids, with few instances of poly-unsaturated fatty acid lipids being used in LNP 

drug formulations2. One notable exception is the DLin-MC3-DMA lipid (see Figure 1), 

which was very recently developed for nucleic acid delivery by LNPs. It is a primary 

component of patisiran (Onpattro®), which, in August 2018, became the first-in-class FDA-

approved siRNA drug [25]. Patisiran has two lipid components, PEG2000-C-DMG and DLin-

MC3-DMA, a PEG-lipid (14:0) and an ionizable cationic lipid (18:2), respectively. 

Lipoplatin™ is another formulation in clinical development composed of soy 

                                                           
2 As an aside, there are a number of studies that look at delivering poly-unsaturated fatty acids (aka -fatty 

acids) as a therapeutic entity in and of themselves for their anti-oxidant properties [35,36]. 
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phosphatidylcholine, a natural lipid source that is predominantly 1,2-dilinoleoyl-sn-glycero-

3-phosphocholine (DLPC) lipid (18:2), as shown in Figure 1 [26,27].  

 

Figure 1. Chemical structures of lipids. This top portion of the figure shows the chemical structures of poly-

unsaturated fatty acid lipids used in commercial or clinical trial LNP formulations: DLin-MC3-DMA, N-(all-

trans-retinoyl)-L-cysteic acid methyl ester, and N-(13-cis-retinoyl)-L-cysteic acid methyl ester. The lower 

portion shows a series of phosphocholine lipids with symmetric tails of varying degrees of saturation. 

There are several LNP formulations for PTX delivery which are in clinical trials or 

have been approved outside of the US. The formulation Paclical®, which was approved in 

the Russian Federation, uses poly-unsaturated vitamin A-derived compounds: N-(all-trans-
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retinoyl)-L-cysteic acid methyl ester and N-(13-cis-retinoyl)-L-cysteic acid methyl ester 

sodium salts (Fig. 1) [12]. One pre-clinical mouse study reported a higher therapeutic index 

of soy PC (DLPC) PTX-LNPs compared to Taxol [28]. However, many of the PTX-LNP 

formulations in development, such as EndoTAG®, LEP-ETU, and DHP107, use mono-

unsaturated lipids [12]. Importantly, there have been few studies to determine how fatty acid 

tail saturation/unsaturation affects PTX-LNP drug delivery [20,29]; those that exist focus on 

differences between fully saturated and mono-unsaturated fatty acids, but not poly-

unsaturated fatty acids. Given that PTX loads into the LNP bilayer, the drug could interact 

with this type of lipid in a significantly different way. 

We based the present study on EndoTAG®, which is a cationic LNP product that has 

entered Phase III clinical trials. It is comprised of 1,2-dioleoyl-3-trimethylammonium-

propane (DOTAP) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) with PTX in a 

50:47:3 mole ratio [29,30]. We used EndoTAG® as a reference point because cationic 

nanoparticles have been shown to electrostatically target tumor vasculature [31,32]. PTX was 

previously reported to have very poor solubility in LNPs of saturated lipids, so here we 

compare DOPC (18:1) to DLPC (18:2) and 1,2-dilinolenoyl-sn-glycero-3-phosphocholine 

(DLnPC) (18:3).  

The formulations in our studies have a fixed amount (70 or 80 mol%) of neutral lipid 

(DOPC, DLPC, DLnPC). The remaining LNP material is PTX (1–5 mol %) and DOTAP 

(17-29 mol%). Here we report the solubility of PTX in LNP formulations over time and as a 

function of PTX loading. Unexpected variations in PTX solubility due to neutral lipid 

saturation emerge from our preliminary data. Secondly, we report the self-assembly 

structures which vary from lamellar (L
C) to inverse hexagonal (HII

C) as a function of fatty 
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acid tail saturation. Based on the findings reported in Chapter 4 of this thesis, we expect to 

see decreased PTX solubility in the presence of negative spontaneous curvature (C0) lipids 

that tend to form non-bilayer self-assembly structures. However, this investigation of DLPC 

and DLnPC shows that the molecular interactions governing PTX solubility in LNPs are 

more complex. 

 

4.2 Materials and Methods 

4.2.1 Materials 

Lipid stock solutions of DOPC, DLPC, DLnPC, and DOTAP in chloroform were purchased 

from Avanti Polar Lipids. PTX was purchased from Acros Organics and dissolved in 

chloroform at 10.0 mM concentration. Calf thymus DNA was purchased is solid form from 

Thermo Scientific and dissolved in deionized high-resistivity water (18.2 M cm) to a 

concentration of 3.5 mg/mL. 

4.2.2 Liposome Preparation 

Solutions of lipid and PTX were prepared in chloroform:methanol (3:1, v/v) in small glass 

vials at a total molar concentration (lipid + PTXL) of 5 mM for DIC microscopy and 30 mM 

for x-ray scattering experiments. Individual stock solutions of each component were 

combined according to the final desired concentration and molar composition. The organic 

solvent was evaporated by a stream of nitrogen for 10 min and dried further in a vacuum 

(rotary vane pump) for 16 h. The resulting lipid/PTX films were hydrated with high-

resistivity water (18.2 M cm) to the previously described concentrations. Immediately 
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thereafter, suspensions for x-ray scattering were agitated with a tip sonicator (Sonics and 

Materials Inc. Vibra Cell, set to 30 Watt output) for 7 min to form sonicated liposomes. 

Samples were not sonicated for DIC microscopy experiments. 

4.2.3 PTX solubility kinetic phase diagrams 

Samples prepared at 5 mM concentration were mixed manually after hydration by agitating 

the vial. The sample solutions were stored at room temperature for the duration of the 

experiment. At predetermined times, 2 L aliquots were withdrawn, placed on microscope 

slides, covered by a coverslip kept in place by vacuum grease, and imaged at 10 or 

20 × magnification on an inverted Diaphot 300 (Nikon) microscope. The samples were first 

imaged within minutes of adding water to the dried lipid films, then every 2 h until 12 h, 

every 12 h until 72 h, and daily thereafter until PTX crystals were observed or the entire 

sample was used up. The kinetic phase diagrams report the time to observation of PTX 

crystals after hydration for several samples at each mol% PTX. 

4.2.4 Small-angle x-ray scattering 

To make x-ray capillary samples, 50 L of 30 mM liposome solutions in water were mixed 

by vortexing with a calf thymus DNA solution (3.5 mg/mL) at a cationic lipid to anionic 

DNA charge ratio of 1 in a 500 L centrifuge tube. The samples were subsequently 

centrifuged in a table top centrifuge at 5,000 rpm. The complexed pellets were then 

transferred to a quartz capillary with excess solution. The capillaries were centrifuged in a 

capillary rotor in a Universal 320R centrifuge (Hettich, Kirchlengern, Germany) at 10,000g, 

25 °C for 30 min. After centrifugation, capillaries were sealed with epoxy. 
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SAXS measurements were carried out at the Stanford Synchrotron Radiation Laboratory 

(Palo Alto, CA) beamline 4-2 at 9 KeV (=1.3776 Å) with a Si(111) monochromator. 

Scattering data was measured by a 2D area detector (MarUSA, Evanston, Illinois) with a 

sample to detector distance of ≈3.5 m (calibrated with a silver behenate control). X-ray 

beam size on the sample was 150 m in the vertical and 200 m in the horizontal 

directions. Scattering data is reported as a radial average of scattering intensity in Q space. 

 

4.3 Results 

4.3.1 PTX has variable solubility in LNPs based on fatty acid tail saturation 

Our group has previously shown that PTX solubility in LNPs is one of the 

determinants of delivery efficacy [24]. We observed that the lower the PTX solubility over 

time, the lower the PTX delivery efficacy and subsequent cytotoxicity when LNPs were 

added to cells both immediately following LNP hydration and if there were a time delay. 

Here we used differential interference contrast (DIC) microscopy to assess the PTX solubility 

in novel LNP formulations made of a fixed amount (70 mol%) of neutral lipid (DOPC, 

DLPC, DLnPC), 1–5 mol % PTX, and the remainder DOTAP (25-29 mol%). LNP samples 

were monitored until PTX crystals were observed to have phase separated.  



94 

 

Figure 2. Kinetic phase diagrams of 

PTX solubility in liposomes made 

primarily of DOPC (18:1), DLPC 

(18:2) or DLnPC (18:3). DIC 

microscopy was used to assess the 

time to PTX crystallization after 

liposome hydration for three lipids 

(DOPC, DLPC, DLnPC) at different 

PTX loading (1–5 mol%). The 

solubility front (indicated by the blue 

to pink shading transition), where 

PTX goes from likely soluble to 

likely crystallized, was estimated 

from the median data point for each 

PTX mol%. Data was gathered from 

three separate investigators. S, M, J 

= first initial of researcher who 

completed trial. 1, 2, 3 = trial 

number. Orange font indicates PTX 

soluble ˃ 20 days. 
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The time to phase separation of each trial for each LNP formulation is marked on the 

phase diagrams shown in Figure 2. Experiments were carried out by multiple investigators 

(first initials ‘S’, ‘M’, and ‘J’ identify the data points contributed by each; the numbers ‘1’, 

‘2’, and ‘3’ identify the trial number; orange font indicates a trial in which no PTX crystals 

were observed within a 20-day observation period). The blue and pink boxes indicate when 

PTX is soluble or has phase separated, respectively. The transition from soluble to phase 

separated at a given PTX mol% was estimated based on the median of the data; for an even 

number of trials, replicate time points were favored. 

These data suggest that the greater the number of unsaturated fatty acid bonds in the 

lipids, the lower the PTX solubility is in the low (˂ 3 mol%) PTX loading regime. For 

example, at 1 mol% PTX loading, the drug remains soluble in DOPC LNPs beyond 20 days, 

while PTX phase separates from DLPC LNPs around 14 days and from DLnPC LNPs around 

four days. Conversely, at higher PTX loading (˃ 3 mol%) the drug is more soluble in DLPC 

and DLnPC LNPs (24 h) than DOPC (6 h). Overall, the PTX solubility front appears to 

flatten out, hinging around 3 mol% PTX, as the number of unsaturated bonds increases.  

The time window in which PTX crystallized (as defined by the shortest and longest 

time to phase separate from multiple trials) was somewhat large due to the stochasticity of 

crystallization. There appear to be some differences in the results of different investigators. 

However, the data gathered by each investigator seems to be internally consistent and reflects 

the broader solubility trends between DOPC, DLPC, and DLnPC that we’ve highlighted. 
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4.3.2 X-ray scattering identifies L
C and HII

C structures in DOPC, DLPC, and 

DLnPC LNPs 

Based on the absence of studies assessing the effect of tail saturation on LNP 

properties, we used x-ray scattering to determine the structure of LNPs made of DOPC, 

DLPC, and DLnPC. DOPC is known to form lamellar (L
C) bilayer structures. We suspected 

that DLPC and/or DLnPC could be capable of forming non-bilayer structures, like inverted 

hexagonal (HII
C), due to their molecular structures. The rigid double bonds could force the 

lipid tails askew, essentially taking up more space width-wise. This would lead to an 

inverted-cone molecular structure, indicative of negative spontaneous curvature (C0 ˂ 0). We 

found one article on soy PC (a lipid mixture largely composed of DLPC) that reported x-ray 

scattering and cryogenic TEM data to support this [33].  

In order to concentrate the LNPs for strong structure-factor scattering, the cationic 

LNPs were condensed with anionic calf thymus DNA to form a pellet. The LNP 

compositions that were measured were neutral lipid at 70 or 80 mol%, 2 mol% PTX, the 

remaining mol% DOTAP. Since DOPC has been characterized elsewhere, only samples of 

DLPC and DLnPC were made at 80 mol%. The radially-averaged scattering intensity is 

reported as a function of Q-space in Figure 3. Peak assignments are shown on the plots as 

follows: L (00L: 001, 002, 003, 004, 005, 006), HII (HK: 10, 20, 21, 30, 31, 40), DNA-DNA 

interaxial spacing (DNA). Additionally, three peaks that correspond to crystallized PTX are 

visible in the 70 mol% DLPC (18:2) sample (qP1 = 0.291 Å-1, qP2 = 0.374 Å-1, and qP3 = 

0.496 Å-1), consistent with previously reported data [24].  
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Figure 3. X-ray scattering analysis of PTX-loaded LNPs made primarily of DOPC, DLPC, or DLnPC. The 

scattering intensity is plotted for 5 LNP samples loaded with 2 mol% PTX, revealing their various self-

assembly structures with long linear DNA. Peak assignments are labeled for L
C (00L), HII

C (HK), DNA-

DNA interaxial spacing (DNA), and crystallized PTX (P1, P2, P3). LNP composition: 70 or 80 mol% neutral 

lipid (DOPC, DLPC, DLnPC), 2 mol% PTX, remaining mol% DOTAP. LNPs were complexed with calf 

thymus DNA in a 1:1 charge ratio. 

 

 DOPC (70 mol%) LNPs have lamellar L
C structure and we assume from previous 

reports that 80 mol% DOPC LNPs would also be L
C. DLPC LNPs are primarily L

C with a 

minor HII
C presence at 70 mol%, but exhibit a strong coexistence of L

C and HII
C at 80 mol% 
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neutral lipid. DLnPC LNPs are in the pure HII
C phase at both 70 and 80 mol% neutral lipid. 

The spontaneous curvature (C0) of the PC lipids grows increasingly negative, favoring HII
C 

over L
C, as the number of unsaturated bonds in the fatty acid tails increases. Interestingly, at 

70 mol% neutral lipid, the DLPC q001 peak (0.0968 Å-1) is shifted to higher Q than the DOPC 

q001 peak (0.0931 Å-1). The interlayer spacing dlamellar = 2/q001 correlates to the membrane 

thickness. So, the q001 shift indicates that the interlayer spacing drops from 67.5 Å to 64.9 Å 

(a difference of 2.6 Å) when DOPC is replaced with DLPC. DLPC membranes are therefore 

thinner than DOPC membranes, which is consistent with the expectation that the added 

double bond forces the tails to take up more lateral width, subsequently thinning the 

membrane, as shown in the cartoon in Figure 4. 

 

Figure 4. Membrane thinning as a function of lipid tail saturation. This cartoon illustrates the membrane 

thinning effect of increasing numbers of unsaturated bonds in lipid tails. The unsaturated bonds drive kinks in 

the tails that cause them to go askew and take up more lateral room, effectively shortening in height, and thus 

thinning the bilayer. DOPC (orange) and DLPC (indigo) are stylistically depicted. 

 

A previous study shows that PTX incorporated into DOPC bilayer membranes 

somewhat thins the membrane (an effect of about 0.5 Å) [24]. Considering that PTX is 

incorporated into the DOPC LNPs here (as evidenced by the absence of qP1, qP2, and qP3), but 

has crystallized or partially crystallized from the DLPC LNPs, the membrane thinning effect 

of DLPC is likely greater than the difference measured here. 
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4.4 Discussion 

Based on the findings reported in Chapter 4 of this thesis, we expect to see decreased 

PTX solubility in the presence of negative spontaneous curvature (C0) lipids that can form 

non-bilayer structures. However, the changes in PTX solubility in DLPC and DLnPC LNPs 

are markedly different from those of DOPE or GMO LNPs in comparison to DOPC. The 

kinetic phase diagrams in Fig. 2 suggest that PTX solubility decreases at low PTX loading (˂ 

3 mol%) and slightly increases at high PTX loading (˃ 3 mol%) as the number of unsaturated 

fatty acid bonds increases. In contrast, DOPE and GMO LNPs showed dramatically and 

uniformly decreased PTX solubility at all PTX mol% compared to DOPC. This investigation 

of DLPC and DLnPC shows that the molecular interactions governing PTX solubility in 

LNPs are more complex than our previous findings would suggest. Molecular dynamics 

simulations may be a useful tool to further elucidate the intermolecular interactions that 

solubilize PTX or conversely promote PTX nucleation and crystallization. Biological 

characterization in in vitro and in vivo testing is needed to determine the benefit of DLPC and 

DLnPC to PTX delivery, especially to determine the effects on the in vivo PTX retention 

time in circulating LNPs. 

 Significantly, this report directly demonstrates the relationship between the number of 

unsaturated bonds and molecular shape, described by the spontaneous curvature (C0) 

parameter, which drives lipid self-assembly into different structures. Increasing unsaturated 

bonds favor an inverted cone structure and promote HII
C over L

C assembly. It is known that 

nucleic acid (NA) length affects LNP-NA self-assembly; long linear DNA forms the HII
C 

phase with C0 < 0 lipids, however other forms are possible. Because the x-ray data was 

measured from LNP samples complexed with long linear DNA, future work should explore 
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whether DLPC and DLnPC can self-assemble into other structures, like gyroid or sponge 

[33,34], when complexed with short oligo NAs or in the absence of NA.  

This work contributes to our overall knowledge of lipid self-assembly and aids in the 

design of LNPs with specific properties. For instance, it is known that lipids that form non-

bilayer structures facilitate membrane fusion and efficiently deliver therapeutic NA to cells. 

DLPC and DLnPC should be considered for applications in which HII
C LNP structure is 

advantageous. 
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Chapter 5 

PEGylation of paclitaxel-loaded cationic liposomes drives steric 

stabilization of bicelles and vesicles thereby enhancing drug delivery 

 

 

 

5.1 Abstract 

Polyethylene glycol (PEG) is a polymer used widely in drug delivery to create “stealth” 

nanoparticles (NPs); PEG coatings suppress NP detection and clearance by the immune 

system and beneficially increase NP circulation time in vivo. However, NP PEGylation 

typically obstructs cell attachment and uptake in vitro compared to the uncoated equivalent. 

Here, we report on a cationic liposome (CL) NP system loaded with the hydrophobic cancer 

drug paclitaxel (PTX) in which PEGylation (i.e. PEG-CLPTX NPs) unexpectedly enhances, 

rather than diminishes, delivery efficacy and cytotoxicity to human cancer cells. Remarkably, 

cryogenic TEM of PEG-CLPTX NPs shows that PEG eliminates giant tubular vesicles 
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observed in bare CLPTX NPs, and causes a mixture of sterically stabilized nanometer-scale 

vesicles and anisotropic micelles to proliferate. Confocal microscopy and flow cytometry 

reveal significantly greater PTX cell uptake from stabilized PEG-CLPTX NPs in contrast to 

bare CLPTX NPs, which aggregate in cell medium. This underscores the ability of steric 

stabilization to facilitate NP entry into cells via distinct size-dependent endocytic pathways, 

some of which cannot transport large NP aggregates into cells. This study highlights the 

value of understanding how PEGylation alters the structure and efficacy properties of NPs to 

design next-generation stealth drug carriers that integrate active cell-targeting strategies into 

NPs for in vivo delivery. 

5.2 Introduction 

Hydrophobic paclitaxel (PTX) is a widely-used cancer chemotherapy drug for 

treating ovarian, breast, lung, pancreatic, and other cancers and is included in the World 

Health Organization’s List of Essential Medicines [1–10]. PTX is a mitotic inhibitor that 

halts the proliferation of tumor cells by disrupting the cell cycle and induces cell death 

[2,11]. Since 1992, PTX has been administered in hospitals in the patented formulation Taxol 

whose solvents (polyethoxylated castor oil and ethanol) cause hypersensitivity reactions in 

addition to side-effects from the PTX drug itself [12–14]. More recently, the (non-targeted) 

albumin nanoparticle (NP) formulation Abraxane has been used as a Taxol alternative to 

eliminate drug-carrier toxicity, but has demonstrated mixed results in terms of improved 

patient outcomes [15–17]. Several alternative formulations for PTX delivery, using either 

liposomes (closed membrane shells) or polymeric NPs, have been approved outside of the 

U.S. or are in clinical trials [14], with many more in preclinical development [18]. To 

substantively improve the therapeutic efficacy of PTX, it needs to be administered by a non-



106 

toxic solubilizing agent that is capable of tumor-specific targeted delivery, which 

concentrates the cytotoxic drugs where they are needed and minimizes their accumulation in 

healthy tissue [19–21]. 

Liposomes are among the most investigated synthetic carriers of cytotoxic 

hydrophobic drugs in cancer therapeutics worldwide [22–30]. Lipid NPs are suitable drug 

delivery vehicles that decrease side effects compared to established solvent systems (such as 

Cremophor EL in Taxol) used to solubilize hydrophobic drugs [14,31,32]. PTX incorporates 

within the hydrophobic layer of lipid membranes to variable extents depending on the lipid 

composition [24,33–35]. PTX is typically soluble in lipid membranes on the order of one day 

or longer when loaded at or below 3 mol% of the total liposome formulation [24,33]. Once 

PTX phase separates into insoluble microscopic crystals, the drug is rendered therapeutically 

inert. Thus, it is critical to evaluate the duration of PTX solubility (an indicator of drug 

loading and retention) in new lipid formulations to ensure the drug remains soluble on 

relevant timescales for delivery [33]. 

Of the different types of lipid NPs, cationic liposome (CL) NPs were chosen for this 

study because positively charged particles have been shown to passively accumulate in 

tumors [30,36–40]. Tumor vasculature has a greater negative charge than other tissue, and 

thus positively charged particles adhere more to this area. Further, the CLPTX NP formulation 

EndoTAG (aka SB05), owned by SynCore Biotechnology, has completed Phase II clinical 

trials [14,37]. EndoTAG is composed of the univalent cationic lipid 2,3-

dioleyloxypropyltrimethylammonium chloride (DOTAP), neutral 1,2-dioleoyl-sn-glycero-3-

phosphatidylcholine (DOPC), and PTX (50:47:3 mole ratio) and is used as a benchmark with 

which to compare the novel formulations presented here [27]. 
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 The current study was designed to elucidate the effects of PEGylating (PEG: 

polyethylene glycol) CLPTX NPs on NP structure, morphology, and interactions with human 

cancer cells in vitro. This is useful knowledge to obtain because PEG is used to generate 

“stealth” NPs by delaying their detection and clearance by the immune system, thus 

increasing their circulation time [41,42]. However, addition of PEG-lipid to CL NPs is 

known to affect their self-assembly and other physical properties. The CLPTX NPs studied 

here consisted of mixtures of DOTAP, DOPC, PTX, and a neutral PEG-lipid with two oleyl 

tails and a PEG molecular weight of 2,000 g/mol (PEG2K-lipid). NPs were prepared at 0, 30, 

50, and 80 mol% DOTAP to detect any separate effects of membrane charge density on NP 

efficacy. Remarkably, cell viability studies show that PEGylating CLPTX NPs by replacing a 

fraction of DOPC with PEG2K-lipid (5 and 10 mol%) dramatically enhances PTX delivery 

and cytotoxicity to human melanoma (M21) and prostate cancer (PC3) cells. This deviates 

significantly from the effect of PEGylation on the efficacy of CL-DNA NPs employed in 

gene delivery [43–45], where the PEG coat suppresses electrostatic adhesion to the cell 

surface and cell entry. 

 We used confocal microscopy, flow cytometry, and cryogenic TEM to uncover the 

key differences underlying the interactions of bare and PEG-CLPTX NPs with cells that cause 

PEGylation to enhance PTX delivery. Cryo-TEM shows that adding PEG-lipid (5 and 10 

mol% PEG2K-lipid) or charged lipid (30, 50 and 80 mol% DOTAP) to neutral DOPC 

vesicles induces a structural transition to a mixture of nanometer-scale vesicles and 

anisotropic micelles (primarily disc-shaped bicelles, Fig. 1). PEGylation also suppresses 

micron-scale giant tubular liposomes that coexist in charged (bare) CL preparations with 

vesicles and bicelles [46–48]. Notably, fluorescence confocal microscopy and flow 
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cytometry reveal a major difference in CLPTX NP interactions with the human cancer PC3 

(prostate) and M21 (melanoma) cell lines depending on CLPTX NP PEGylation. These studies 

show that PEG-CLPTX NPs facilitate greater PTX delivery than bare CLPTX NPs because the 

latter form micron-scale clumps that adhere to the cell surface. Thus, the steric stability of 

NPs imparted by the PEG coat—which maintains their very small size by preventing NP-NP 

adhesion in cell medium—appears to be a critical factor that promotes cell uptake and PTX 

delivery through different size-dependent endocytic pathways [49], some of which cannot 

transport large aggregates of bare NPs. (The in vitro experiments were performed in cell 

medium containing approximately 100 mM of 1:1 salts, which suppress the electrostatic 

repulsion between cationic NPs and facilitate clumping of bare NPs by van der Waals 

attraction.) Furthermore, replacement of the giant liposomes that are present in bare CLPTX 

NP preparations with small vesicles and anisotropic micelles induced by PEGylation 

increases the number concentration of discrete NPs able to enter cells. 

 

Figure 1. Schematic drawing of disk micelle. 

This figure depicts a cross section of a lipid disk 

micelle, also called a “bicelle”. Disk micelles 

are formed by the addition of PEG-lipid to 

liposomes, which are typically bilayer vesicles. 

PEG-lipids (dark blue with orange projection) 

preferentially partition to the edge of the bilayer 

to relieve surface tension created by the bulky 

PEG headgroup, capping the bilayer edges to 

form disks. 

 The in vitro findings reported here are expected to have far-reaching implications for 

drug delivery in vivo, where size stability is a critical factor for cancer nanotherapy because it 

is thought that NPs on the order of 100 nm enter tumors through “leaky” vasculature. These 

small particles enter the tumor, but without a lymphatic drainage system, accumulate over 

time—the enhanced permeation and retention (EPR) effect—in another form of passive 
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targeting [24,50]. Furthermore, although not reported in the present work, a fraction of the 

pendant PEG moieties may be modified with targeting ligands to achieve active cell-specific 

targeting [24,51–53].  

5.3 Results 

5.3.1 Incorporation of PEG2K-lipid to CLPTX NPs increases efficacy 

Following previous studies showing that PEGylating CLs decreases the delivery of 

nucleic acid [23,24,54], we tested to see if the same is true for PTX delivery by CLs—a 

physically and chemically distinct system. Two immortalized human cancer cell lines were 

treated with CLPTX NPs. PC3 is a cell line derived from prostate cancer and overexpresses the 

neuropilin receptor, while M21 is derived from melanoma and does not express the 

neuropilin receptor. These cell lines were chosen for future testing of CLs that incorporate 

neuropilin-targeting ligands (not reported here), with M21 acting as the negative control for 

active targeting to the neuropilin receptor.  

CLPTX NPs with 0-14 mol% PEG2K-lipid were diluted in cell culture medium to a 

final PTX concentration of 60 nM (M21) and 50 nM (PC3) and added to cells (CL 

composition: 30 mol% DOTAP, 3 mol% PTX, 0-14 mol% PEG2K-lipid, and remaining 

mol% DOPC). Each cell line has a different dose-dependence on PTX, therefore they are 

treated with different PTX concentrations [33]. The resultant cell viability is reported in 

Figure 2a. Remarkably, for both M21 and PC3, the cell viability decreases as PEG2K-lipid is 

added into the formulation up to 10 mol%, then plateaus for PEG2K-lipid ≥ 10 mol%. At the 

PTX concentration tested, most cells remain alive after treatment with bare CLPTX NPs, 

whereas the PEG-CLPTX NPs kill the majority of cells with only about 20% of cells 

remaining viable after treatment. 
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Figure 2: Cell viability of M21 and PC3 cells after treatment with bare and PEGylated CLPTX NPs. (a) Cell 

viability after treatment with CLPTX NPs of varied PEG2K-lipid content (0-14 mol%) at a fixed PTX dose for 

each cell line (M21 = 60 nM, PC3 = 50 nM); CL composition: PEG2K-lipid, DOTAP, DOPC, PTX 

(xPEG:30:67-xPEG:3 mol%).  (b) IC50 determination of bare and 10 mol% PEG-CLPTX NPs; CL composition: 

PEG2K-lipid, DOTAP, DOPC, PTX (xPEG:50:47-xPEG:3 mol%). (c) Cell viability after treatment with bare and 

PEGylated CLPTX NPs of varied membrane charge density at a fixed PTX dose for each cell line (M21 = 50nM, 

PC3 = 40 nM); CL composition: 0/10 mol% PEG2K-lipid, 30/50/80 mol% DOTAP, 3 mol% PTX, 97-xPEG-

xDOTAP mol% DOPC. (d) Control experiment assessing toxicity of PEGylated CLs without PTX over a range of 

lipid concentrations; CL composition: PEG2K-lipid, DOTAP, DOPC (10:50:40 mol%). 
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In a second experiment, CLPTX NPs with either 0 or 10 mol% PEG2K-lipid were 

tested over a range of concentrations around the IC50 value. Here, the IC50 value is defined as 

the drug concentration at which cell viability is reduced by half the maximal theoretical 

response, i.e. when cell viability = 50%. The CL composition used in this experiment was 50 

mol% DOTAP, 3 mol% PTX, 0 or 10 mol% PEG2K-lipid, and remaining mol% DOPC. The 

results in Figure 2b show that for M21, the IC50 of PEG-CLPTX NPs is 20.5 ± 0.3 nM PTX 

compared to 32 ± 1 nM PTX of bare CLPTX NPs (p ˂ 0.001). Similarly, for PC3, the IC50 of 

PEG-CLPTX NPs is 14.8 ± 0.5 nM compared to 20.9 ± 0.5 nM PTXL of bare CLPTX NPs (p ˂ 

0.001). See Figure S1 in the Supplemental Information (SI) for additional information on 

IC50 fitting parameters. The lower IC50 values show that PEGylated CLPTX NPs achieve 

equivalent cell death outcomes using 25-33% less PTX than bare CLPTX NPs. 

In a third experiment, we determined the effects of cationic charge density on PTX 

delivery because charge is known to govern the efficacy of nucleic acid delivery by CL-

based NPs. Here, cells were treated with six different CLPTX NP formulations composed of 

30, 50 or 80 mol% cationic DOTAP, with and without 10 mol% PEG2K-lipid (PTX = 3 

mol%; remaining mol% DOPC). The results in Figure 2c show that cell viability is 

significantly lower for the PEGylated CLPTX NPs compared to the bare CLPTX NPs at each 

charge density for both M21 and PC3 cells (p ˂ 0.001 for all except PC3 at 30 mol% DOTAP 

which has p ˂ 0.01). Cell viability of M21 cells after treatment with bare and PEGylated 

CLPTX NPs was approximately 70% and 40%, respectively, regardless of the CL charge 

density. Similarly, for PC3 cells, the PEGylated CLPTX NPs yielded cell viabilities lower 40 

percentage points than the bare CLs at each charge density. Efficacy in PC3 cells appears to 
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have a slight dependence on charge density, with cell viability increasing as cationic DOTAP 

increases from 30 to 80 mol%. 

The results of a control experiment to ensure there is no innate toxicity of PEG-CL 

NPs are shown in Figure 2d. M21 and PC3 cells were treated with PEGylated CLs without 

PTX over a broad range of concentrations. No toxicity was observed over the tested range of 

CLs (0.1-500 M lipid) incorporating 10 mol% PEG2K-lipid. For reference, when cells are 

treated with PTX at concentrations of 10-100 nM and PTX is 3 mol% of the liposome 

composition, the total lipid concentration is 0.3-3 M, well within the observed non-toxic 

range. This control experiment demonstrates that the increased toxicity of PEG-CLPTX NPs 

must be the result of how the incorporation of PEG-lipid alters the physicochemical 

properties of the CL vector to alter the PTX delivery mechanism and enhance efficacy. 

5.3.2 Fluorescent imaging and flow cytometry show that PEGylation enhances 

CLPTX NP uptake in cells 

 Figure 3 shows fluorescent microscope images of cells treated with green fluorescent 

PTX (PTXGF) at low magnification. The PTXGF (OregonGreen® 488–PTX), as previously 

described [33], is somewhat more soluble in water than unmodified PTX; however, it still 

retains its binding affinity to tubulin and is hydrophobic such that it preferentially partitions 

into lipid membranes. Therefore, it is expected to be an accurate qualitative indicator of the 

activity of unmodified PTX. PEGylation of CLPTX NPs induces major differences in the 

PTXGF association with cells. The fluorescence from bare CLPTX NPs (Figs. 3a,c) appears as 

brighter concentrated spots around the cell periphery. In contrast, the PTXGF fluorescence 
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from PEG-CLPTX NPs (Figs. 3b,d) is more diffuse and distributed across cells (indicative of 

PTX delivery), though brighter at the cell perimeter. 

 

Figure 3: Fluorescent microscope 

images of M21 and PC3 cells in 

medium treated with bare and 

PEGylated CLPTX NPs. M21 (a,b) 

and PC3 (c,d) cells were incubated 

with either bare (a,c) or PEGylated 

(b,d) CLNPs fluorescently labeled 

by PTXGF for 5 h. CL 

composition: PEG2K-lipid (0/10 

mol%), DOTAP (30 mol%), 

PTXGF (3 mol%), and DOPC 

(remaining mol%). Scale bars are 

100 m. 

Using red fluorescent lipid (lipidRF) and PTXGF further reveals differences in the lipid 

and PTX distributions after delivery from bare CLPTX NPs compared to PEG-CLPTX NPs. 

Figure 4 displays confocal fluorescent microscopy results for CLPTX NPs of different charge 

density, with and without 10 mol% PEG2K-lipid on both the M21 (a-f) and PC3 (g-l) cell 

lines; additional confocal images and analysis are provided in Figures S2-4 in the SI. Cell 

outlines are drawn in yellow from brightfield images (Fig. S2) at the plane where the cell is 

adhered to the coverslip (z = 0). The height above this plane at which the fluorescence was 

recorded is reported on each image in white font as zfluor.  
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Figure 4: Fluorescent confocal microscopy of bare and PEGylated CLPTX NPs incubated with M21 and PC3 

cells in medium. M21 (a-f) and PC3 (g-l) cells were incubated with CLNPs of different charge density and 

PEGylation, fluorescently labeled by lipidRF (magenta) and PTXGF (green). Solid yellow lines show cell outlines 

estimated from brightfield images at the plane adhered to the glass coverslip (z = 0) (see Supporting 

Information); zfluor in white indicates the distance above z = 0 that the fluorescent image corresponds to. The 

nuclear region in (e) is indicated by the yellow dashed line. CL composition: PEG2K-lipid (0/10 mol%), 

DOTAP (30/50/80 mol%), PTXGF (3 mol%), TRITC-DHPE (0.2 mol%), and DOPC (remaining mol%). Scale 

bars are 20 m.   
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Several distinct features are observed in the array of images shown in Fig. 4. For both 

M21 and PC3 cells, the appearance of the fluorescence changes dramatically between the 

bare CLPTX NPs (a-c, g-i) and the PEG-CLPTX NPs (d-f, j-l) at each charge density. Bare 

CLPTX NPs typically appear as fewer, often larger and brighter spots than PEG-CLPTX NPs. 

Much of the fluorescence from bare CLPTX NPs is visible toward the outer edge of the cells, 

likely adhering to the outside of the cells, with significantly less material entering the cells 

compared to the PEG-CLPTX NPs.  

It is evident that more PEG-CLPTX NP material entered cells based on the greater 

number of punctate fluorescent spots distributed throughout the cell interiors, excluding the 

nucleus. Nuclei were not stained in this experiment, however the distribution of particles 

within the cells, particularly in Fig. 4e, strongly suggests that the lipid (magenta) and PTX 

(green) remained outside the intact nucleus (see the yellow dashed circle). Figure S3 provides 

several series of z-slices that further demonstrate the differences between PEG-CLPTX NPs 

and CLPTX NP uptake from the bottom to the top of cells. 

Comparing the images of M21 and PC3 cells treated with PEG-CLPTX NPs, the 

lipidRF and PTXGF appear to be more segregated in M21 cells. The lipidRF (magenta) 

partitions more diffusely toward the cell perimeter, whereas the PTXGF (green) persists as 

spots in the interior. In PC3 cells treated by PEG-CLPTX NPs, the lipidRF appears more 

punctate within the cell and more colocalized (white) with PTXGF, though the lipidRF has 

concentrated in several areas at the PC3 cell membrane edges. The differences in 

colocalization are shown more quantitatively in Fig. S4, which provides selected line scans 

corresponding to fluorescence variation of each fluorophore. 
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 The results of flow cytometry experiments reported in Fig. 5 provide a statistical 

measure of the PTXGF fluorescence associated with cells after delivery by CLPTX NPs with 0, 

5 or 10 mol% PEG2K-lipid (CL compositions: 30 mol% DOTAP, 0/5/10 mol% PEG2K-

lipid, 1 mol% PTXGF, and the remainder DOPC). CLPTX NPs were incubated on cells for 5 

hrs, after which the green fluorescence of half of the CL-treated cells was measured directly 

by flow cytometry to determine the total PTXGF associated with cells (adhesion plus uptake). 

The other half of the CL-treated cells were incubated with Trypan Blue dye for 10 minutes 

before the fluorescence was measured. Trypan Blue quenches the fluorescence on the outside 

of the cells, thus yielding the amount of internalized PTXGF (uptake). For PC3 and M21 cells, 

both the total amount of PTXGF associated with the cell (equal to the full height of the bar: 

adhesion plus uptake) and the amount of internalized PTXGF (uptake, lower green bar only) 

increases as the mol% of PEG2K-lipid increases. Moreover, the fraction of internalized 

PTXGF out of total PTXGF (reported as percentage on bar) is greater for PEGylated CLPTX 

NPs. Similar flow cytometry experiments were performed to determine the effect of charge 

density. The trends as a function of charge density appear to be cell line dependent. This data 

is provided in Fig. S5. These results agree with the data reported in Fig. 5 wherein both 

PTXGF adhesion and uptake are consistently enhanced by PEGylation. 
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Figure 5: Flow cytometry measurement of 

PTXGF uptake after delivery from bare or 

PEGylated CLPTX NPs. CLPTX NPs loaded with 

1 mol% PTXGF and 0, 5, or 10 mol% PEG-lipid 

were incubated with (a) M21 and (b) PC3 cells 

in medium for 5 h before measuring the cell-

associated PTXGF by flow cytometry. First, the 

total PTXGF fluorescence associated with cells 

was measured and is reported as the total height 

of the bar (adhesion + uptake). Second, the 

same measurement was performed after 

quenching the fluorescence on the outside of 

cells with Trypan Blue dye to yield the amount 

of PTXGF that was inside of cells (uptake). The 

fraction of PTXGF that was taken up by cells 

with respect to the total amount of PTXGF 

associated with cells is reported as a percentage 

on each bar. CL composition: PEG2K-lipid 

(0/5/10 mol%), DOTAP (30 mol%), PTXGF (1 

mol%), and DOPC (remaining mol%). 

 

5.3.3 PEGylation decreases PTX solubility in lipid membranes 

 We have shown that PTX membrane solubility affects CLPTX NP efficacy [33]. 

Therefore, we assessed the effect of PEGylation on the solubility of PTX in CL membranes. 

Figure 6 displays DIC microscopy images and kinetic phase diagrams generated from those 

images which show that PEGylation slightly decreases PTX solubility in CLPTX NPs. Data is 

shown for both unsonicated (Fig. 6a) and sonicated (Fig. 6b) CLPTX NPs. The colored blocks 

in the phase diagrams indicate the solubility front for PEG-CLPTX NPs, whereas the black 

line demarcates the solubility front for the corresponding bare CLPTX NPs. Consistent with 

the decreased duration of solubility, PTX crystals formed from PEG-CLs were typically 

shorter, thinner and more numerous than those originating from bare CLs, indicating that 

more nucleation sites occurred in the PEG-CLs (see Fig. 6c). 
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Figure 6: PTX solubility in lipid membranes as a function of sonication, PEGylation and drug loading. 

Kinetic phase diagrams indicate the duration of PTX solubility in (a) unsonicated and (b) sonicated 

liposomes after lipid film hydration. Blue indicates PTX solubility in PEGylated membranes; pink indicates 

when PTX is likely to have phase separated. PEGylated CL composition: PEG2K-lipid, DOTAP, DOPC, 

PTX (10:50:40-xPTX:xPTX mol%). The black reference line indicates the solubility boundary for bare 

liposomes (no PEG); bare CL composition: DOTAP, DOPC, PTX (50:50-xPTX:xPTX mol%). (c) DIC 

microscopy images of PTX crystals from unsonicated bare and PEGylated liposomes, loaded with 2-4 mol% 

PTX; the time since lipid hydration is indicated on the images. Scale bars are 100 m. 

5.3.4 Cryogenic TEM reveals different vesicle and micelle structures as a function of 

CLPTX NP composition 

We used cryogenic TEM (cryo-TEM) to evaluate the structures of particles as a 

function of liposome composition (Fig. 7). The solvent in all the samples is deionized water 

and all samples were sonicated 24 h prior to vitrification. The images reveal a significant 

morphological dependence on both charge density and PEGylation. We compared neutral 

liposomes (0 mol% DOTAP, 97 mol% DOPC, 3 mol% PTX) to DOTAP/DOPC CLs 

containing 50 or 80 mol% DOTAP, bare or with 10 mol% PEG2K-lipid.  
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Figure 7: CryoTEM micrographs show the effects of PEGylation and membrane charge density on NP 

morphology. In (a) neutral uncharged membranes (0 mol% DOTAP) without PEG-lipid form bilayer vesicles 

(white arrows). As PEG-lipid and/or charged lipids (b-f) are incorporated into the liposome formulations, the 

average vesicle size decreases and disc- (green arrowheads, solid and dashed arrows indicate different disc 

tilts), rod- (orange arrows) and sphere-shaped (orange circles) micelles emerge. Larger views of the dashed 

boxes in (d), (e), and (c) are shown in (g), (h), and (i), respectively. See text for more information regarding the 

micelle shapes. 
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The bare neutral liposomes appear to be in a pure bilayer phase (Fig. 7a white 

arrows); there is no indication of micelles. The incorporation of 10 mol% PEG2K-lipid to the 

neutral liposomes induces the formation of discoidal micelles (Fig. 7d and enlarged box in 

7g). The disk shape is identified primarily by the appearance of elliptical shapes (green solid 

arrows), which correspond to disks tilted at an angle between parallel and perpendicular to 

the imaging plane. When the disks are at a full 90° (perpendicular) tilt, they appear to be dark 

rods (green arrowheads). When the disks are parallel to the imaging plane, they appear to be 

faint circles (dashed green arrows) whose appearance is markedly different from that of 

vesicles. Vesicles (white arrows) have dark outlines, reflecting the higher electron density at 

the edge of a sphere projected on two dimensions. Discoidal micelles, also known as 

“bicelles” (Fig. 1), have a more uniform electron density across the face of the micelle, with 

perhaps some crowding at the edge where the hydrophobic layer is capped. The PEGylated 

neutral liposomes exhibit a coexistence of vesicles and disc micelles. 

The introduction of univalent cationic lipid to bare neutral lipid decreases the median 

vesicle size (see supplemental Fig. S6) and simultaneously leads to the formation of giant 

tubular vesicles reminiscent of “block liposomes”, which are giant liposomes that have 

distinct tubular and spherical shaped sections (labeled “Block CLs” in the split panels in 

Figs. 7b-c) [46–48]. Cationic lipid appears to also induce the formation of very small 

discoidal (green arrows), rod, or spherical micelles (orange arrows and circles) as indicated 

in Figure 7. It is difficult to distinguish the three-dimensional forms of the micelles based on 

the two-dimensional EM images (Fig. 7i). What appear to be rods in 2D (orange arrows), 

may be either discs edge-on to the imaging plane or actual rods. Similarly, the very small 
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dots (orange circles) may be spherical micelles or rods tilted end-over-end. Overall, the bare 

charged membranes contain a mixture of block liposomes, vesicles, and micelles. 

Importantly, when PEG is added to charged membranes (Figs. 7e-f), it eliminates the 

giant tubular liposomes observed in the bare (50 and 80 mol% DOTAP) CL formulations. 

Disk micelles dominate in the PEGylated sample at 50 mol% DOTAP (Fig. 7e); however, as 

the charge increases further to 80 mol% DOTAP (Fig. 7f), rods and/or spheres become more 

abundant. Median vesicle and micelle diameters are reported in the SI (Fig. S6). Vesicle size 

of bare liposomes decreases as a function of increasing charge from 21 nm diameter at no 

charge to 12 nm at 80 mol% DOTAP. There was no significant size difference between 

PEGylated vesicles of 50 and 80 mol% DOTAP (16 nm) following a median size decrease of 

about 3 nm from no charge (19 nm) to 50 mol% DOTAP. The micellar objects in the bare 

samples with 50 and 80 mol% DOTAP had median lengths of 8 nm. Conversely, the micelles 

in the PEGylated samples continue to decrease in diameter as a function of increasing charge, 

from a disc diameter of 20 nm at neutral charge to 11 nm at 50 mol% DOTAP and 8 nm at 80 

mol% DOTAP, which reflects the appearance of smaller micellar rods and/or spheres. In bare 

liposomes, no micelles form without cationic lipid, while greater than half the objects 

observed in EM are micelles at or above 50 mol% DOTAP. The number fraction of micelles 

increases from 0.4 to over 0.7 as the charge of the PEGylated liposomes increases (Fig. S6).  

 

5.4 Discussion 

 The cell viability, fluorescence microscopy and flow cytometry results indicate a 

significant enhancement of PTX delivery and cytotoxicity to cells in vitro as a result of 
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PEGylating CLPTX NPs. Rather than diminishing drug delivery, PEG enhances PTX uptake 

by cells. This result is surprising because in other cationic NP delivery systems (such as CL-

NA NPs), PEGylation hinders particle-cell interactions by blocking attractive electrostatic 

forces and decreases delivery of the therapeutic cargo compared to bare cationic vectors [43–

45]. Zeta potential measurements (Supplemental Fig. S7) demonstrate the expected decrease 

of particle surface charge with increasing PEGylation at 5 and 10 mol%, but show that a net 

positive charge remains. 

The IC50 dose-response curves (Fig. 2b) reveal that 25-33% less PTX drug was 

needed from PEG-CLPTX NPs than bare CLPTX NPs to reach equivalent cell death outcomes. 

When we observed how particles interacted with cells after short CLPTX NP incubations (5 

hrs) using fluorescent confocal microscopy and flow cytometry, the differences between the 

bare and PEGylated CLPTX NPs were both qualitatively and quantitatively apparent. 

Fluorescence confocal microscopy showed that PEGylated CLs enhanced particle 

internalization in both M21 (human melanoma) (Fig. 4d-f) and PC3 (human prostate) (Fig. 

4j-l) cell lines. In addition to colocalization of lipidRF (magenta) and PTXGF (green) (i.e. 

white intact NPs), these images indicated distinct spatial segregation of the lipidRF and 

PTXGF after delivery by PEG-CLs; this effect was especially pronounced in M21 cells. Here, 

lipidRF may have fused with the cell membrane, as evidenced by the diffuse fluorescence 

concentrated toward the outer cell periphery. Importantly, there was a significant amount of 

PTXGF within the cells treated with PEGylated CLs, largely concentrated in punctate spots in 

the cytoplasm, and excluded from the nucleus (see yellow dashed region in Fig. 4e), which 

suggests it was confined within endocytic compartments. In contrast, particle incubation with 

bare CLs (Figs. 4a-c,g-i) yielded significantly fewer but often times brighter spots of 
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fluorescence, either adhered to or within cells. These fluorescent nodes frequently contained 

colocalized lipidRF and PTXGF (white) (Fig. 4a). 

Flow cytometry (Fig. 5) showed increasing total PTXGF associated with cells 

(adhesion plus uptake is equal to the total bar height) and higher uptake (green bar) as 

PEG2K-lipid was incorporated into particles from 0 up to 10 mol%. Furthermore, these 

experiments indicated that a large amount of PTXGF delivered by bare CLs adhered to the 

outside of cells but was not internalized at the 5 h time point. We can surmise this based on 

the low percentage of cell-associated PTXGF that was internalized from bare CLs. This is 

consistent with the fluorescence patterns observed in confocal microscopy that also indicated 

bare CLs adhered to cells but were internalized to a much lesser extent than PEG-CLs. 

In addition to PEGylation, we explored the effects of varying the CL cationic charge 

density on PTX delivery. The cell viability experiment in Figure 2c (24 h CL incubation) did 

not show a dependence on CL charge density for M21 cells. In contrast, PC3 cells exhibited a 

small charge density dependence, with lower charge density CLs (30 mol% DOTAP) causing 

greater cell death than higher charge density CLs (80 mol% DOTAP), for both bare and 

PEGylated CLs. Interestingly, in confocal microscopy (5 h CL incubation), a qualitative 

difference appeared in the fluorescence patterns of CL-treated cells wherein the lipidRF and 

PTXGF colocalization was more pronounced for bare CLs at 30 mol% DOTAP than at 50 or 

80 mol% DOTAP.  

Flow cytometry results for bare and PEGylated CLs at 30, 50 and 80 mol% DOTAP 

are included in the Supplemental Information (Fig. S5). These results were consistent with 

the results in Fig. 5 (a separate experiment using 30 mol% DOTAP CLs) and indicate that 

PEGylation enhances PTXGF uptake at all charge densities tested. However, the results vary 
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as a function of charge density by cell line. Cationic charge is at best secondary to 

PEGylation as a contributing factor to PTX delivery in vitro, and its importance is cell line 

dependent. However, based on our understanding of passive electrostatic targeting 

mechanisms in systemic delivery systems, it would be important to test CLPTX NP charge 

density in in vivo studies, which could reveal an environmental dependence on charge. 

As previously described [33], the more soluble PTX is in its delivery vector, the 

greater its efficacy. As reported in the kinetic phase diagrams in Fig. 6, the inclusion of 

PEG2K-lipid somewhat shortens the time PTX is soluble in lipid membranes. This finding is 

consistent with a report from Crosasso et al. [55] on the solubility of PTX in negatively 

charged bare and PEGylated liposomes determined by HPLC methods. That PEGylation 

decreases PTX solubility suggests that, if anything, it would also decrease PTX delivery. 

Therefore, there must be a separate mechanism to explain the delivery enhancement. It is 

worth noting that in the cell viability experiments reported in Fig. 2, PTX was loaded at 3 

mol% and CLs were prepared just before incubation with cells. At this drug loading, the 

PEGylated and bare CLPTX NPs exhibit similar PTX solubility, phase separating by 12 h. 

We next turned to cryo-TEM (Fig. 7) to investigate whether the morphological 

properties of the CL NPs could account for the variation in PTX delivery efficacy. A detailed 

explanation of distinguishing vesicles, block liposomes, and disk, rod or sphere-shaped 

micelles is given in the results section; NP size analysis is reported in Fig. S6 in the SI. In the 

extreme case of uncharged membranes (0 mol% DOTAP) without PEG2K-lipid (Fig. 7a), we 

observe only bilayer vesicles (white arrows) in a distribution of sizes. The median vesicle 

diameter of 21 nm is unexpectedly small for uncharged LNPs. The incorporation of PEG2K-
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lipid to neutral membranes induced the formation of discoidal micelles with 20 nm diameter 

(Fig. 7d,g).  

The steric bulk of PEG extending from the lipid headgroup creates a surface tension 

that is relieved when a NP assumes a disc morphology; this occurs by preferential 

partitioning of the cone-shaped PEG2K-lipids (due to their large positive spontaneous 

curvature) to the disc’s edge which lowers the membrane curvature elastic energy (see Fig. 1) 

[56–60]. Discs persist throughout the PEGylated samples, but coexist with rods and/or 

spheres at higher charge density. Due to the projection of 3D objects on a 2D plane, it is 

difficult to determine to what extent these objects coexist. Charged lipids, similar to PEG-

lipids, are cone-shaped and have a positive spontaneous curvature, and therefore favor 

forming small vesicles and micelles with higher curvature. High charge, also like PEG, 

prevents NP coalescence through repulsive electrostatic forces between discrete CL NPs; 

however, this stabilizing effect is lessened in salt solution, such as cell culture medium, by 

charge screening. 

The important remaining question is by what mechanism(s) PTX is actually delivered 

to cells. Confocal microscopy revealed that bare CLPTX NPs formed micron-scale clumps 

adhered to the cell surface (i.e. brighter fluorescent spots observed in Figs. 4a-c,g-i). This 

was most likely due to van der Waals attraction between NPs where the electrostatic 

repulsion between cationic NPs was strongly suppressed in cell medium with ≈ 100 mM of 

1:1 salts. (The cryo-TEM samples were prepared in deionized water, so the bare CLPTX NPs 

were charge-stabilized.) The large aggregates of bare NPs adhered to the outside of cells (as 

evidenced in flow cytometry by the drop in cell-associated PTXGF after quenching external 

green fluorescence (Fig. 5)) strongly suggest there is a size barrier to cell entry by 
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endocytosis. In striking contrast, confocal images and flow cytometry revealed a distinct 

enhancement of PEG-CLPTX NP uptake into cells. 

Taken together, the data suggest a model where the steric stability of PEG-CLPTX 

NPs— in which NP-NP aggregation due to van der Waals interactions is suppressed, 

independent of the salinity conditions, by the repulsive forces of the PEG coat—is a critical 

factor in facilitating cell uptake and PTX delivery by different size-dependent endocytic 

pathways [49]. We also note that for the same amount of lipid in formulations of NPs with 

and without PEG2K-lipid, the suppression of giant tubular liposomes by PEG2K-lipid 

implies a higher number concentration of small vesicles and anisotropic micelles able to 

enter cells. 

Although fluorescence microscopy and flow cytometry show low PTXGF uptake from 

bare CLPTX NPs (Figs. 3-5) after a short incubation (5 h), the cell viability measurements 

(Fig. 2) demonstrate that over longer incubation periods (24 h), PTX from bare CLPTX NPs 

does cause cell death, albeit at a higher dose of PTX. Due to the low uptake of bare CLPTX 

NPs observed in microscopy and flow cytometry at the 5 h time point, it is likely that PTX 

continues to transfer from CL to cell membrane over time, aided by electrostatic adhesion of 

the particles to the cell membrane.  

Since PTX is a hydrophobic molecule, we expect that it can transfer between lipid 

sinks (from CLPTX NP to membrane to membrane) during collisions to reach its tubulin 

target, without the need for an active release mechanism to achieve drug delivery. This model 

is illustrated in Figure 8. This would explain why PEGylation does not have an adverse effect 

on CLPTX NP delivery as it does in other drug delivery systems where it blocks membrane-

membrane interactions essential to cell uptake and endosomal escape. The smaller, sterically 
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stabilized, PEGylated CLs are taken up by cells via endocytosis on shorter time scales and in 

greater number than bare CLPTX NPs. This brings the PTX drug inside of the cell, fewer steps 

away from its target, and facilitates delivery.  

 

Figure 8. Schematic representation of proposed PTX delivery mechanism from CLPTX NPs. PTX may be able to 

transfer directly from CLPTX NP to plasma and endosomal membranes without the need for an active release 

mechanism from the nanoparticle. From there, PTX can interact with tubulin in the cytoplasm. 

Interestingly, in 1995 the Torchilin Group first described a generic PEG-lipid micelle 

system (formulated from a single component PEG-phosphatidylethanolamine) for delivery of 

hydrophobic drugs [61]. In several subsequent papers they and Krishnadas et al. describe 

multi-component micelle systems that incorporate egg-phosphatidylcholine and Lipofectin® 

lipids (cationic) to enhance PTX loading and delivery [62–64]. These results are consistent 
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with our findings that PEG-lipid decreases PTX solubility and further support the 

advantageous inclusion of cationic lipids in NPs for PTX delivery.  

At both the cellular and organismal level, NP size, shape and aspect ratio have been 

observed to influence cell uptake via endocytosis as well as extravasation from systemic 

circulation. In in vivo intravenous application, non-spherical NPs are advantageous because 

of margination toward blood vessel walls, which increases the frequency of collisions with 

blood vessel walls [65]. We did not observe in vitro PTX delivery trends that we can directly 

attribute to shape differences because the bare CLPTX NPs likely aggregated in cell medium 

and PEG-CLPTX NPs demonstrated similar cell cytotoxicity despite variations in micelle size 

and shape as a function of charge density. However, CLPTX NP shape may have a greater 

effect on in vivo delivery. 

In contrast to a therapeutic agent like nucleic acid (medium to large in size and 

hydrophilic) the small hydrophobic PTX should be able to diffuse across lipid membranes, 

and does not appear to need an active release/delivery mechanism into the cell cytoplasm 

[41]. The two main requirements driving PTX delivery from CLs appear to be adequate 

solubilization [33] and PTX uptake facilitated by particle stability (maintaining CLPTX NPs at 

a certain size and shape in complex media). These findings suggest that the reference 

formulation for these studies, EndoTAG (aka SB05), is not an optimal delivery vehicle for 

PTX because the drug is loaded at its saturation threshold and, as discussed in this report, 

because the bare CLPTX NPs are not stabilized. Lessons learned about the importance of drug 

solubility and particle stability from this study of PTX may be applicable for development of 

LNP carriers for other hydrophobic drugs. Further development of PEGylated CLPTX NPs to 

incorporate targeting ligands could enhance cell-specific uptake and improve this platform as 
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a chemotherapy treatment. Studies in mice (ongoing) will be crucial to determine if the 

improved in vitro PTX uptake from PEG-CLPTX NPs translates to an in vivo system.  

 

5.5 Methods 

5.5.1 Materials 

Lipid stock solutions of DOPC and DOTAP in chloroform were purchased from Avanti Polar 

Lipids. PTX was purchased from Acros Organics and dissolved in chloroform at 10.0 mM 

concentration. Paclitaxel–OregonGreen® 488 conjugate (PTXGF) and TRITC-DHPE (lipidRF) 

were purchased from Thermo Fisher Scientific as powders and dissolved in chloroform to 

190 μM and 81 μM concentrations, respectively. 1-((3,4-dioleyloxybenzoyl)oxy)--

methoxy-poly(ethylene glycol) 2000 (PEG2K-lipid) was synthesized in a manner analogous 

to that described for -hydroxy PEG-lipids [66] and dissolved in chloroform to 10 mM. 

CellTiter 96® AQueous-One Solution Cell Proliferation Assay was obtained from Promega. 

5.5.2 Liposome Preparation 

Solutions of lipid and PTX were prepared in chloroform:methanol (3:1, v/v) in small glass 

vials at a total molar concentration (lipid + PTXL) of 1 mM for cell viability experiments and 

DLS measurements, 5 mM for DIC microscopy, 400 M for confocal fluorescence 

microscopy and flow cytometry, and 20 mM for cryoEM experiments. Individual stock 

solutions of each component were combined according to the final desired concentration and 

molar composition. The organic solvent was evaporated by a stream of nitrogen for 10 min 

and dried further in a vacuum (rotary vane pump) for 16 h. The resulting lipid/PTX films 
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were hydrated with high-resistivity water (18.2 MΩ cm) to the previously described 

concentrations. Immediately thereafter, unless otherwise specified as “unsonicated”, 

suspensions were agitated with a tip sonicator (Sonics and Materials Inc. Vibra Cell, set to 30 

Watt output) for 7 min to form sonicated liposomes. 

5.5.3 Cell culture 

The human cell lines PC3 (ATCC number: CRL-1435; prostate cancer) and M21 (melanoma) 

were gifts from the Ruoslahti Lab (Burnham Institute, La Jolla). M21 cells are a subclone 

that was derived in the laboratory of Dr. Ralph Reisfeld (Scripps Institute, La Jolla) from the 

human melanoma line UCLA-SO-M21, which was originally provided by Dr. D. L. Morton 

(UCLA, Los Angeles). Cells were cultured in DMEM (Invitrogen) supplemented with 10% 

fetal bovine serum (Gibco) and 1% penicillin/streptomycin (Invitrogen). Cells were passaged 

every 72 h to maintain subconfluency and kept in an incubator at 37 °C in a humidified 

atmosphere containing 5% CO2. 

5.5.4 Cell viability experiments 

This experiment was carried out as previously described [33]. Briefly, cells were plated in 

clear 96-well plates at a density of 5000 cells/well. Cells were incubated overnight to adhere 

to the plate. Sonicated liposome suspensions were diluted in DMEM to reach the desired 

concentration of PTX. The cell culture medium was then manually removed from the wells 

and replaced with 100 μL of the liposome suspension. After incubation for 24 h, the 

liposome-containing medium was removed manually with a pipette and replaced with 

supplemented DMEM and returned to cell incubator. After another 48 h, the cell viability 

was measured with a 6X dilution of CellTiter 96® AQueous-One Solution Cell Proliferation 
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Assay (Promega) in DMEM (120 μL of this solution were added to each well). The 

absorbance at 490 nm was measured with a plate reader (Tecan M220) after 1 h of incubation 

as per the assay instructions. Each data point is the average of four identically treated wells 

and reported as a percentage of the viability of untreated cells. 

5.5.5 IC-50 

The cell viability data for the IC50 determination was fit using the XLfit add-in for Microsoft 

Excel. The fit equation and fit parameters are reported in the Supplemental Information.  

5.5.6 DIC microscopy for PTX solubility observation 

Samples prepared at 5 mM concentration were either mixed manually after hydration by 

agitating the vial or tip sonicated, as specified. The sample solutions were stored at room 

temperature for the duration of the experiment. At predetermined times, 2 μL aliquots were 

withdrawn, placed on microscope slides, covered by a coverslip kept in place by vacuum 

grease, and imaged at 10 or 20 × magnification on an inverted Diaphot 300 (Nikon) 

microscope. The samples were first imaged within minutes of adding water to the dried lipid 

films, then every 2 h until 12 h, every 12 h until 72 h, and daily thereafter until PTX crystals 

were observed or the entire sample was used up. The kinetic phase diagrams report the 

median time to observation of PTX crystals after hydration for 3–4 independently formed 

samples at each mol% PTX. 

5.5.7 Fluorescence microscopy 

M21 and PC3 cells adhered to a 16 well plate were imaged with a microscope in fluorescence 

mode with a GFP filter using a 10x objective after a 5h incubation with bare or PEGylated 

CL NPs loaded with PTXGF. 
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5.5.8 Confocal fluorescence microscopy 

Particles were composed of DOTAP (30, 50, or 80 mol%) and PEG2k-lipid (0 or 10 mol%) 

as specified in the results section, 3 mol% PTXGF conjugate, 0.2 mol% TRITC-DHPE, and 

the remainder DOPC. Particles were applied such that the PTXGF concentration was 400 nM.  

M21 and PC3 cells were seeded on poly-lysine coated coverslips in a 6 well plate at a 

concentration of 70,000 cells/mL, 2 mL/well. Twenty-four hours later, the cell media was 

removed and replaced with the solution of fluorescently-labeled particles. The cells were 

incubated for 5 hrs with the particles. After 5 hrs, the cells were fixed and microscope slides 

prepared. 

Images were taken on Olympus DSU (spinning disk) confocal microscope with the disk in. 

The green and red fluorescence exposure time was 1 second. 

5.5.9 Flow Cytometry 

PC3 and M21 cells were plated in a 24-well plate at a concentration of 200,000 cells/mL with 

500 L of cell solution added to each well and allowed to adhere to the plate overnight. The 

following day CL NPs loaded with PTXGF at 1 mol% were diluted in DMEM to a final 

concentration of [PTXGF] = 83 nM. The cell media was removed from each well and replaced 

with 200 L of CL NP solution. After a 5 hr incubation, the media was removed, cells were 

treated with trypsin and suspended in 200 mL DMEM. Fluorescence was measured using a 

Guava EasyCyte Plus Flow Cytometry System (Millipore). Cell solutions were passed 

through a 100 μm filter to disperse aggregates prior to measurement. The filtered cell 

solution was divided in two. One half was mixed with a Trypan Blue (Gibco) solution (0.4% 

in water, w/v) at a 4:1 (cell:Trypan Blue) v/v ratio and incubated for 10 min before the 
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measurement to quench extracellular fluorescence. The other half of the cell solution was 

mixed with PBS at the same 4:1 v/v ratio and measured immediately. The software 

parameters were set such that 10 000 events constituted a single measurement. The flow 

cytometry results were analyzed using the Cyflogic software (CyFlo). Events were sorted 

using forward and side scattering to separate cells from debris. A single acceptance window 

was used for each sample. The green PTXGF fluorescence distribution of the accepted events 

(cells) was log-normal, making the geometric mean (values reported in Fig. 5) a more 

accurate measure of the distribution than the arithmetic mean. The error bars show the 

uncertainty in the geometric mean which was calculated from the coefficient of variation 

(CV) of the fluorescence distribution using the following equation: σERROR = log (CV2–

1) × I/N. Here, I is the geometric mean and N is the number of counted cells. 

5.5.10 Cryo Electron Microscopy 

All samples were vitrified using a manual plunger on carbon lacey substrates (300 mesh 

copper grids) prepared in house (Fukami and Adachi, 1965).  Grids were plasma cleaned 

using O2 and H2 for 30 s using a Solarus plasma cleaner (Gatan) immediately prior to sample 

preparation. 3 μL of sample was applied to the grid and manually blotted from the back with 

filter paper for 5 s followed immediately by plunging into liquid ethane. Images were 

acquired using Leginon (Suloway et al., 2005) on a Tecnai TF20 or Tecnai T12 equipped 

with 4K TVIPS CMOS camera, operated at 200 KeV or 120 KeV, respectively. Images were 

collected at nominal magnification of 62 kX (TF20) and 68 kX (T12), corresponding to pixel 

sizes of 3.0 Å/pixel and 2.46 Å/pixel, respectively. A summary of the image collection 

sessions is provided in Table S1 in the SI. The sample concentrations were typically 20 mM 

of total material (lipid + PTX) in high-resistivity water (18.2 MΩ cm). 

https://elifesciences.org/articles/33572#bib26
https://elifesciences.org/articles/33572#bib78
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5.5.11 Zeta potential 

For zeta-potential measurements, liposomes were diluted to a lipid concentration of 100 M 

in 15 mM phosphate buffer saline solution. A 1 mL aliquot of the sample solution was loaded 

into a DLS cuvette (Malvern DTS1070) and measured using a Malvern Zetasizer Nano ZS. 

The zeta-potential values are reported as the average ± standard deviation of 3 measurements. 
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Chapter 6 

The independent and combined effects of charge density, multivalency, 

PEG length and composition dictate liposome morphology: vesicles and 

sphere, cylinder or disc micelles  

 

6.1 Introduction 

Lipids are used in a variety of applications including cosmetic or personal hygiene 

products [1], scaffolds for studying membrane protein structure [2], and lipid nanoparticle 

(LNP) drug carriers for therapeutics [3]. Lipids are a diverse family of amphiphilic 

compounds whose physicochemical properties dictate the characteristics of the self-

assembled emulsion, vesicle and micelle structures they form in aqueous media, which in 

turn impart their requisite functionality. Different structures are advantageous for different 

applications, however the transitions between these forms as a function of lipid composition 

are poorly understood. By studying the structural self-assembly properties of individual lipids 

and lipid mixes we can define a library of pure structural building blocks—micellar particles 

in particular—which we can then implement in LNP design for specific applications. 

Here, we are specifically interested in LNP formulations used as therapeutic drug 

carriers. LNPs are used as drug carriers in a variety of ways: to solubilize hydrophobic drugs, 

to target therapeutics to specific sites, or to protect therapeutic cargos—such as nucleic acids 

like DNA and RNA—that would otherwise be rapidly degraded or removed by the immune 

system [4–7]. LNPs variably load drugs, circulate through the body, target specific cells, and 
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achieve other essential functions based on their specific composition [3]. The LNP 

composition must be optimized for each delivery system (type of drug cargo and target) 

based on its unique physicochemical features to carry out the requisite mechanisms. Micellar 

LNPs are of interest in drug delivery due to their very small size (4–5 nm) which may 

facilitate LNP transport through the proteoglycan cell coating to the cell membrane to 

enhance drug delivery [8–11]. Micellar LNPs are most-suited for hydrophobic small 

molecule drugs, such as paclitaxel, which load into the hydrophobic fatty-acid tail region of 

the membrane [12–15]. 

Lipid membrane self-assembly is controlled by the geometry of the constituent lipids, 

which results from the molecular structure and electrostatic charge of the headgroups [16–

20]. Lipid geometry falls into three main categories of spontaneous curvature (C0): (1) 

cylindrical (C0 ≈ 0) where the lipid tail(s) and headgroup have a similar width, (2) cone-

shaped (C0 ˃ 0) where the lipid headgroup is effectively broader than the hydrophobic tails, 

either by steric bulk or electrostatic repulsion between neighboring charged lipids, and (3) 

inverted cone-shaped (C0 ˂ 0) where the headgroup is small with respect to the lipid tail(s) 

(Fig. 1). The net C0 of a given liposome formulation governs the formation or coexistence of 

bilayer vesicles and various micellar structures (disc, worm, rod, sphere).  
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Figure 1. Lipid structure, molecular shape, and self-assembly according to relative spontaneous curvature. 

Chemical structures of DOPC, DOTAP, 2kPEG-lipid, MVL5, and 5kPEG-lipid with cartoons of molecular 

shape. Cartoon cross sections of a vesicle, disk micelle and sphere or cylinder micelle illustrate lipid 

nanoparticle self-assembly in water. 
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By considering how the cylinder, cone and inverted-cone shapes would pack together 

laterally in 3D space, we can predict the lipid self-assembly. Lipids assemble in such a way 

to minimize the energetic costs described by the Helfrich equation of membrane elastic 

energy per unit area (F/A) [18,19]: 

F/A = 0.5(C C0)
2 + GC1C2 

where C = C1 + C2 is the mean curvature and C1C2 is the Gaussian curvature of the 

membrane; C1 = 1/R1 and C2 = 1/R2 are the membrane curvatures (with R1, R2 the membrane 

radii);  and G are the membrane bending and Gaussian elastic moduli, respectively; and Co 

= 1/Ro is the spontaneous curvature where Ro is the spontaneous radius of curvature defined 

by molecular shape. The first term describes the energy cost to bend the membrane away 

from its preferred Co.  

To minimize the elastic cost, cylindrical C0 ≈ 0 lipids form bilayer sheets in water—

to sequester the hydrophobic fatty acyl chains away from the aqueous solvent—that, in 

practice, form spherical vesicles. The elastic cost to bend the bilayer into a sphere (with mean 

curvature C ≠ C0) is smaller than the energetic cost of exposing the hydrophobic tails to 

water at the edge of a flat bilayer membrane. Inverted cone-shaped lipids, C0 ˂ 0, prefer an 

inverted hexagonal form in which the hydrophilic headgroups surround hexagonally packed 

aqueous channels with tails pointing outwards. Finally, cone-shaped lipids, C0 ˃ 0, with 

relatively large headgroups, favor micelles which pack the hydrophobic tails into the center 

of spheres, cylinders or disks; spherical micelles have the highest mean curvature, C. Multi-

component formulations made of lipids with differing geometries may exhibit structures with 
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local segregation of lipids (e.g. disc micelles) and/or the coexistence of different structures 

with different curvature. 

Two important LNP properties for drug delivery are cationic charge and PEGylation. 

Firstly, cationic LNPs have been observed to target tumor neovasculature, which has a 

greater negative charge than other tissue in the body such that positively charged particles 

accumulate there in higher concentrations [21–26]. Here we study the effects of univalent 

(+1e) 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) and multivalent (+5e) N1-[2-

((1S)-1-[3-aminopropyl)amino]-4-[di(3-amino-propyl)amino]butylcarboxamido)ethyl]-3,4,-

di[oleyloxy]-benzamide (MVL5) on LNP structure [27–29]. As the proportion of cationic 

lipids increases in a liposome formulation, the greater the surface tension becomes due to 

electrostatic repulsion between headgroups from short-range Coulomb interactions. Cationic 

lipids thus tend to have an effective C0 ˃ 0 because the distance between headgroups 

increases (see Figure 1); the greater the charge per lipid, the greater the C0. For instance, the 

highly multivalent cationic lipid MVLBG2 (+16e) forms spherical micelles at 75100 mol% 

[30]. 

Secondly, the addition of a hydrophilic polyethylene glycol (PEG) corona to the LNP 

surface is widely used in drug delivery applications to delay immune clearance, thereby 

increasing particle circulation time [3,31]. Both the composition and length of PEG-lipids are 

known to effect LNP stability, structure, and circulation in the body [32–34]. Here we study 

how the PEG-lipid composition (mol% of formulation) and PEG length (2 and 5 kDa 

molecular weights) affect LNP structure. Because of the steric bulk of the headgroup caused 

by PEG, PEG-lipids have a C0 ˃ 0; C0 increases as PEG-length increases. Previous work has 

revealed that PEG-lipid is able to promote the formation of disk-shaped micelles, also called 
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bicelles, in gel phase dispersions over a range of PEG-lipid composition (5–30 mol%) [35] 

and in liquid crystal phase formulations at high levels of PEG-lipid loading (≥ 25 mol%) 

[36]. Separately, worm-like micelles were observed under certain conditions in PEGylated 

cationic liposomes complexed with DNA [37]. In this previous work, a basic model was 

developed to describe where the transition between vesicles and micelles occurs based on C0 

and t (t: thickness of the lipid monolayer) in which bilayers are favored when 0 < tCo < 

¼, while tCo > ¼ favors micelles. However, current models do not describe micellar phase 

transitions between disks, worms, and spheres. 

As described, both cationic lipids and PEG-lipids tend to have positive spontaneous 

curvature (C0 ˃ 0) due to lateral electrostatic repulsion and headgroup steric bulk, 

respectively. We determined the independent effects of the cationic lipids and PEG-lipids on 

the formation of LNP structures by making dual-lipid LNPs of these lipids mixed with an 

uncharged synthetic lipid 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC).  We also 

studied ternary-lipid LNPs of uncharged, cationic and PEG-lipids in varied compositions to 

understand their effects in combination. 

Cryogenic TEM (cryo-TEM) was the primary method used in this study to evaluate 

the self-assembled structures of the LNP formulations. Though quantitatively limited by 

sampling compared to statistical bulk measurements like DLS and x-ray scattering, cryo-

TEM is a powerful tool to identify LNP structures, particularly when multiple types of 

structures coexist. Clear structural trends that correlate to LNP composition were observed. 

Comparison of the binary to ternary formulations enabled us to estimate the C0 of the 

individual lipids relative to one another.  
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6.2 Results and Discussion 

6.2.1 Coexistence of vesicles, block liposomes, and micelles in monovalent DOTAP 

(+1e) LNPs 

This study was originally designed to study LNPs loaded with the hydrophobic drug 

paclitaxel (PTX). Many of the samples shown here included 3 mol% PTX in place of 3 mol% 

DOPC. Control samples without PTX suggest that PTX has little to no effect on LNP 

structure. PTX is therefore not mentioned in the following analysis of LNP structure, but is 

included for the sake of accuracy in the descriptions of LNP composition, particularly in 

figure captions. LNP compositions are listed explicitly in the Materials and Methods section, 

indicating whether 3 mol% PTX was included. All LNP samples were suspended in 

deionized water and sonicated 24 h prior to vitrification. 

We first used cryo-TEM to evaluate LNP structures of DOPC lipid alone (“no charge, 

bare”) and then DOPC mixed with 50 or 80 mol% DOTAP. The corresponding images are 

shown in the left-most column of Figure 2. DOPC LNPs only form spherical vesicles with 

diameters ranging from 20150 nm. Average vesicle size was measured to be about 20 nm, 

which was surprisingly small (see dotted white arrow) for a charge neutral lipid system, even 

in low salt.  
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Figure 2. Effects of univalent cationic DOTAP and 2kPEG-lipid on LNP structure. Cryo-TEM images reveal 

the nanoparticle structures of various LNP formulations that contain DOPC, DOTAP, PTX, and/or 2kPEG-

lipid. Arrows identify vesicle and micelle structures according to the legend. LNP formulations include 

DOTAP and 2kPEG-lipid as specified along the x and y axes; 3 mol% PTX; remaining mol% DOPC. 

 

With the addition of the univalent (+1e) lipid DOTAP, several new structures emerge. 

We observe giant tubular vesicles and vesicles that go through negative curvature transitions 

from large oblate shapes to narrow tubes. These types of membranes were previously 
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reported to occur in certain charge regimes and described as block cationic liposomes 

(“Block CLs”) [28,38,39]. Additional images of block CLs (50 mol% DOTAP) are shown in 

Figure 3: white solid arrows point to areas of curvature transitions and yellow dashed arrows 

indicate tubular vesicles. These block CLs coexist with small spherical vesicles (dotted white 

arrows in Fig. 2) with a 15 nm average diameter. Further, we observe the coexistence of what 

appear to be short worm-like micelles or disk micelles (which appear like rods when edge-on 

to the image plane), indicated with solid orange arrows. 
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Figure 3. Block cationic liposomes. Additional cryo-TEM images of block CLs from the bare 50 mol% 

DOTAP sample. Giant tubular vesicles (dashed yellow arrows) and transitional areas of negative curvature 

(solid white arrows) that connect narrow tubes to larger vesicles are indicated in the images. LNP 

composition: 50/47/3 DOTAP, DOPC, PTX. 
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In Figure 2, features similar to 50 mol% DOTAP are visible at 80 mol% DOTAP. 

The cryo-TEM images show the coexistence of block CLs with small vesicles and micelles. 

However, along with even shorter rods/disks, we also observe spherical micelles (orange 

circle). Interestingly, although DOTAP has largely been considered to have C0 ≈ 0, we 

observed high curvature structures (rod/disk and sphere micelles) in the DOTAP/DOPC 

formulations [40]. This suggests that DOTAP indeed has C0 ˃ 0, consistent with our 

theoretical understanding of how lipid geometry becomes more cone-like as a result of 

electrostatic repulsion between charged headgroups. Accordingly, as the DOTAP 

composition increases from 50 to 80 mol%, the vesicles and micelles both exhibit higher 

curvature (i.e. smaller diameter vesicles and spherical micelles). This effect may only be 

apparent in ultra-low salt conditions (as in the samples shown here), whereas charge 

screening in salt may lessen the repulsion between lipids such that DOTAP is effectively 

cylindrical with C0 ≈ 0. 

6.2.2 Adding 2kPEG-lipid to LNPs promotes formation of disk micelles and 

eliminates block liposomes from cationic DOTAP LNPs 

We also determined what LNP structures form in mixes of DOPC with 2kPEG-lipid 

(10 and 25 mol%), shown in the top row of Figure 2. Previous studies have shown that lipid 

formulations containing > 20 mol% PEG-lipid form disk micelles [36]. However, we did not 

expect but did observe disk micelles at as low as 10 mol% 2kPEG-lipid. That the micelles are 

disks rather than rods is proven by the appearance of tilted disks (elliptical shape, solid green 

arrow), along with disks edge-on (green arrowhead), and disks face-on (dotted green arrow). 

Disk micelles are unique structures that exhibit micro-phase separation with variation in local 

curvature. The flat surfaces of the disks are likely enriched in C0 = 0 DOPC, whereas the 
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highly curved edges are capped with PEG-lipids (see disk cartoon in Figure 1). In vesicles, 

we understand that the elastic cost of having curved membranes—from cylindrical lipids that 

prefer flat sheets—is taken because there is a higher cost to cap membrane edges. Here, the 

2kPEG-lipids have energetically favorable properties to cap the edges of flat bilayers and 

negate the need to form curved vesicles. 

At 25 mol% the population of disk micelle LNPs grows and the diameter of the disks 

also increases while coexisting with vesicles; additional images of this sample are provided 

in Figure 4. It is clear that the disks become larger (some greater than 50 nm) than at 10 

mol% 2kPEG-lipid. However it is possible that some of the LNPs with a rod-like appearance, 

many of which are disks edge-on, may be cylindrical wormy micelles. Cylindrical micelles 

are suggested by the appearance of curved rods. 
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Figure 4. Disk micelles from uncharged LNPs with 25 mol% 2kPEG-lipid. Additional cryo-TEM images of 

LNPs with 25 mol% 2kPEG-lipid that include vesicles, disk micelles, and possible worm-like cylindrical 

micelles. Arrows identify vesicle and micelle structures according to the legend. LNP formulation: 25 mol% 

2kPEG-lipid, 75 mol% DOPC. 

 

The remaining images in Figure 2 correspond to ternary mixes of DOPC, DOTAP, and 

2kPEG-lipid. Notably, the disk diameter appears to decrease as the charge of the 10 mol% 
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2kPEG-lipid LNPs increases from no charge to 50 and 80 mol% DOTAP. The increase of 50 

mol% DOTAP LNPs to 25 mol% 2kPEG-lipid enhances the total fraction of micelles. 

6.2.3 Comparison of micellization as a function of PEG-lipid length and composition 

In addition to PEG-lipid composition (mol% of an LNP formulation), we also 

explored the effect of PEG-length on how LNP structures form. For this study we compared 

225 mol% of 2k and 5k PEG-lipids mixed with uncharged DOPC. The cryo-TEM images 

are shown in Figure 5. We have already described 10 and 25 mol% 2kPEG-lipid LNPs, 

shown again here for ease of comparison. LNPs with even lower PEG-lipid content (2 mol%) 

were evaluated because less 5kPEG-lipid is required to reach monolayer PEG coverage 

[41,42]. Here we observe that at 2 mol% 2kPEG-lipid only vesicles form. In contrast, we 

already observe the formation of some small disk micelles coexisting with small, medium, 

and large vesicles at 2 mol% 5kPEG-lipid. At 25 mol% 5kPEG-lipid, we see the elimination 

of medium and large vesicles in favor of disk micelles. Compared to 25 mol% 2kPEG-lipid 

LNPs, the 5kPEG-lipid disks appear more numerous—although more sampling is necessary 

to determine this definitively—and smaller in diameter. The 5kPEG-lipid disks appear to be 

somewhat larger at 25 mol% than at 2 mol% which is consistent with the trend observed for 

2kPEG-lipid LNPs.  
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Figure 5. Effect of PEG length and composition on LNP structure. Cryo-TEM images reveal structures of 

uncharged LNPs with 225 mol% 2kPEG-lipid or 5kPEG-lipid. Arrows identify vesicle and micelle 

structures according to the legend. LNP formulations: 2kPEG-lipid or 5kPEG-lipid as specified along the x 

axis, at 225 mol% as specified along the y-axis; remaining mol% DOPC. 
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6.2.4 Micelles from multivalent MVL5 (+5e) with and without 2kPEG-lipid 

We also investigated the effect of headgroup charge on LNP structure by using a 

multivalent (+5e) cationic lipid, MVL5. Multivalent lipids can be used to significantly 

increase the net charge density of an LNP particle. Structurally, MVL5 has a branched 

headgroup to incorporate five amine groups that naturally adds steric bulk. Moreover, the 

high concentration of charge increases the intermolecular repulsion within the membrane. 

Both the steric and electrostatic properties of MVL5 result in a high C0 molecular shape. 

MVL5 (10, 50, or 75 mol%) was mixed with DOPC, with or without 10 mol% 2kPEG-lipid; 

the corresponding cryo-TEM images are shown in Figure 6.  

At 10 mol% MVL5 without PEG—with a similar charge to 50 mol% DOTAP—there 

were both vesicles and block CLs. No micelles were observed; however, since there were 

few clear images for this sample, additional images are needed to rule out this possibility. If 

indeed there are no micelles in the 10 mol% MVL5 sample, this could result from having a 

lower number of cationic lipids compared to the 50 mol% DOTAP sample of similar total 

charge. Increasing the charge density to 50 mol% MVL5 eliminates block CLs and disk 

micelles (dotted green arrows) appear to be the predominant structure. We also observe a few 

curved rods which may be cylindrical micelles. Further increasing the charge to 75 mol% 

MVL5 induces a remarkable phase transition to a mixture of spherical micelles and short (30 

nm) worm-like micelles. The short cylinder micelles are likely enriched with DOPC 

compared to the high curvature spheres. Overall, as the fraction of MVL5 increases, we 

observe structural transitions toward increasing C0 structures, from vesicles at low charge to 

many cylinder and sphere micelles at high charge. 
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Figure 6. Effect of multivalent (+5e) MVL5 on bare and PEGylated LNPs. The cryo-TEM images show how 

the high curvature cationic lipid MVL5 changes LNP structure as a function of composition (mol% of 

formulation), in the absence or presence of 10 mol% 2kPEG-lipid. Arrows identify vesicle and micelle 

structures according to the legend. LNP formulations: bare or 10 mol% 2kPEG-lipid as specified along the x 

axis; 10, 50 or 75 mol% MVL5 as specified along the y-axis; remaining mol% DOPC. 
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 Multivalent MVL5 in the presence of 10 mol% 2kPEG-lipid forms remarkably 

different structures at the same cationic charge densities. 2kPEG-lipid induces a transition 

from vesicles to disk micelles at 10 mol% MVL5. At 50 mol% MVL5, disks vanish with 

2kPEG-lipid in favor of medium-length cylindrical micelles that coexist with spherical 

micelles (see additional sample images in Figure 7). At 75 mol% MVL5, PEG-lipid increases 

the persistence length of the cylindrical micelles compared to without PEG-lipid. The 

fraction of spherical micelles is greater in the 75 mol% MVL5 PEG LNPs than at 50 mol% 

MVL5. Additional images of 75 mol% MVL5 LNPs with 10 mol% 2kPEG-lipid are shown 

in Figure 8. 

We can infer that 2kPEG-lipid has a moderately positive C0 because at low charge 

density it induces the formation of disk micelles over vesicles but drives the high charge 

density LNPs from spherical to cylindrical micelles. That affinity for MVL5 to form 

spherical micelles, which have uniformly high positive curvature, indicates a larger positive 

C0. The spherical micelles observed in both the PEGylated 50 and 75 mol% MVL5 samples 

are likely enriched in the high C0 MVL5, relative to the worm-like micelles.  

Notably, there seems to be a natural separation of LNP structures in the PEGylated 

high charge (50 and 75 mol%) MVL5 samples, wherein we observe only spherical micelles 

in some image frames, and only cylindrical micelles in others. This may occur because at 

high concentration similar shapes pack together more easily, forming regularly spaced 

secondary structures (e.g. the worm-like micelles align parallel to one another). In vitrified 

samples for cryo-TEM, ice thickness can also prohibit where particles can be as a function of 

their size [37]. 
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Figure 7. Cylindrical and spherical micelles in PEGylated 50 mol% MVL5 LNPs. Additional cryo-TEM 

images of LNPs made of 50 mol% MVL5 and 10 mol% 2kPEG-lipid reveal a prevalence of moderate length 

cylindrical micelles coexisting with spherical micelles. Arrows identify micelle structures according to the 

legend. LNP formulations: 10 mol% 2kPEG-lipid; 50 mol% MVL5; remaining mol% DOPC. 

 



159 

 

Figure 8. Cylindrical and spherical micelles in PEGylated 75 mol% MVL5 LNPs. Additional cryo-TEM 

images of LNPs made of 75 mol% MVL5 and 10 mol% 2kPEG-lipid reveal a prevalence of long cylindrical 

micelles coexisting with spherical micelles. Arrows identify micelle structures according to the legend. LNP 

formulations: 10 mol% 2kPEG-lipid; 75 mol% MVL5; remaining mol% DOPC. 

 

 It is important to note here that all of the cryo-TEM samples were prepared in 

deionized water. Depending on the application, LNPs are likely to be used in solutions with 

salt. Salt ions screen electrostatic interactions between charged particles, which would 

decrease the lateral repulsion between charged headgroups like DOTAP and MVL5 . In salt, 

these cationic lipids would have effectively smaller C0. MVL5 (as shown in Figure 1) has a 

fairly bulky branched headgroup and thus would retain positive C0 from its steric bulk, even 
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in very high salt solutions. The C0 of PEG-lipids should not be majorly affected by ionic 

strength. We therefore expect that in salt the PEGylated charged LNPs shown here would 

exhibit structural shifts toward the LNP structures in the uncharged samples. Future work 

should investigate how the LNP structures, especially the charged LNPs, change in the 

presence of salt. 

 

6.3 Conclusion 

This work has shown that both the charge of LNPs and the structure of the LNP 

corona (as in the addition of PEG-lipid) direct novel phase transitions between vesicles and 

micelles with distinct shapes. We observed how cone-shaped lipids (C0 ˃ 0) with different 

curvatures affect what structures form from various mixed LNP formulations. To determine 

the effect of electrostatics on particle structure, LNPs of DOTAP (+1e) or MVL5 (+5e) 

mixed with uncharged DOPC were studied alone or with added 2kPEG-lipid. To separately 

probe the structural effects of PEG-lipid, uncharged LNPs with either 2kPEG-lipid or 

5kPEG-lipid with DOPC were also tested. PEG-lipids favored disk and cylinder micelles in 

the composition range tested (2–25 mol%), while MVL5 favors higher curvature spherical 

micelles at high cationic lipid content. Surprisingly, charged DOTAP LNPs without PEG-

lipid were able to form disk and sphere micelles—although these structures are unlikely to 

persist in salt solution. We observed both intra- and inter-particle segregation of lipids in 

different LNP structures. For instance, PEG-lipid must micro-phase separate around the edge 

of disk micelles to stabilize the high curvature rim. In PEGylated MVL5 (50 and 75 mol%) 
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formulations, MVL5 is likely enriched in the high C0 spherical micelles that coexist with 

cylindrical micelles.  

Future molecular dynamics studies should bring more insight to the interactions that 

give rise to the formation of differently shaped LNPs made of lipids of distinct size and 

charge. In many LNP samples, we observed the coexistence of different structures. 

Continuing work will focus on identifying LNP compositions that exhibit pure phases to 

build a library of micellar building blocks and on understanding how LNP structures change 

in salt solution. Observations about structural phase transitions as a function of lipid charge 

and shape from this and other studies will also direct design of new synthetic lipids that 

promote stable lipid micelles. For example, synthesis of a charged PEG-lipids to use in place 

of separate charged lipid and PEG-lipid could eliminate the lipid de-mixing and phase 

separation observed in the PEGylated MVL5 LNPs—in which sphere and cylinder micelles 

coexist—to form a pure micellar phase. This work will inform ongoing efforts to develop 

novel lipid-based delivery systems for small hydrophobic drugs. 

 

 

6.4 Materials and Methods 

6.4.1 Materials  

Lipid stock solutions of DOPC, DOTAP, MVL5 and 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene glycol)-5000] (ammonium salt) (5kPEG-

lipid) in chloroform were purchased from Avanti Polar Lipids. PTX was purchased from 

Acros Organics and dissolved in chloroform at 10.0 mM concentration. 1-(3,4-
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dioleyloxybenzoyl)--methoxy-poly(ethylene glycol) 2000 (2kPEG-lipid) was synthesized 

as previously reported by our lab[43] and dissolved in chloroform to 10 mM. 

6.4.2 Liposome preparation 

Solutions of lipid and PTX were prepared in chloroform:methanol (3:1, v/v) in small glass 

vials at a total molar concentration of 20 mM. Individual stock solutions of each component 

were combined according to the final desired concentration and molar composition. The 

organic solvent was evaporated by a stream of nitrogen for 10 min and dried further in a 

vacuum (rotary vane pump) for 16 h. The resulting films were hydrated with high-resistivity 

water (18.2 M cm) to 20 mM aqueous solution. Immediately thereafter, suspensions were 

agitated with a tip sonicator (Sonics and Materials Inc. Vibra Cell, set to 30 Watt output) for 

7 min to form sonicated liposomes. 

6.4.3 Cryogenic Transmission Electron Microscopy 

All samples were vitrified using a manual plunger on carbon lacey substrates (300 mesh 

copper grids) prepared in house (Fukami and Adachi, 1965).  Grids were plasma cleaned 

using O2 and H2 for 30 s using a Solarus plasma cleaner (Gatan) immediately prior to sample 

preparation. 3 l of sample was applied to the grid and manually blotted from the back with 

filter paper for 5 s followed immediately by plunging into liquid ethane. Images were 

acquired using Leginon (Suloway et al., 2005) on a Tecnai TF20 or Tecnai T12 equipped 

with 4K TVIPS CMOS camera, operated at 200 KeV or 120 KeV, respectively. Images were 

collected at nominal magnification of 62 kX (TF20) and 68 kX (T12), corresponding to pixel 

sizes of 3.0 Å/pixel and 2.46 Å/pixel, respectively. A summary of the sample compositions 

https://elifesciences.org/articles/33572#bib26
https://elifesciences.org/articles/33572#bib78
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(mol%) is provided in Table 1 below. The sample concentrations were typically 20 mM of 

material in high-resistivity water (18.2 M cm). 

Table 1. Summary of cryo-TEM sample compositions. The compositions of LNP formulations are listed in the 

order in which the samples are described in the text. Composition is listed as mol% of each component: 

DOTAP, MVL5, 2kPEG-lipid, 5kPEG-lipid, DOPC, and PTX. 

Sample Name DOTAP MVL5 2kPEG 5kPEG DOPC PTX 

VS-12     97 3 

VS-3 50    47 3 

VS-10 80    17 3 

VS-13   10  87 3 

VS-1 50  10  37 3 

VS-11 80  10  7 3 

VS-25   25  75  

VS-9 50  25  22 3 

VS-22   2  98  

VS-26    2 98  

VS-28    25 75  

VS-16  10   90  

VS-17  10 10  80  

VS-18  50   50  

VS-19  50 10  40  

VS-20  75   25  

VS-21  75 10  15  
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Chapter 7 

Concluding Remarks 

 

 The findings from the fundamental studies presented in this dissertation have 

advanced the understanding of paclitaxel (PTX) interactions with lipid membranes. We 

further probed the DOTAP/DOPC delivery system based on the formulation EndoTAG and 

expanded the library of lipids tested for PTX drug loading and delivery to include PEG-

lipids, cationic MVL5 (+5e), fusogenic lipids DOPE and GMO, as well as poly-unsaturated 

DLPC (18:2) and DLnPC (18:3).  

We described a new method to determine PTX solubility in lipid membranes and 

reported important differences in PTX solubility: relative to DOPC, PTX is not soluble in 

GMO, poorly soluble in DOPE, variably soluble in DLPC and DLnPC, and somewhat less 

soluble in the presence of PEG-lipid. The method of generating kinetic phase diagrams from 

microscopy observations is simple, does not require a large amount of sample, and is 

amenable to testing over broad composition space. This appears to be a robust approach to 

assess drug solubility for any drug like PTX that phase separates in water to form 

microscopic crystals. 

Small angle x-ray scattering (SAXS) studies were extremely useful to our PTX-LNP 

investigations in order to (literally) shed light on the interactions between PTX and lipid 

membranes. We observed that PTX thinned membranes upon incorporation and that the 

membranes increased in thickness once PTX phase separated to form crystals. We were able 
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to track whether PTX had crystallized from LNPs or not based on whether characteristic 

crystal peaks were observed (qP1 = 0.291 Å-1, qP2 = 0.373 Å-1, and qP3 =0.436 Å-1). Finally, 

SAXS provided insight on the complex relationship between lipid composition and PTX 

solubility. The SAXS experiments indicate that PTX solubility is diminished in the presence 

of certain lipids (notably DOPE and GMO) regardless of the self-assembled LNP structures. 

Of all the lipids, PTX appears to be most soluble in lamellar DOPC membranes. However, 

PTX was less soluble or even not soluble in some lamellar phase formulations with GMO 

and DOPE. PTX interactions with lipids at the molecular level are essential to drug-loading. 

Molecular dynamics simulations that assess PTX self-aggregation propensity in different 

LNP formulations would offer valuable insights to complement experimental results and a 

potential platform to identify new lipid candidates for LNP formulations in silico. 

 In parallel to our PTX solubility studies, we observed and reported that LNPs loaded 

with less PTX (< 3 mol%) elicited greater cell death of immortalized human cancer cells in 

vitro. We explain this phenomenon by the prolonged solubility of PTX in LNPs loaded 

below the apparent saturation point of the drug compared to LNPs loaded at the saturation 

point (≈ 3 mol%). Remarkably, the PTX-LNP formulations that have advanced to clinical 

trials load PTX at the saturation point. We believe this to be an important finding for 

hydrophobic drug delivery LNPs and worthy of future in vivo study to investigate if loading 

drug below the saturation point can improve drug retention over time—an important 

requirement of targeted delivery nanoparticles. 

We observed an unexpected increase in PTX delivery for PEGylated LNPs and used 

fluorescence microscopy, flow cytometry, and cryo-TEM to identify a possible mechanism 

that we describe in Chapter 5. Without PEG-lipid, LNPs appeared to aggregate in the cell 
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culture medium and adhere to the outside of cells, limiting cell uptake. Conversely, the 

PEGylated LNPs are sterically stabilized in cell medium; from fluorescence microscopy, we 

observe that their small size appears to enhance cell uptake dramatically. Ultimately, we 

found that the physical requirements that govern successful PTX-LNP delivery to cells are 

very different from the LNPs designed for nucleic acid (DNA, RNA) delivery. More 

complex mechanisms that rely on electrostatic interactions and membrane fusion are 

necessary to deliver large hydrophilic nucleic acids into the cell cytoplasm. Because PTX is 

hydrophobic, it can cross biological membranes. Therefore, it does not require an active 

release mechanism on the part of the LNP carrier. Once in the cell or in close proximity to 

the plasma membrane, PTX can transfer from LNPs to biological membranes via collisions. 

Our studies have found that PTX delivery is most importantly aided by good solubilization of 

the drug and by formation of small stable particles readily taken up cells. Through our 

collaboration with researchers at the University of Tartu, we are investigating how 

PEGylation and drug loading affect in vivo PTX delivery in mice. We will also explore active 

targeting of PTX-LNPs using short peptides conjugated to PEG-lipids that bind cell receptors 

that are overexpressed by cancer cells. 

 To understand how PEGylation enhances PTX-LNP delivery, we carried out a cryo-

TEM experiment that showed us that PEG-lipid promotes disk micelle (aka bicelle) 

formation, even at sub-monolayer PEG-lipid compositions (< 20 mol%). Stemming from this 

surprising finding, we carried out an extensive study of LNPs that incorporate cone-shaped 

lipids (spontaneous curvature C0 > 0) to elucidate how they govern structural phase 

transitions between vesicles and disk, cylinder, or sphere micelles. Specifically, we evaluated 

LNPs made of PEG-lipids (2 and 5 kDa molecular weights) and/or cationic lipids (DOTAP 
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and MVL5) mixed with uncharged (C0 = 0) DOPC in varied compositions. In Chapter 6, we 

reported our findings in detail. Briefly, PEG-lipids eliminate large tubular vesicles and block 

liposomes. PEG-lipids, DOTAP and MVL5 were all capable of forming micelles in ultra-low 

salt deionized water. At moderate compositions, PEG-lipids promoted disk micelle 

formation. Surprisingly, adding 10 mol% 2kPEG-lipid to 75 mol% MVL5 LNPs drove a 

phase transition from predominantly spherical micelles with some short cylindrical micelles 

toward more long cylindrical micelles coexisting with spherical micelles. This suggests that 

MVL5 has a larger C0 than 2kPEG-lipid and that lipid de-mixing is occurring (with different 

micelle shapes likely having different compositions). These useful findings will direct future 

studies with the goal of identifying lipid compositions that exhibit pure micellar phases. They 

will also be used to design novel synthetic lipids that provide optimal physicochemical 

properties but prevent lipid de-mixing by, for example, combining PEG-lipid and cationic 

charge on the same lipid.  

These new micellar building blocks offer an exciting new route for LNP delivery of 

hydrophobic drugs. Hydrophobic therapeutics are uniquely suited for micelle delivery since 

they load directly into membranes and do not require the aqueous lumen of a vesicle. 

Although lipid bicelles have been used for other applications, in particular to study 

membrane proteins by NMR, these bicelles are typically made by detergents and bile salts. 

Sterically stabilized PEGylated bicelles have not been well-characterized and present new 

opportunities for study and development in drug delivery.  
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Appendix 

Methods overview, experimental design, and special protocols 

 

A.1 Preparation of liposomal formulations 

 Our lab uses the thin-film hydration method to prepare liposomal formulations. The 

lipid components—including the hydrophobic small molecule drug paclitaxel—are dissolved 

in chloroform or chloroform/methanol in concentrated stock solutions. The liposome 

formulations I develop are designed in terms of mol%, so I work in molar concentrations. 

The lipids purchased from Avanti are typically at 25 mg/mL (but this may differ for special 

lipids with fluorophores or 18:2 and 18:3 tails), so you have to convert the mg/mL 

concentration to mM using the lipid’s molecular weight. I generally keep stocks for each 

lipid component at two different concentrations: the Avanti concentration (25-30 mM), and a 

slightly more dilute stock at 10 mM. These 10 mM stocks are convenient for making more 

dilute lipid formulations so that you don’t have to pipette very small (i.e. < 2 uL) volumes of 

the lipid components. 

 I use Excel to calculate the recipe for the lipid formulations in each experiment (see 

the example worksheet in Figure 1 below). There are several different ways to set-up these 

calculations, some ways are better suited to certain experiments. Here, I’m going to walk 

through the set-up of just one experiment to demonstrate how the spreadsheet components 

are related. I first adjust the worksheet to have columns for each component I plan to use 

(here: DOPC, DOTAP, PTX, and PEG-lipid), choose names for each formulation (left-most 



173 

column), and set the molar ratio of each component for each formulation I want to test 

(shown in the blue boxes). Each blue row should add to 100 (mol%). 

 

Figure 1. Liposome preparation worksheet. 

In the second group of boxes (yellow) I convert the molar ratio of components into 

the actual molar concentration of each component in the liposomal formulation. Here, I chose 

to make the formulations at 0.666 mM total concentration, such that each component has a 

Test of charge density and PEGylation on M21 and PC3

File Name: 2018 06 11 Cell viability effects of charge density and PEGylation

mole ratio of components Concentration (mM) of each componentRequired volume of each stock (uL)

250 uL total volume

Stock concentration (mM)

0.666 mM total stuff 10 10 5 10

Sample 

Name DOPC DOTAP PTX

PEG-

lipid mM DOPC DOTAP PTX

PEG-

lipid DOPC DOTAP PTX

PEG-

lipid

CHCl3/ 

MeOH

30- bare 67 30 3 0.446 0.200 0.020 0.000 11.16 5.00 1.00 0.00 232.85

30- 10 PEG 57 30 3 10 0.380 0.200 0.020 0.067 9.49 5.00 1.00 1.67 232.85

50- bare 47 50 3 0.313 0.333 0.020 0.000 7.83 8.33 1.00 0.00 232.85

50- 10 PEG 37 50 3 10 0.246 0.333 0.020 0.067 6.16 8.33 1.00 1.67 232.85

80- bare 17 80 3 0.113 0.533 0.020 0.000 2.83 13.32 1.00 0.00 232.85

80- 10 PEG 7 80 3 10 0.047 0.533 0.020 0.067 1.17 13.32 1.00 1.67 232.85

Mix each lipid formulation according to the volumes specified in the right-most (green) boxes

Remove organic solvent under a stream of nitrogen gas (~10 min)

Put under high vacuum overnight

Add 250 uL milli-Q water to hydrate sample and form liposomes

sonicate lipid solutions (7 min)

Dilution Step Number 1

Dilute liposomes in DMEM to the highest concentration needed for cells

(must be at least 10X dilution for adequate salt content)

c1 v1 c2 v2

20 0.06 5000

3 PTXL: 15 4985

Mix 15 uL sonicated lipid solution with 4.985 mL DMEM

Dilution Step Number 2

[PTX] 

(nM)

dilution 

factor

Volume 

liposome 

stock (uL)

DMEM 

(uL)

M21-A 60 500.00 0.00

M21-B 50 1.20 416.67 83.33

M21-C 40 1.50 333.33 166.67

PC3-A 40 1.50 333.33 166.67

PC3-B 30 2.00 250.00 250.00

PC3-B 25 2.40 208.33 291.67

2041.67
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concentration of xi/100*0.666 mM where xi represents the mol% of the ith component 

(specified in the blue boxes). The concentration used in this step doesn’t necessarily have to 

be a specific value, but should be chosen based on the subsequent dilution steps. In this 

experiment, by trying different values I found that if [PTX] was 20 uM, I would dilute 15 uL 

of the lipsome solution with 4.985 mL DMEM in the first dilution step (I generally aim for 

volumes in the tens of uL, but this is just a personal preference). Back calculating from PTX 

at 20 uM and 3 mol% of the lipid formulation requires that the total concentration of 

liposome components equal 666 uM (0.666 mM). 

In the third set of boxes (green), I determine the volume of each chloroform lipid 

stock that I need to mix to create the specified formulation. This is calculated from C1V1 = 

C2V2 solving for V1, where C1 is the lipid stock concentration (noted above each column), C2 

is the desired concentration (yellow box), and V2 is the total volume of liposome solution 

(here I chose to make 250 uL of solution). When deciding what solution volume to make, it 

is important to keep in mind how much you will actually use (here only 15 uL, calculated 

under Dilution Step Number 1) and the minimum volume required to sonicate with the tip 

sonicator (200 uL is the bare minimum but 250 uL is better).  

Next on the worksheet, I’ve listed the steps for making liposomes. After mixing all of 

the lipid stocks and bringing the solution volume to 250 uL using a mix of chloroform and 

methanol (abbreviated CHCl3/MeOH), the organic solvent is removed under a stream of 

nitrogen gas for about 10 minutes. Then, the samples are dried further overnight under high 

vacuum in a vacuum chamber. The next day, the dried lipid films are hydrated with Milli-Q 

water, back to the desired solution volume of 250 uL. Depending on the application, the 
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liposomes are tip-sonicated to form small unilamellar vesicles. Here, the liposomes are 

sonicated to form nanoparticles (NPs) for delivery to cells.  

After sonication, the liposomes are diluted. Here there are two dilution steps because 

the NPs will be used at several different concentrations on the cells (selected with respect to 

the [PTX], listed in the bottom chart)—three concentrations on each cell line, M21 and PC3. 

The first dilution in DMEM is to the highest NP concentration that will be used on the cells 

(orange box); here, the highest concentration is 60 nM PTX. Based on Dilution Step Number 

2, I calculated the total volume of Dilution 1 solution that would be used (2041 uL, lower 

pink box) and—somewhat arbitrarily—decided to make a solution volume of 5 mL in the 

first dilution step (upper pink box). So, solving for V1 in dilution step 1, I determined that I 

needed to mix 15 uL of liposome solution (in Milli-Q) with 4.985 mL DMEM culture 

medium.  

In the final step, I diluted the 60 nM PTX DMEM solutions to 50, 40, 30, and 25 nM 

according to the chart. See the section about cell viability assays for further discussion of the 

choice of PTX concentration in experiments, and an explanation of why three concentrations 

of each formulation were tested on the cells. 

 

A.2 Optical microscopy to generate kinetic phase diagrams for drug phase 

separation 

 As described in [1], there is evidence from fluorescence microscopy and small-angle 

x-ray scattering experiments to support that PTX initially loads into lipid membranes upon 

thin-film hydration. Over time, PTX may self-associate within lipid membranes and nucleate 
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to form thermodynamically-favorable PTX crystals. PTX crystallization occurs at sufficiently 

high mol% composition (see Chapter 2) and in unfavorable membrane environments in 

which intermolecular interactions promote crystallization (see Chapter 3). Various groups 

have reported 3 mol% PTX as the typical solubility limit in liposomes [2,3]. This PTX phase 

separation prevents nanoparticle-mediated drug delivery. To identify liposome formulations 

with the greatest PTX solubility, we developed a facile microscopy method described here. 

 Consistent with our own observations, nucleation and crystal growth theory dictates 

that nucleation is the rate-limiting step of crystallization and is followed by a rapid growth 

phase to form, in this case, microscopic PTX crystals. Experimental evidence to support this 

shows that the PTX crystals are 20 m or larger. The resolution limit of the differential 

interference contrast (DIC) microscope used to obtain the images is much smaller, but we do 

not see evidence of smaller PTX crystals. This suggests that the crystals grow to their large 

size very rapidly or, in other words, that nucleation is the rate-limiting step. Thus, 

observation of PTX crystals using DIC microscopy is an appropriate technique to assess PTX 

stability in liposomes on the relevant time scale of hours to days. Previous studies have 

largely relied on multi-step HPLC experiments to monitor drug loading and retention over 

time [4–6], but we believe that our method is simpler, higher throughput, and provides 

accurate comparisons of PTX solubility in different liposome formulations.  

 To determine the general solubility of PTX in a given formulation, a series of 

liposomes are prepared using the thin-film hydration method with a range of PTX mol% 

composition, typically 1–5 mol%. PTX is considered a component of the liposome 

formulation and systematically replaces one of the lipids as drug loading increases. The 

substituted lipid is selected in each experiment depending on the lipid component that is 
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being studied, according to what needs to be held constant as a control. Liposomes, as 

described in section A.1 of this appendix, are prepared using a total lipid concentration of 5 

mM and a total solution volume of 200 or 250 uL. Sample preparation is complete after lipid 

film hydration with Milli-Q water (no DMEM dilutions were done for kinetic phase diagram 

experiments) or in some cases after sonication. The sample solutions are stored at room 

temperature for the duration of the experiment. It is prudent to seal the vials with Parafilm to 

minimize water evaporation. 

 At predetermined times following liposome hydration, samples are manually agitated 

or lightly vortexed to ensure sample homogeneity, 2 μL aliquots are withdrawn, placed on 

microscope slides, covered by a coverslip kept in place by vacuum grease, and imaged at 10 

or 20 × magnification on an inverted Diaphot 300 (Nikon) DIC microscope. The samples are 

imaged every 2 h until 12 h, every 12 h until 72 h, and daily thereafter until PTX crystals are 

observed or the entire sample is used up. The data is plotted to generate kinetic phase 

diagrams that report the median time to observation of PTX crystals for 3–5 independently 

formed samples at each mol% PTX. The boundary between when PTX is likely soluble and 

when it has phase separated, referred to in our studies as the “solubility front”, is used to 

compare PTX solubility in different LNP formulations. Refer to Figures 2 and 3 (taken from 

the Biomaterials 2017 paper reported in Chapter 2 of this thesis) for an example of 

microscopy images and kinetic phase diagrams. 
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Figure 2. Example of DIC images used to create kinetic phase diagrams. Unless otherwise specified, samples 

are unsonicated liposomes made of DOTAP, DOPC and PTX (30:70–xPTX:xPTX mole ratio). (a–c) Images of 

liposomes with xPTX=5 taken a) 2 h, b) 4 h, and c) 6 h after hydration; crystal formation is evident at 4 h, 

indicating the short period of stability at high PTX contents. (d) Image of a sample with xPTX=4, showing 

PTX crystals at 24 h after hydration. (e and f) Images of samples that exhibit longer-term PTX solubility: e) 

xPTX=2, sonicated sample with an average particle size < 200 nm, and f) xPTX=1.5, unsonicated sample 

composed of larger multilamellar vesicles (≈ 800 nm average diameter). 

 

Figure 3. Kinetic phase diagrams of PTX solubility in CLPTX NPs prepared from DOTAP, DOPC and PTX 

(30:70–xPTX:xPTX mole ratio). DIC microscopy (see Figure 2) was used to assess whether PTX crystallization 

had occurred at the indicated times after hydration. Blue color indicates absence of PTX crystals (PTX 

remained soluble in the membranes), while pink color indicates presence of PTX crystals. (a) Stability of 

PTX in unsonicated liposomes. (b) Stability of PTX in sonicated liposomes. The black line, showing the 

solubility boundary for unsonicated liposomes, is included as a reference to facilitate comparison. 
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For these experiments, the researchers tracked the time points when the samples were 

checked in order to identify the window in which the PTX drug phase separated. I have 

included an example of this type of experimental data in Figure 4, and show how it is first 

plotted to generate the kinetic phase diagram that reports the PTX solubility front. 

 

Figure 4. Sample kinetic phase diagram data tracking and phase diagram generation. Data on the left hand 

graph is for 70 mol% DOPE liposomes with the specified mol% PTX and remainder DOTAP. The black 

reference line indicates the solubility front for DOPC liposomes. The trial number is recorded in the 

appropriate box and the colors are adjusted according to the median time point to indicate where PTX 

remains soluble (blue) and where PTX has crystallized (pink). The right-hand graph represents data for a 

formulation incorporating 10 mol% 2kPEG-lipid, 50 mol% DOTAP, PTX as specified, and the remainder 

DOPC. The highlighted time points indicate large windows of error in which a there is a large discrepancy 

between when the sample was last checked and when PTX crystals were observed. 
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 Below the time points originally recorded by the undergraduate interns in the table, I 

have converted the time points into a uniform unit scale (hours for the left-hand set of data, 

days for the right-hand set). As the kinetic phase diagram data was collected and we were 

trying to decide on the best way to present the data, I experimented with several different 

formats. As is, reporting the median time to phase separation captures correct trends; 

however, I was not completely satisfied with the error reporting (or lack thereof) using the 

kinetic phase diagrams. For example, the two highlighted points in the right-hand table of 

Figure 4, indicate time points with large error windows, in which the sample was last 

checked at a much earlier time point relative to the time when PTX crystals were observed. 

In order to account for this and graphically represent this in a figure, I looked into ways to 

graph the average window of PTX crystallization which would capture both the latest time at 

which PTX was observed to remain soluble and the time at which PTX crystals were first 

observed. Figure 5 shows my crude attempts at capturing this data. The thick bars are the 

time windows in which crystallization occurred, representing the average of at least three 

trials of the last time a sample was observed to have no crystals and the average time until 

crystals were observed. The thin lines represent the standard error associated with those time 

points from multiple trials. The black and white graph was generated in Excel, and the two 

colored graphs were made in Origin. The Origin plots were much closer to what I set out to 

create (the data is overlaid and in distinct colors), but could be improved. I believe I was 

limited to two categories on one plot (but may be misremembering)—C.R.S. suggested 

plotting the data individually and overlaying the plots in PowerPoint in order to show >2 sets 

of data. 



181 

 

 

Figure 5. Alternate graphing for kinetic phase diagrams showing time window of crystallization. The top 

figure shows an “Open-high-low-close” plot generated in Excel. This data compares the PTX solubility in 

mixed DOPC/DOPE liposomes where the neutral lipid content is fixed at 70 mol% of the formulation, PTX 

was loaded as indicated (1.5–5 mol%), and the remainder is DOTAP. The lower graphs (also “open-high-

low-close” plots) were generated using the graphing program Origin. These two plots compare the PTX 

window of crystallization as a function of PTX-loading for bare (orange) and 10 mol% PEG-lipid (aqua) 

formulations. The left-hand plot shows the data for unsonicated liposomes, and the right-hand plot for 

sonicated lipid nanoparticles. 
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Although the lipid nanoparticles are sonicated for delivery in in vitro and in vivo 

biology experiments to ensure < 200 nm diameter particle size, the kinetic phase diagram 

samples are typically not sonicated. Unsonicated liposomes, formed spontaneously upon 

hydration, are larger and display a broad size distribution while sonicated liposomes display a 

more monodisperse distribution of smaller sizes. In early experiments to compare sonicated 

and unsonicated liposomes, we observed that sonication measurably shortened PTX 

solubility (see Figure 3). Moreover, there was a larger error in the distribution of time points. 

We chose to rely primarily on data from unsonicated samples because the results were more 

precise and reflect the same relative PTX solubility of sonicated liposomes. In formulations 

where PTX was less soluble for shorter periods, a greater number of thinner, shorter PTX 

crystals formed (see Chapters 3 and 5), indicating a greater number of nucleation sites. 

 

A.3 Cryogenic transmission electron microscopy 

In collaboration with Bridget Carragher, Clint Potter, and Zhening Zhang at the New 

York Structural Biology Center, we used cryogenic transmission electron microscopy (cryo-

TEM) to investigate lipid nanoparticle (LNP) nanostructures, especially in an effort to 

identify why some LNP formulations perform better than others. Cryo-TEM was crucial to 

confirm the suspected presence of micelles in PEGylated LNPs. However, we were surprised 

to find disk and spherical micelles in cationic DOTAP LNP samples without PEG-lipid. The 

PEGylated micelles are expected to be stable in salt solution, whereas the bare cationic 

micelles are not expected to persist in the presence of salt. The cryo-TEM samples shown in 
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this thesis all used deionized water as the solvent; therefore we have not yet demonstrated by 

cryo-TEM the instability or absence of micelles without PEG-lipid and in salt solution. 

One of the most notable findings from the cryo-TEM studies was the formation of 

disk-micelles, also called bicelles (see Figure 6). The identification of these structures is 

confirmed by the appearance of disks at different angles within the imaging plane: face-on, 

edge-on, and tilted. The disk shape is identified primarily by the appearance of elliptical 

shapes (green solid arrows), which correspond to disks tilted at an angle between parallel and 

perpendicular to the imaging plane. When the disks are at a full 90° (perpendicular) tilt, they 

appear to be dark rods (green arrowheads). When the disks are parallel to the imaging plane, 

they appear to be faint circles (dashed green arrows) whose appearance is markedly different 

from that of vesicles. Vesicles (white arrows) have dark outlines, reflecting the higher 

electron density at the edge of a sphere projected on two dimensions. Discoidal micelles, also 

known as “bicelles”, have a more uniform electron density across the face of the micelle, 

with perhaps some crowding at the edge where the hydrophobic layer is capped.  
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Figure 6. Cryo-TEM studies revealed formation of lipid bicelles with only 10 mol% 2kPEG-lipid. The 

presence of the lipid disk bicelles is confirmed by the appearance of the disks in edge-on, tilted, and face-on 

conformations. 

There is some difficulty in identifying the three-dimensional forms of the micelles 

based on the two-dimensional EM images. What appear to be rods in 2D, may be either discs 

edge-on to the imaging plane or short cylindrical micelles. Similarly, the very small filled 

dots may be spherical micelles or rods tilted end-over-end. Despite the ambiguity of some 

structures, our ability to identify micelles and narrow down the possible NP shapes in cryo-

TEM is vastly better than the particle size data from DLS, which cannot provide this level of 

structural detail and provides unreliable size measurements when samples have broad size 

distributions and/or a coexistence of different types of particles. 

By counting and measuring the particles observed in the raw image data, we were 

able to quantify average particle size and micelle fraction of particles. Figure 7 shows some 

raw images with particle measurements marked using ImageJ, vesicles were measured 

separately from micelles. Undergraduate researcher John Crowe carried out this analysis and 
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took measurements on five images from each sample. John’s size analysis is summarized in 

the figures shown here in Figure 8 (originally shown in Chapter 5). 

 

Figure 7. Example of vesicle and micelle measurements 

 

Figure 8. Particle size and micelle fraction analysis. 

Phillip Kohl was very helpful with providing instructions for how to take these 

measurements in ImageJ: 
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“Open the image and set the scale first by drawing a line on the scale bar and then clicking 

Analyze>Set Scale, change the known distance to the size of the scale bar, change the units 

to nm and click okay. Now to measure something just draw a line on the image and press 

ctrl-m.  The resulting length will be appended onto the results table which will pop up once 

you've done your first measurement. If you want to draw that line onto the image to make 

sure you don’t measure it twice (also good so people can see what you did) just press ctrl-d. 

That's literally it, just keep drawing lines and press ctrl-m to measure it, Once you've 

measured everything you want, copy and paste the results into Excel to graph it and do data 

analysis (you can export the table from the ImageJ window as well if you want). 

Also pressing control-m and control-d, is a little tiresome on the hand so if I were you I 

would just use the Imagej record macro feature. That way you only need to press cntrl-m and 

cntrl-d once, save the macro and bind it to a single key. Depending on how many particles 

you are measuring this will save you a lot of time and finger strength.” 

I also tasked John with figuring out how to use Igor to create number size distribution 

graphs. I know that there was some trial-and-error in the binning settings to get smooth 

curves with a similar maximum height (some of this was related to the variable number of 

measurements for each sample). Figure 9 shows an example of the size distribution 

measurements for the micelles in 50 mol% DOTAP lipid formulations with and without 10 

mol% 2kPEG-lipid. 
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Figure 9. Particle size distribution of micelles 

from 50 mol% DOTAP lipid formulations 

with and without 10 mol% 2kPEG-lipid. 

One limitation of cryo-TEM is that it skews the data toward smaller particles, 

excluding larger particles based on the image magnification and sample thickness. Particles 

larger than the ice thickness will be excluded from those regions. This was previously 

demonstrated in our group by Ramsey’s PEGylated CL-DNA samples which showed spatial 

segregation of particles as a function of size—small cylindrical micelles were exclusively 

found in the center of the carbon grid holes, where the ice is known to be thinnest [7]. 

Conversely, DLS size measurements are skewed toward the larger particles since the z-

average size estimate is weighted toward (larger) particles that scatter more light. 

From our study of LNPs that was critical to understand the PEG effect described in 

Chapter 5, a separate study emerged on micelle formation from both PEG-lipids (with PEG 

units of 2 and 5 kDa molecular weights) and cationic lipids (univalent DOTAP and 

multivalent MVL5). We describe the formation and coexistence of micelles with different 

shapes: disks of varying sizes, spherical micelles, and cylindrical micelles of varying lengths. 

These preliminary results are reported here in Chapter 6 and will inform future studies to 
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identify formulations that form pure micelle phases and to design novel custom synthetic 

lipids made that enhance formation of micellar phases for hydrophobic drug delivery. 

Another interaction that we were able to probe with cryo-TEM was if and how 

liposomes associate with PTX crystals. Figures 10 and 11 show cryo-TEM images of cationic 

and anionic liposome formulations, respectively, where PTX crystals are visible. The PTX 

crystals were typically about 100-150 nm in width and much longer than the field of view at 

high magnification. Not much interaction was observed between the cationic PEGylated 

liposomes and PTX crystals—one exception being the sample with only 5 mol% 2kPEG-

lipid. In contrast, the anionic samples appear to adhere to the crystals, but do not completely 

spread. In some images, vesicles on top of or beneath the PTX crystals have an elongated 

shape, stretching in the direction of the length of the crystal. It is also important to note here 

that we are observing giant tubular vesicles in the PEGylated anionic DOPG liposomes—

something that we do not expect to see in PEGylated samples. New DOPG lipid samples, 

with and without PEG-lipid, should be freshly made and imaged to ensure that the observed 

features are reproducible and not the result of some preparation or labeling error. 

  



189 

 

 

Figure 10. Cationic liposome samples with phase-separated PTX crystals. Scale bars are 200 nm. 
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Figure 11. Anionic liposome samples with phase-separated PTX crystals. Scale bars are 200 nm. 
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The cryo-TEM sample concentrations were typically 20 mM of total material (lipid + 

PTX) in high-resistivity water (18.2 MΩ cm). Zhening Zhang, the scientist at the New York 

Structural Biology Center, provided the following information about sample prep: All 

samples were vitrified about 24 h after thin-film hydration using a manual plunger on carbon 

lacey substrates (300 mesh copper grids) prepared in house (Fukami and Adachi, 1965).  

Grids were plasma cleaned using O2 and H2 for 30 s using a Solarus plasma cleaner (Gatan) 

immediately prior to sample preparation. 3 μL of sample was applied to the grid and 

manually blotted from the back with filter paper for 5 s followed immediately by plunging 

into liquid ethane. Images were acquired using Leginon (Suloway et al., 2005) on a Tecnai 

TF20 or Tecnai T12 equipped with 4K TVIPS CMOS camera, operated at 200 KeV or 120 

KeV, respectively. Images were collected at nominal magnification of 62 kX (TF20) and 68 

kX (T12), corresponding to pixel sizes of 3.0 Å/pixel and 2.46 Å/pixel, respectively. 

 

A.4 Dynamic light scattering and zeta potential 

 In Chapter 2 (section 2.1) of Ramsey Majzoub’s thesis, he provides excellent 

background information on the theory and measurement of dynamic and electrophoretic light 

scattering experiments. In order to carry out DLS and zeta potential measurements, I had to 

develop appropriate sample preparation protocols with respect to sample concentration and 

solvent. DLS requires a sample concentration high enough to get a strong signal, but low 

enough such that the particles are effectively non-interacting. I typically diluted my samples 

to a lipid concentration of 500 uM, and used 1 mL (1000 uL) of this solution in the DLS 

cuvettes for measurements. 

https://elifesciences.org/articles/33572#bib26
https://elifesciences.org/articles/33572#bib78
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Previous studies in our group had taken DLS measurements in DMEM and zeta 

potential measurements in Milli-Q. The DLS measurements were done in DMEM to replicate 

or simulate the solution in which nanoparticles are delivered to cells. DMEM contains a 

mixture of sugars and buffers. Lipid nanoparticles, particularly if they do not have a 

stabilizing PEG polymer corona, may aggregate or coalesce in solution in the presence of 

salt. Measuring particle size in DMEM can capture this effect and is more representative of 

the application environment.  

 Previous graduate students had been measuring zeta potential, a measure of the 

particle’s electric potential at the slipping plane, in highly deionized (Milli-Q) water. In early 

experiments, I measured zeta-potential as a function of solvent: Milli-Q vs. dilute (~15 mM) 

PBS solution. I’m including data from one early experiment in Figure 12. I encourage anyone 

beginning to take DLS or zeta measurements to design their own experiments to identify 

optimal measurement conditions. Based on these early experiments, I chose to take 

subsequent zeta-potential measurements in dilute PBS solution (10X dilution of the solutions 

used in cell culture, about 15 mM). I am in no way claiming that my way was the definitively 

correct approach. I do think that the interpretation of DLS/zeta-potential results in reference 

to the solvent conditions is the most critical factor. 
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Figure 12. Zeta-potential measurements of MLV5/DOPC lipid nanoparticles as a function of MVL5 

composition and measurement solution (Milli-Q deionized water compared to 15 mM PBS). EndoTAG like 

LNPs were also measured here (composition 50 mol% DOTAP, 47 mol% DOPC, 3 mol% PTXL) 

 In Figure 12, we observe that cationic lipid nanoparticles (cationic lipid is multivalent 

+5e MVL5) exhibit a rapidly increasing zeta-potential going from 0 to 10 mol% MVL5 

composition when measured in Milli-Q deionized water. Beyond 10 mol% MVL5, the zeta-

potential remained at 45 mV. In contrast, samples measured in dilute (≈15 mM) PBS 

demonstrated a linear increase in zeta potential as a function of cationic lipid composition. 

The zeta-potential values measured in dilute PBS are lower than measurements in Milli-Q 

deionized water, consistent with what we would expect. In a separate experiment (not shown 

here), measurements in more concentrated (≈150 mM) PBS solutions were even lower—but 

still indicated an increase in zeta-potential as cationic lipid composition increased. 

 For ease of measurement and because I decided to use dilute PBS solution for my 

zeta-potential measurements, I used the same solution for DLS size measurements—this has 
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a lower ion concentration that DMEM, so it’s not perfect, but still has substantially more salt 

than Milli-Q. I always measured DLS prior to zeta-potential to ensure that if the applied 

voltage during the electrophoretic measurement had some effect on particle size or 

aggregation (which could happen if the cuvette’s electrodes were damaged or eroded), it did 

not interfere with the DLS size measurement. I observed that the first one or two DLS 

measurements of a new sample could be very different from the measurements that followed. 

I aimed to take 4+ separate measurements of each sample (you program the number of 

measurements in the Malvern software) to obtain three consistent values. I do not have a 

satisfactory explanation for this phenomenon. 

 I have spoken with Malvern representatives at various conferences over the years to 

get insight on the best way to carry out DLS measurements. It sounds like the dual angle 

machines are best for samples that may have a coexistence of particles in different size 

regimes. This is related to the fact that the intensity of light scattering varies with scattering 

angle, and different size particles scatter light more intensely in different directions. So, if 

you measure from multiple angles, you are more likely to capture scattering that represents 

the total particle population. This is all well and good in theory, but I am not clear on whether 

anything special needs to be done for sample analysis; I expect that it is all incorporated 

directly into the software for the dual-angle instrument. 

 

A.5 Small-angle x-ray scattering 

 Small angle x-ray scattering (SAXS) is a powerful tool to measure characteristic 

length scales and 3D assemblies of soft matter systems, among other applications. SAXS was 
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used to measure and determine several properties of PTX-LNP systems. Independent of the 

lipid composition, the x-ray scattering from liposome solutions (which only pellet at very 

high centrifugation speeds due to the similar densities of liposome and water) is weak. To 

overcome this problem and enable detailed structural analysis of PTX-loaded membranes we 

concentrated CLPTX NPs by complexing them with oppositely charged macromolecules, 

anionic DNA, as the condensing agent. The resulting CLPTX–DNA complexes were further 

compacted into a high membrane-concentration pellet by centrifugation. 

            The resultant sharp scattering peaks correspond to the (00L) peaks (L = 1,2,4, and 5) 

of the L
C phase with interlayer spacing dlamellar = 2/q001 = 67 Å consisting of the 

combination of the thickness of the lipid bilayer (containing DOTAP, DOPC, and PTXL) and 

the water layer (containing a layer of DNA) [8–11]. The (003) peak is not observed because 

it is close to a minimum of the x-ray form factor of the CLPTXL–DNA complexes. The 

broader shoulder peak to the right of the (001) peak at qDNA = 0.112–0.116 Å-1 is due to 

DNA–DNA correlations and yields an average DNA interaxial spacing dDNA = 2/qDNA = 

54.0–55.9 Å [8]. The interlayer spacing, dlamellar, was calculated from the 5th harmonic 

(dlamellar = 2/(q005/5)). The (005) peak was used to measure dlamellar because it is the highest 

order diffraction peak in the q-range of our SAXS study. It is expected to show the largest 

variation in peak position, thus yielding the most accurate measurement of changes in 

dlamellar. The (005) peak was fit to a single Lorentzian with a constant background. 
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Figure 13. X-ray scattering from condensed CL-

DNA pellets. This figure shows the x-ray scattering 

for four PTX-liposome samples with high PTX 

solubility (where PTX is ˂ 3 mol % of the liposome 

formulation; DOTAP = 30 mol %), that have been 

condensed with DNA on the fourth day after 

hydration. Because of the DNA membrane 

condensation, the lamellar 001, 002, 004, and 005 

peaks exhibit sharp peaks, along with the broad 

DNA-DNA correlation peak, as labeled. 

We identified characteristic scattering peaks of crystallized PTX in our early studies 

(see Chapter 2) [1]. The presence or absence of these PTX peaks (referred to in the text as 

P1, P2, and P3) indicate whether the drug has crystallized or remains soluble in the LNP 

membranes at the time of measurement, respectively. These crystals are often optically 

visible in the x-ray capillary—samples have a white cloudiness, and individual crystals can 

sometimes be seen. The three characteristic PTX diffraction peaks, shown in Figure 13, are 

located at qP1 = 0.291 Å-1, qP2 = 0.373 Å-1, and qP3 =0.436 Å-1 in the low-q range (0.005 Å-1 < 

q < 0.5 Å-1) probed in our SAXS experiment.  

 

Figure 14. X-ray scattering  of dilute lipid samples 

with and without PTX. This figure shows the 

average scattering intensity for DNA-free lipid 

samples without PTXL (red, DOTAP:GMO, 50:50 

mol %) and with high PTXL content (blue, 

DOTAP:GMO:PTXL, 50:44:6 mol %) ). Only the 

form factor appears in the lipid sample when the 

lipid bilayers are not condensed. In the same type of 

sample, but where PTXL has crystallized (blue), the 

PTXL crystal structure peaks are visible at P1 

(q=0.291), P2 (q=0.373), and P3 (q=0.436). 
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In the same set of studies (Chapter 2) we observed that changes in the interlayer 

spacing of lamellar membranes complexed with DNA correlated to the solubility/crystallinity 

of PTX. In samples where PTX was expected to be soluble (based on DIC microscopy 

experiments to make kinetic phase diagrams), membranes were measurably thinner. In 

samples where PTX had crystallized, the interlayer spacing increased by ≈0.5 Å suggesting 

that PTX had thinned the membranes by as much until it phase separated. Coupled to 

thickening of membranes upon PTX expulsion was an increase in membrane charge density, 

evidenced by a decrease in inter-axial spacing between DNA strands. The increase in charge 

density is consistent with the membrane having lost some of its uncharged component, 

bringing positively charged lipids slightly closer together. An increase in cationic membrane 

charge density is known to drive a decrease in dDNA so that the anionic charge density 

increases accordingly to maintain overall local charge neutrality between cationic membranes 

and anionic DNA [8,9,11]. 
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Figure 15. X-ray scattering peaks used to determine dlamellar and dDNA lengths. The top-left figure shows an 

example fit for the 005 peak, which was used to determine the interlayer lamellar distance, dictated by the 

membrane bilayer thickness. The lamellar interlayer spacing is plotted in the top-right figure. The dlamellar 

consists of the combination of the thickness of the lipid bilayer and the water layer containing DNA, and was 

calculated using the 5th harmonic (d = 2/(q005/5)). This figure shows dlamellar over the 4-day experimentation 

period for the samples in which PTX crystallized (see legend). The bottom-left figure shows an example of 

peak fitting for the qDNA peak, whose location correlates to the membrane charge density of the sample. The 

DNA-DNA correlation peak was used to calculate the dDNA spacing (dDNA = 2/qDNA) plotted in the bottom-

right figure. This figure plots dDNA over the 4-day experimentation period for the samples in which PTX 

crystallized (see legend). 

SAXS was also used in several studies to identify LNP self-assembly structures—and 

in some cases the coexistence of multiple phases—in various formulations. In the work 

described in this thesis, we noted the presence of lamellar (L
C) and inverted hexagonal 

(HII
C) liquid crystal structures. We did not identify a clear correlation between LNP structure 

and PTX solubility. Regardless of L
C or HII

C structure, PTX appeared to be less soluble in 
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the presence of certain inverted cone-shaped (C0 < 0) lipids, such as DOPE and GMO (see 

Chapter 3), indicating that as-of-yet undefined intermolecular interactions mediate the 

solubility of PTX in lipid membranes. In Chapter 4, we report on the formation of HII
C 

structures formed from poly-unsaturated lipids DLPC (18:2) and DLnPC (18:3).  

 

A.6 Making lipid-DNA x-ray samples 

For x-ray samples made for in-house SAXS experiments during summer 2017, per 

sample I used ~150 ug DNA complexed with 50 uL of 30 mM lipid (achieving a sample at 

rho = 1, using a lipid sample that is 30% cationic DOTAP) 

Each time you make an x-ray sample you have to start from scratch to determine an 

appropriate composition. For example, with 150 ug of DNA, you would need much more 

lipid to make samples with large rho charge ratios. This probably doesn’t make sense, then 

you’ll want to back off the amount of DNA and figure out the maximum liposome 

suspension stock solution you can make. Expect to do some trial and error as you try to 

create an appropriately sized pellet. 

Steps to follow for calculations: 

1. Determine cationic charge concentration in starting liposome suspension; account for 

cation valency (mM positive charge) 

2. Convert to actual mole amount (nmol positive charge) 

3. Based on desired +/- rho charge ratio, determine required amount of anionic charge 

from DNA that you need (nmol negative charge) 

4. Determine corresponding weight of DNA  

(nmol neg. charge)*(1 b.p. / 2 neg. charges)*(660 g/mol / b.p)*(1/1000) = ug DNA 
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5. Calculate volume of DNA stock based on the concentration of your DNA solution 

*** 

I have complexed my samples in different ways: 

1. Initially for SSRL samples, I would pipette the DNA and lipid solutions into the 

wide cylinder at the top of the capillary and flick them down sequentially. The 

wide part at the top of the capillary would be cut off using the ceramic knife. 

Then the capillary would be centrifuged in the special centrifuge with a capillary 

holder (12,000 rpm at 4⁰C) and sealed with epoxy. The problem with this is that 

there is a high rate of broken capillaries from the centrifuge step (wasting supplies 

and time).  

 

2. In summer of 2017, I started doing my sample prep a little differently. Lipid & 

DNA were mixed in a 500 uL plastic eppindorf tube, then centrifuged at cold 

temperatures using the big ultracentrifuge in lab (~5,000 rpm). I would use the 

bucket spinner for this (with the tiny eppindorf tubes sitting in 50 mL falcon tubes 

in the spinner). Then, the pellet was transferred to the x-ray capillary with the help 

of a long narrow syringe. [first, I flick down some supernatant to wet the capillary 

walls, then use the needle to transfer the complexed material to the capillary (the 

nebulous pellet becomes more defined as it’s mixed with the syringe), you need to 

use some finesse to push the pellet to the bottom of the capillary and make sure it 

is not stuck to the syringe tip]. I transfer as much of the rest of the solution (which 

probably has some more complexed material in it) as will fit in the capillary, then 

centrifuge in a countertop centrifuge (capillaries in 15 mL falcon tubes with some 
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KimWipe in the bottom) and seal with epoxy. This method has been working 

pretty well and virtually eliminated the broken capillary issue. 

 

To determine the DNA stock concentration using the NanoDrop: 

 The instrument’s linear absorption range is 0.1-1.0 

 Based on an initial estimate of your sample concentration, dilute it based on the 

absorption coefficient (for DNA coeff. = 50 ug/mL at 260 nm; at Abs = 1 the 

concentration is 50 ug/mL, so make concentration equal or lesser). 

 Use the equation: 

 Concentration (ug/mL) = (A260-A320) * dilution factor * 50 ug/mL 

 Subtracting A320 corrects for turbidity/contaminants/baseline absorption. 

 At the nanodrop, it will prompt you to measure your blank. Do this with 2 uL Milli-Q 

water to set the blank, baseline absorption. Then, take a regular absorption 

measurement of the water sample again, to verify that blank is correct/consistent.  

 Measure aborption of 2 uL of your DNA sample three times to ensure consistent 

readings; rinse nanodrop with kimwipe with ethanol/isopropanol and dry between 

measurements. 

 

A.7 Cell viability 

            To measure cell viability, I used the CellTiter 96® AQueous One Solution Cell 

Proliferation Assay from Promega. This is an MTS assay [3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt], related to the MTT 
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assay; however, the metabolic MTS formazan product is soluble and therefore is a single-

step-reagent-addition assay. The formazan product is measured at 490 nm aborbance.  

            When I first began the PTX delivery project, I tested a few parameters to identify the 

correct experimental protocol. Because PTX is a mitotic inhibitor, its cytotoxic effect takes a 

while to actually take effect and lower cell viability of PTX-treated cells. To see how long 

after adding PTX to cells to measure the resultant cell viability, I measured cells 1, 2, 3, and 

4 days after adding PTX to cells. The results of this experiment are shown in Figure 16. In 

summary, the cell viability of PTX-treated cells relative to those treated with only lipid 

(purple bars) or untreated (used to determine the 100% viability), reached a minimum three 

days (72 h) after PTX was added to cells and plateaus beyond that time. After reviewing the 

results of this experiment, I found an early paper from Les Wilson’s group that reported the 

same result in a similar type of experiment [12]. Results from this paper are also shown in 

Figure 16 for comparison and ease of reference. 
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Figure 16. Experiment to establish cell 

viability experimental protocols and 

literature reference. The top graph 

measures the cell viability over 4 days 

time following addition of lipid or 

PTX-LNPs to cells. Mouse-derived L-

cell line was used in this experiment. 

PTX-LNPs with an EndoTAG-like 

composition were incubated with cells 

at a PTX concentration of 500 nM. 

Liposomes without PTX were also 

added to cells at equivalent lipid 

concentrations. The lower graph is 

taken from a paper from the Wilson 

Group at UCSB that found very 

similar results, measuring the 

complementary value of dead cells 

rather than cell viability [12].  

PTX-LNP solutions were made in DMEM without FBS to eliminate effects 

from interactions between serum components and the lipid nanoparticles. DMEM 

without FBS can keep cells alive, but the cells will stop dividing without FBS. 
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Therefore, the initial PTX-LNP solution in DMEM is replaced by DMEM with FBS (10% 

for human cell lines) approximately 24 h after adding it to cells. 

            I initially began testing PTX-LNP formulations on the human-derived PC3 (prostate 

cancer) cell line and mouse-derived L-cells. L-cells were much less sensitive to PTX than 

PC3 cells. To kill half the L-cells required PTX delivery at 500 nM, whereas half of PC3 

cells died with a PTX concentration of 20-40 nM. I quickly abandoned experimenting on L-

cells and focused on PC3 and another human cancer derived cell line M21 (melanoma).  

            To begin our investigations of the efficacy of CL-based PTX carriers (i.e. their ability 

to induce cancer cell death), we measured the approximate IC-50 (the drug concentration 

achieving half the maximal effect) for cytotoxicity in two human cancer cell lines. We 

obtained a baseline IC-50 value using CLs prepared from DOTAP:DOPC:PTX at a molar 

ratio of 50:47:3 (to mimic the proprietary EndoTAG-1 formulation) [13]. The plots of cell 

survival (normalized to untreated cells) as a function of increasing PTX concentration are 

shown in Figure 17. For PC3 cells, (prostate cancer metastasis) the IC-50 ≈ 20 nM and the 

cell survival curve exhibits a steep slope (between 10 and 50 nM). For the M-21 cell line 

(melanoma metastasis), IC-50 ≈ 45 nM with a more gradual slope (spanning the range of 5–

200 nM). We found that the exact IC-50 varies with cell passage number as a result of 

genetic and/or epigenetic drift and also likely due to experimental error in cell-seeding 

density. This is a possible source of error which we minimized by making direct numerical 

comparisons only between formulations that were tested side-by-side on cells of the same 

passage number. 
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Figure 17. Initial determination of an approximate IC-50 using CLPTXL NPs similar to the EndoTAG-1 

formulation (DOTAP:DOPC:PTXL, 50:47:3 mole ratio). Cell viability of (a) PC3 (human prostate cancer) 

and (b) M21 (human melanoma) cells was measured 72 h after a series of NP dilutions was added to the cells 

and is plotted normalized to that of untreated cells.  

 

In Figure 18, we show the results of an early IC-50 experiment where the PTX 

concentration response was determined for both an EndoTAG-1-like liposomal formulation 

and for PTX dissolved in a minimal amount of DMSO before dilution in DMEM. The results 

show that about four times the amount of DMSO-dissolved drug is needed to elicit the same 

drop in cell survival as CLPTX NPs. This effect is much larger than the observed variability in 

IC-50 with cell passage number and demonstrates that LNPs enhance PTX delivery to 

cells—likely as a result of better solubilizing the drug in an aqueous environment. This 

serves as a proof-of-concept for the development of LNP carriers for PTX. 
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Figure 18. Cell survival of PC3 cells after treatment with CLPTX NPs or PTX dissolved in DMSO solvent. 

PC3 cells were treated over a range of PTX concentrations (1-500 nM) with PTX solubilized in liposomes 

(50:47:3 DOTAP, DOPC, PTX) compared to PTX that was first dried to a solid, dissolved in a minimal (sub-

cytotoxic) amount of DMSO and diluted accordingly in DMEM before application to cells. 

I designed several types of cell viability experiments. IC-50 determinations were one 

main type of experiment that I carried out on a regular basis. I always did an IC-50 

experiment on newly thawed cells to get a baseline for PTX-sensitivity for each cell line. In 

order to compare the efficacy of different LNP formulations, I would test the different 

formulations on cells at a fixed concentration. I would run these experiment near the 

experimentally-determined IC-50 value. In this manner, I could identify LNP formulations 

that were better or worse than the baseline formulation (which was typically EndoTAG-like 

or similar). [I use the phrase “EndoTAG-like” to indicate a formulation of 50:47:3 

DOTAP/DOPC/PTX; however, since it was not the actually industry-made product, I do not 

refer to it as EndoTAG outright].  

For an IC-50 experiment, I would make one (sometimes 2) formulations. Following 

the steps described in Section A.1, I would make a concentrated aqueous LNP solution (in 

Milli-Q) that was at least 10X the concentration of the highest PTX concentration I planned 

to test on the cells (in the example shown in Figure 19, this is 500 nM). I would then dilute 



207 

the Milli-Q solution to this highest PTX concentration (500 nM) in DMEM (no FBS). I 

would further dilute this DMEM stock solution into 1.5 mL centrifuge tubes to the desired 

PTX concentrations using more DMEM, as prescribed in the dilution chart in Figure 19. 

 

Figure 19. Example IC-50 experimental set-up. In this experiment, I tested an LNP formulation of 48:50:2 

DOPC/DOTAP/PTX at PTX concentrations between 1 and 500 nM. I made 1 mL of solution so that I could 

test on two cell lines, PC3 and M21 (2 cell lines x 4 repeat wells x 100 uL/well = 800 uL solution). 

IC50 with 2 mol% PTX on PC3 & M21

5/1/2019

Concentration of each component (mM)250 uL total volume

Formulation molar ratio 1mM total stuff 10 10 10

DOPC DOTAP PTX mM DOPC DOTAP PTX

volume 

uL DOPC DOTAP PTX

CHCl3/ 

MeOH

Test 2PTX 

"EndoTAG" 48 50 2 0.48 0.5 0.02 12.00 12.50 0.50 225.00

PTX 

concentrat

ion (nM)

dilution 

factor LIPID stock DMEM

1 500 1.00 1000 0

2 250 2.00 500 500

3 100 5.00 200 800

4 80 6.25 160 840

5 70 7.14 140 860

6 60 8.33 120 880

7 50 10.00 100 900

8 45 11.11 90 910

9 40 12.50 80 920

10 35 14.29 70 930

11 30 16.67 60 940

12 25 20.00 50 950

13 22.5 22.22 45 955

14 20 25.00 40 960

15 17.5 28.57 35 965

16 15 33.33 30 970

17 12.5 40.00 25 975

18 10 50.00 20 980

19 7.5 66.67 15 985

20 5 100.00 10 990

21 2.5 200.00 5 995

22 1 500.00 2 998

Recipe for concentrated lipid/DMEM: 2797

c1 v1 c2 v2

20 0.5 3000

2 PTX: 75 2925

sonicate lipid in Mill i-Q before making concentrated lipid/DMEM solution (@PTX = 500nM)

Mix 75 uL of the water l ipid stock with 2.925 mL DMEM to make DMEM stock

I've chosen to make 1 mL of each 

DMEM/lipid solution b/c I use 100 uL 

in each of 4 wells, for two cell l ines 

(PC3 and M21). So I will  use a total of 

800 uL and make 1 mL to have extra 

(and it's easier to double check the 

math)

<-- this is the total amount of 

concentrated lipid/DMEM (the most 

concentrated on cells, 500 nM). I will  

make the recipe for 3 mL to make sure 

there is enough
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 The other type of experiment to compare different formulations involved doing a 

single dilution of each LNP formulation from Milli-Q directly to the desired PTX 

concentration for cell incubation in DMEM. Sometimes I tested as many as 22 different 

LNPPTX formulations in one experiment, which meant that all formulations were tested at a 

single PTX concentration. However, if I were comparing less than 11 formulations, I could 

test them at multiple concentrations. In a 96 well-plate, there is space to test 24 different 

samples in quadruplicate. Because 2 samples must be controls (no cells and untreated cells), 

this leaves 22 slots for testing. So, I could test 11 formulations at two separate PTX 

concentrations or 7 formulations at three PTX concentrations if I so choose. I would often do 

this if there was room on the plate because of the variation in IC-50 value from experiment to 

experiment. By testing at multiple PTX concentrations, you maximize the odds of having a 

PTX concentration that shows a clear spread of cell survival results. If a tested PTX 

concentration is too high, most of the cells will have died without showing different effects; 

similarly, if the PTX concentration is too low, most of the cells live and will not reveal 

differences in efficacy. The experimental set-up for this type of experiment is shown in 

Figure 1 of this appendix. Figure 20, below, shows the results for M21 cells from this 

experiment and demonstrates the cell death response to PTX at different concentrations (60, 

50, and 40 nM). I used the data from 50 nM in the PEG paper (Chapter 5). 
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Figure 20. Resultant cell viability of M21 cells 

treated with several PTX-LNP formulations at 

different PTX concentrations. M21 cells were treated 

with 60 nM (top left), 50 nM (top right), and 40 nM 

(lower left) PTX in various LNP formulations with 

varying amount of DOTAP (30-80 mol%) with or 

without 10 mol% 2kPEG-lipid. 

The typical cell viability experiment protocol was carried out as follows: Cells were 

plated in 96-well plates at a density of 5,000 cells/well. Cells were incubated overnight to 

adhere to the plate. Liposome suspensions were diluted in DMEM to reach the desired 

concentration of PTX. The cell culture medium was then manually removed from the wells 

with a pipette (rather than a vacuum aspirator; to ensure that cells were not removed 

unintentionally) and replaced with 100 L of the liposome suspension. After incubation for 

24 h, the liposome-containing medium was removed manually with a pipette and replaced 

with FBS-supplemented DMEM. After incubation for another 48 h, the cell viability was 

measured with the CellTiter 96® AQueous-One Solution Cell Proliferation Assay 

(Promega). The assay solution was diluted 6-fold with DMEM and 120 L of this solution 
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were added to each well. The absorbance at 490 nm was measured with a plate reader (Tecan 

M220) after 1 h of incubation as per the assay instructions. Each data point is the average of 

four identically treated wells and reported as a percentage of the viability of untreated cells. 

 

A.8 Fluorescence microscopy 

We used confocal microscopy to probe how LNPs were interacting differently with 

cells as a function of composition to elicit variable cell death. Most notably, fluorescence 

confocal microscopy revealed a major difference in CLPTX NP interactions with the human 

cancer PC3 (prostate) and M21 (melanoma) cell lines depending on CLPTX NP PEGylation. 

We used the fluorescent probe OregonGreen® 488–PTX (PTXGF) as a proxy for PTX 

in our fluorescent imaging experiments (496/524 nm excitation/emission). As described in 

publication [1] and Chapter 2 of this thesis, PTXGF is somewhat more soluble in water than 

unmodified PTX; however, it still retains its binding affinity to tubulin and is hydrophobic 

such that it preferentially partitions into lipid membranes. Therefore, it is expected to be an 

accurate qualitative indicator of the activity of unmodified PTX. Assessing the overlap 

between a red fluorescent lipid (lipidRF) and PTXGF was able to reveal important differences 

in the lipid (LNP) and PTX distributions after delivery to and uptake by cells. TRITC-DHPE 

was the lipidRF fluorophore used in experiments (540/566 nm excitation/emission).  

There are two alternative PTX fluorophores: BODIPY FL PTX (505/515 nm 

excitation/emission) and BODIPY 564/570. The BODIPY fluorophores are attached to PTX 

at a different site than OregonGreen. OregonGreen-PTX is best solubilized in methanol, can 

use a chloroform/methanol mix, but not very soluble in only chloroform. The material data 
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sheet from Thermo Fisher also says that the PTX fluorophores are soluble in ethanol and 

DMSO (I would not recommend using DMSO because of its high boiling point, hard to 

remove residual solvent). I purchased one of the BODIPY PTX fluorophores with the 

intention of doing colocalization experiments with GFP-labeled RAB proteins to study LNP 

uptake via endocytosis and the subsequent endocytic pathways (lysosomal, recycling). In 

preliminary attempts to transfect the PC3 and M21 cells with the fluorescent RAB plasmid, I 

had very low transfection, and moved on to other things. If I recall correctly, Ramsey 

Majzoub would experiment on mouse-derived L-cells because they transfected much better 

than either of the human-derived cell lines PC3 and M21. Transfection is certainly possible, 

but the conditions need to be optimized—refer to Ramsey Majzoub’s thesis for detailed 

insights on RAB transfection.  

The following are procedural notes on confocal fluorescence microscopy, done at the 

NRI microscopy facility in Bio II.  

Early on I did microscopy experiments on live cells using glass bottomed culture 

dishes. Later, I switched to fixed cell imaging because it appeared that as I took images at 

multiple z-planes in one color channel and then the next, I wound up with a number of 

images where there were a number of adjacent fluorescent spots, one red and one green, 

which suggested that the nanoparticles were moving within the cell (perhaps being trafficked 

in an endosome). I felt that this was distorting the data by making it look like PTXGF and 

lipidRF in the same nanoparticle were not colocalized because each channel was measured at 

a different time point. For fixed cell microscopy, we first prepared poly-lysine coated glass 

coverslips which were placed in the bottom of 6 well plates, before cells were seeded in the 

wells, on the glass cover slips. To coat glass with poly-lysine: 
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1. Get polylysine from refrigerator; place with 1 mL pipette and tips near the shaker. 

2. Get single glass-bottomed culture dishes (2 mL working volume) or place glass slides 

in a petri dish and put on shaker 

3. Add 600 uL of 0.01 wt% poly-lysine solution to glass surface 

4. Slowly begin shaker, and shake for 15 minutes 

5. Take samples to BSC and rinse 3 times (water, PBS, water) 

6. Dry slides in oven for a few hours or overnight 

7. If using glass slides, carefully remove slides from petri dish using forceps. It is also 

helpful to bend the bottom of the petri dish to unstick the slides. Transfer slides to 6-

well plate, being careful to keep the top poly-lysine coated surface facing upwards. 

To prepare the cell samples for microscopy: 

1. Add poly-lysine coated cover slips (coated side up) in 6 well plate 

2. Seed cells at 25,000 cells/mL with 2 mL of cell solution in each well 

3. The next day, when the particle solution diluted in DMEM is prepared, rinse each 

well 1x with PBS. Add 1 mL of your particle solution to the test well. 

Notes on making particles for microscopy: 

o Add LNP solution to cells at an OregonGreen-PTX concentration of ~200 nM 

o Should be able to make particles at 3 mol% OG-PTX 

o For lipid label, make 0.2 mol% of composition 

o Prepare using the same protocols described in Section A.1; liposomes are 

always sonicated after hydration prior to DMEM dilution and addition to cells 
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4. Image or fix cells at whatever time point you choose. I usually left particles on cells 

for 5 h prior to fixing or imaging in the majority of my imaging experiments. 

 

The following is the procedure I used for the RAB-expression experiments that I attempted 

but were not successful. 

Day 1: Seed cells at 100-125,000 cells/mL, 2 mL/well on a poly-lysine coated coverslip in a 

6-well cell culture plate 

Day 2: Transfect cells with fluorescent-RAB gene using lipofectamine: 

 Plan out transfection solutions (to add 500 uL to each well), keep the following in 

mind: 

1. Deliver 2 ug of plasmid, 2 ug of calf thymus (delivering extra DNA is 

supposed to enhance expression of your plasmid), and 10 ug of 

lipofectamine to each well. 

2. First you will need to separately dilute the lipofectamine and DNA(s) in 

DMEM (for example, in two separate 250 uL solutions that you will mix 

together) 

3. Mix the DMEM-diluted DNA and lipofectamine solutions together; let 

stand for 10-15 minutes 

4. Put cell plate in the hood; rinse 1X with PBS; add 1.5 mL of DMEM (no 

serum) to each well; then add the appropriate transfection aliquot of 500 

uL to each well. 
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5. After 5-6 hrs of incubation, remove the transfection solution (1X PBS 

rinse, then add serum-supplemented DMEM) 

Day 3: Let the cells express the fluorescent proteins 

1. Replace the media again with new serum-supplemented DMEM 

Day 4: Rinse 1X with PBS; add particles to cells (usually 1 mL particles solution in each 

well), incubate for desired time (usually 5 h), then fix the cells for imaging 

 The procedure for fixing cells and preparing microscope slides is as follows: 

1. 1X rinse with PBS 

2. Add 3.75% formaldehyde solution (10X dilution in PBS from stock) to wells 

(probably 1 mL per well is fine). 

3. Let set for 10-15 minutes. 

4. While that is happening prepare slides: wipe clean with 70% ethanol solution, have 4 

tinfoil spacers lined up in a square (edit: I eventually stopped using tinfoil spacers as 

I’m not sure that they served any real purpose) 

5. After letting the formaldehyde sit, remove solution and rinse wells 3X with PBS. 

6. As you make each slide, first put mounting media in the area where the slide will be 

placed 

7. Carefully remove cover slips from wells, making sure to keep track of which side the 

cells are on. 

8. Dab cover slip edge on KimWipe to absorb excess solution 

9. Place cell-side-down onto mounting media on microscope slide 

10. Make sure slides are labeled w/ what the sample is 
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11. Store overnight in dark drawer to dry 

12. Next day, seal edges around cover slip with nail polish or epoxy. 

The following are various notes I’ve collected about imaging on the DSU microscope at the 

NRI and how to carry out image analysis.  

Image each sample in all relevant fluorescence channels as well as in brightfield so 

that you can identify cell perimeters and do overlays during the analysis. Image using the 

60X or 100X oil objective. 

During slide imaging, note the exposure time for each channel which you might need 

to reference later on, or set in subsequent imaging sessions. Try to use the same exposure for 

all samples (once you initially optimize) so that the final images can be quantitatively 

compared. Be careful about any auto-contrast imaging features. 

For image analysis in ImageJ: 

1.Get the point spread function tif images for each dye/channel that you imaged. I have these 

files named “PSF_FITC” (green), “PSF_TRITC” (red), etc… Have them open in Image J 

Open your raw microscope image (.ome file). Split into separate channels (brightfield aka 

BF, green, red). Image -> Color -> split channels 

Open the “Iterative Deconvolve 3D” plugin in ImageJ 

Image: select your image channel to be deconvolved 

Point spread function: select matching PSF file for whichever channel you are deconvolving 
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Output title: I add a G or R for green or red at the end of the file name, such that it reads 

‘deconvolved G’ or ‘deconvolved R’ 

Max number of iterations: currently I have chosen 50 

Terminate iteration if mean delta <x%: currently I’ve set this to 0.1 which has been 

terminating the iterations around 35 

Press ‘ok’ to start 

Background, smooth, adjust brightness contrast 

After the deconvolution step, Process -> Subtract Background. Input a rolling ball radius of 

‘30’ and click ‘okay’. Apply to all images in stack 

Process -> smooth. Apply to all images in stack 

-----------Automate up to this point------------- 

Image -> Adjust -> Brightness/Contrast 

 This requires some nuanced judgement. Adjust the minimum and maximum values to 

eliminate noise and make the signal image clear enough 

Image -> Color -> Merge channels. Select ‘deconvolved R’ for red and ‘deconvolved G’ for 

green. Save as and ome-tiff file (which should maintain some of the meta data from image 

collection about the objective, voxel distances etc. This is useful to maintain for analysis 
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using other programs like Imaris over on the Hercules work station at BioII. Otherwise you 

can save as a tiff, but you will lose some of the meta data) 

 

A.9 Flow cytometry 

 We carried out flow cytometry experiments to obtain statistically significant data for 

a large of number of cells to support our microscopy observations. Using a method first used 

by Emily Wonder in the Safinya Lab, we were able to distinguish between PTXGF that was 

adhered to cells and PTXGF that had entered cells.  

CLPTX NPs (labeled with PTXGF) were incubated on cells for 5 h, after which the 

green fluorescence of half of the CL-treated cells was measured directly by flow cytometry to 

determine the total PTXGF associated with cells (adhesion plus uptake). The other half of the 

CL-treated cells were incubated with Trypan Blue dye for 10 minutes before the fluorescence 

was measured. Trypan Blue quenches the fluorescence on the outside of the cells, thus 

yielding the amount of internalized PTXGF (uptake). For PC3 and M21 cells, both the total 

amount of PTXGF associated with the cell (equal to the full height of the bar: adhesion plus 

uptake) and the amount of internalized PTXGF (uptake, lower green bar only) increases as the 

mol% of PEG2K-lipid increases. Moreover, the fraction of internalized PTXGF out of total 

PTXGF (reported as percentage on bar) is greater for PEGylated CLPTX NPs. 

The general flow cytometry experiment procedure was carried out as follows 

1. Plate cells in a 24 well plate at a cell density of 200,000 cells/mL (0.5 mL in each 

well) & allow cells to adhere to plate overnight 
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2. The next day, when particles are ready, add them to cells and incubate for whatever 

period of time (generally, about 5 hours) 

3. When ready to complete the flow cytometry experiment, rinse cells with PBS and 

trypsinize. To trypsinize, use about 100 uL of trypsin: add at the top of the well and 

immediately remove from the bottom (just trying to ensure well bottom was coated). 

After quickly adding and removing trypsin to each well, place in 37 degree oven for 3 

minutes 

4. Re-suspend cells in each well in 1 mL of DMEM and transfer to pre-labeled 1.5 mL 

centrifuge tube 

5. Transport all necessary items to the flow cytometer (1 mL pipette & tips, 200 uL 

pipette & tips, FC sample holders, 200 um filters, trypan blue if needed, waste 

receptacle, cell samples in 1.5 mL centrifuge tubes…) 

6. Cell suspensions were filtered through 200 um filters: 1x 500 uL aliquot into a flow 

cytometry sample holder, 1x 450 uL aliquot into a second sample holder in a separate 

area. 

7. After filtering all sample solutions, each into two separate sample holders, set-up 

measurement to measure all green fluorescence (internalized + adhered) on the cells 

as they are 

8. While the first measurements are running, add 50 uL Trypan blue dye to the 450 uL 

cell samples. The dye needs to incubate with the cells for at least 10 minutes prior to 

measurements, so this is a convenient time to do this. 

9. Run second measurement to determine how much green PTX was actually 

internalized (i.e. run the samples that were incubated with Trypan Blue)  
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A.10 Important Constants 

Key compounds Name Molecular 

weight 

(g/mol) 

Additional 

Information 

DOTAP 1,2-dioleoyl-3-trimethylammonium-

propane 

698.542 25 mg/mL = 

35.8 mM 

DOPC  

18:1 (Δ9-Cis) 

1,2-dioleoyl-sn-glycero-3-

phosphocholine 

786.11 25 mg/mL = 

31.8 mM 

DL(18:2)PC; 

DLPC 

1,2-dilinoleoyl-sn-glycero-3-

phosphocholine 

782.08  

DL(18:3)PC; 

DLnPC 

1,2-dilinolenoyl-sn-glycero-3-

phosphocholine 

778.05  

DOPE 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine 

744.03  

PEG2K-lipid 

(made by Kai) 

 2637 (3:1) 

CHCl3/MeOH 

GMO Glyceryl monooleate 356.55  

MVL5 N1-[2-((1S)-1-[(3-

aminopropyl)amino]-4-[di(3-amino-

propyl)amino]butylcarboxamido)ethyl

]-3,4-di[oleyloxy]-benzamide 

1552.7  

TMVLBG2 (+16) 3881.50  

Paclitaxel  853.906  

OregonGreen488

-PTXL 

 1319  

BODIPY-PTXL  1024  

cRGD-PEG-lipid  3441 (65:25:4) 

CHCl3/MeOH

/H2O 

RPARPAR-PEG-

lipid 

 3910 MeOH 

RGD-PEG-lipid  3419 (65:25:4) 

CHCl3/MeOH

/H2O 

iRGD-PEG-lipid  3897 (65:25:4) 

CHCl3/MeOH

/H2O 

HPEG-lipid  2720 CHCl3 
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