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ABSTRACT 

  Lipid based nanoparticulate drug-carriers, such as long-circulating 

sterically-stabilized liposomes (SSL), can alter a drugs pharmacokinetic profile and 

improve its antitumor activity.  However, mechanisms to “tune” their drug release 

kinetics and ability to track drug-carrier disposition in vivo are limited.   

The goals of this dissertation were to develop lipid based nanoparticulate drug 

carriers that are responsive to elevated expression of secretory phospholipase A2 (sPLA2) 

in malignant tissues, to modulate drug release and track the distribution and metabolism 

of these formulations from biological samples. In Chapter 1 we reviewed lipid-based 

nanoparticulate drug-carriers and contemporary approaches to modulate in vivo drug 

release. In Chapter 2 we developed an electrospray ionization-mass spectrometry 



 

 

(ESI-MS) method to determine sPLA2 selectivity on individual and combinations of 

lipids. Studies in Chapters 2 and 3 demonstrated that in the presence of sPLA2, 

incorporation of lipids like distearoylphosphatidylglycerol (DSPG), 

distearoylphosphatidylethanolamine (DSPE) and synthetic odd-chain (C:15:0/C:16:0) 

lipids: 1-O-hexadecyl-2-pentadenoyl-sn-glycerol-3-phosphocholine (C31PC) and 

1-O-hexadecyl-2-pentadenoyl-sn-glycerol-3-phosphomethanol (C31PM) in drug carriers 

could significantly change the release profiles of 6-carboxyfluoresein (6-CF, a fluorescent 

probe). These studies supported our hypothesis that sPLA2–mediated drug release could 

be modulated by altering lipids’ acyl chain length and use of head groups with different 

physicochemical properties. 

    In Chapters 3 and 4, we demonstrated that odd chain acyl lipids, i.e., C31PC, could 

be used to track the deposition of liposomes in vivo. Interference of endogenous lipids in 

biological samples to C31PC was negligible. C31PC was extracted from biological 

samples and identified using ESI-MS. This method may be used to gain mechanistic 

insight into the disposition, degradation and release kinetics of lipid-nanoparticles. In 

Chapter 4 we also demonstrated that acidification of samples during a Bligh and Dyer 

extraction improved the extraction efficiency of anionic lipids. 

This dissertation reports a deviation from the status quo where the focus is on 

encapsulating the greatest quantity of drug stably and using external physiological stimuli 

to trigger “burst” release from particles. Development of sPLA2-targeted formulations by 



 

 

incorporating sPLA2-preferred lipids has the potential to enhance drug carrier deposition 

in tumors, optimize exposure profiles to maximize antitumor activity and may be 

extended to additional drugs, targeting ligands or contrast agents. 

INDEX WORDS: Liposomes, Nanoparticles, Drug carriers, Phospholipids, Secretory 

phospholipase A2, ESI-MS, Bligh and Dyer method, Synthesis 
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ABSTRACT 

   Chemotherapy is the primary approach used to the treat metastatic cancers, but 

pharmacological and pathophysiological factors limit their activity. Drug carriers, such as 

sterically stabilized liposomes (SSLs), can stably entrap drug, enhance distribution and 

intratumor accumulation of drug, decrease toxicity to normal non-target cells and 

improve efficacy. However, our ability to control drug release kinetics at pathological 

sites limits the full clinical potential of lipid based nanoparticulate drug carriers. A variety 

of mechanical and physiological approaches to control drug release have been explored. 

One such approach utilizes secretory phospholipase A2 (sPLA2), a lipase that’s expression 

is elevated in a variety of tumors and inflammatory sites. In this chapter, we review the 

barriers to effective chemotherapy, application of lipid based drug carriers, approaches to 

modulate drug release from lipid based nanoparticles and factors that can affect 

sPLA2–mediated degradation and drug release from liposomes. We also describe the 

development and use of a lipid marker and modification of the traditional Bligh and Dyer 

(BD) method to improve extraction efficiency, selectivity, and analysis of lipids from 

complex biological samples. 
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Cancer and chemotherapy 

   Cancer is the second leading cause of death and is responsible for about 1 in 4 deaths 

in the United States.
1
 The lifetime incidence of developing cancer is 1 in 2 for males and 

1 in 3 for females. In 2011 it was estimated that there were 1,596,670 new cancer cases 

and 571,950 cancer-caused deaths in the United States.
2
 

   Conventional chemotherapy is one of three primary strategies for the treatment of 

cancer in addition to surgical resection and sterilizing radiation. According to a report by 

Milliman Inc, 22% of patients with cancer in the United States received chemotherapy.
3
 

Conventional chemotherapy typically involves the use of antineoplastic agents to stop 

tumor growth by disrupting DNA synthesis or cell division. In comparison to localized 

treatments such as surgical resection and radiation, the use of systemic chemotherapy is 

the only effective treatment strategy for metastatic disease. Further, metastatic spread of 

tumors is the primary cause of mortality in patients.
2
 In contrast, surgical and radiation 

therapy may be effective in the treatment of localized or regional tumors, but they are not 

suitable when metastasis occurs due to the potential for increased non-target tissue 

toxicity. The use of chemotherapy is also limited by its cytotoxic effects on healthy, 

fast-growing cells, e.g., bone marrow, the digestive tract and hair follicles, and its limited 

activity against tumors with slow rates of growth.  

 

 



4 

 

Barriers to affect chemotherapy 

   The clinical response of chemotherapy is controlled by the pharmacological factors of 

the anti-tumor agents. To achieve clinically significant effects in the treatment of cancer, 

chemotherapeutic agents need to accumulate within tumors in sufficient quantities and 

remain effective in the in vivo microenvironment of the tumor.
4-6

 Delivery of 

chemotherapeutic agents to solid tumors is a complex process: after administration into 

the systemic circulation, drug molecules need to be stable (resistant to metabolism and 

excretion), distribute to regions of disease, extravasate tumor endothelial wall, move 

through interstitial space via diffusion and/or convection, interact with the surface of 

tumor cells and/or undergo intracellular uptake by tumor cells to exert their cytotoxic 

effects.
7
 The pharmacokinetic (PK) characteristics, i.e., absorption, distribution, 

metabolism and excretion (ADME) profiles, determine drug exposure at the tumor site. 

Unfavorable PK characteristics, e.g., poor distribution to the tumor, rapid metabolism 

and/or fast excretion can result in inadequate access of a drug to the tumor site. 

Furthermore, distribution of therapeutic agents to non-target tissues can result in toxicity 

to normal, reactive non-target cells/organs, thus limiting treatment effectiveness. 

Strategies to improve tumor targeting and control of drug exposure are needed.    

   Pathophysiological factors of tumors also play an important role regulating clinical 

response to chemotherapy. Solid tumors are composed of cancer cells (parenchyma) and 

stroma cells like fibroblasts and inflammatory cells.
8
 Tumor heterogeneity has profound 
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effects on the response to chemotherapy. The heterogeneity includes existence of 

parenchyma cells in different phases of the cell cycle, irregular distribution, growth and 

formation of vasculature, and differences in oxygen tension and pH values in tumor 

microenvironment. For some antitumor agents, specifically cell cycle specific agents, 

they are only effective at killing malignant cells that are within a specific phase of the cell 

cycle.  

 Extravasation of drug from vasculature into tumors is enhanced by 

hyperpermeability of the tumor microvasculature. Fenestrations and defects in 

vasculature are due to rapid and incomplete angiogenesis, however, this enhanced 

permeability is not uniform along blood vessels. Leakiness in some regions along with 

irregular distribution of blood vessels in tumor tissues results in temporal and spatial 

differences in access to drug.  

 Heterogeneity in tumor vasculature also results in poor delivery of oxygen and 

nutrients to all regions within a tumor. These differences lead to the creation of hypoxic 

and acidic regions. Tumor cells in these regions have much slower rates of growth, and 

genotypic and phenotypic differences that reduce their sensitivity to radiation treatment 

and chemotherapy.
9
 Further, higher mutation rates and non-uniform or incomplete drug 

exposure can lead to the development of drug resistance phenotypes and reduce 

effectiveness and sensitivity to chemotherapy.
10
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Drug carriers and liposome nanoparticles 

   The application of conventional chemotherapeutic agents has been beset with 

problems like toxic effects to non-target tissues/organs, unfavorable PK characteristics 

and insufficient delivery to the site of action. The use of drug carries to encapsulate 

therapeutic compounds, alter their ADME profiles, and facilitate delivery to target sites is 

one approach to overcome these challenges. Liposomal drug delivery systems are one of 

most commonly used drug carries for such purposes.  

   Liposome are a self-assembling microscopic spheres in which an aqueous core 

encloses one or more concentric lipid bilayer membrane(s).
11

 Their sizes range from 20 

nm to several micrometers. The basic building blocks of liposomes are lipids, which are 

amphiphilic molecules with a polar head group and two hydrophobic acyl chains. In the 

aqueous phase, when hydrated, phospholipids spontaneously aggregate by sequestering 

their acyl chains interiorly while facing polar head groups toward aqueous solution to 

minimize unfavorably water-hydrocarbon interactions. This results in the creation of a 

lipid bilayer which is the basic structure of liposomes. 

   Liposomes have long been evaluated as drug carriers since their structures were 

elucidated. Since then, some important achievements related to the application of 

liposomes as drug carriers have been made, e.g., development of efficient drug loading 

procedures (e.g., gradient remote loading), improved stability (introduction of cholesterol 

and high phase-transition temperature neutral lipids to liposome membranes) and use of 
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hydrophilic polymers, such as polyethylene glycol (PEG) to protect the surface of 

liposomes from opsonization of circulating proteins.  

   A variety of loading methods have been used to encapsulate drugs in liposomes. 

Drugs can be encapsulated into the aqueous core or lipid bilayers according to their 

hydrophilicity or hydrophobicity. Hydrophobic drugs can partition into the lipid 

membrane while hydrophilic drugs can be encapsulated within the aqueous core. 

Hydrophobic drugs like paclitaxel have been loaded in liposome carriers by hydration of 

compounds with lipid films.
12

 In most situations, encapsulation efficiency of hydrophobic 

drugs can achieve 100%.
13

 For hydrophilic drugs, there are two common ways to load 

drug molecules in the aqueous core of liposomes, passive loading and remote loading. 

Passive loading strategies entrap drug as liposome formulations are hydrated. The 

encapsulation efficiency of passive loading depends on the volume of the buffer 

liposomes can encapsulate and the drug solubility in the buffer. Encapsulation 

efficiencies are typically less than 30%.
13

 Remote loading is a process that occurs after 

liposomes have been prepared. This approach uses drug concentration, pH
14

 or other 

ionic
15

 gradients as a driving force to induce accumulation or even precipitation of 

hydrophilic molecules inside liposomal aqueous cores. Depending on the 

physicochemical properties of the drug, encapsulation efficiencies for remote loading 

may reach 100%.  
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   To achieve stable loading of therapeutic agents in liposomes, long saturated acyl 

chain neutral lipids
16

 in combination with cholesterol (CHOL) (>30% molar ratio) have 

been used. Both contribute to minimize the membrane defects and reduce membrane 

fluidity and permeability. With respect to lipids, long saturated acyl chains provide 

thicker barriers to restrict drug leakage when compared to short and unsaturated 

phospholipids.
17,18

 Neutral lipids in membranes also reduce lipid-protein interactions in 

systemic circulation, which may destabilize the lipid membranes as compared to anionic 

lipids.
19,20

 CHOL, on the other hand, homogenously intercalates among lipids, reduces 

the free volume in the membranes and thus makes bilayer membranes more compact 

which are resistant to drug leakage and serum induced instability.
17,18

  

   To increase the stability and circulation time of liposome systems in vivo, hydrophilic 

polymers, such as polyethylene glycol (PEG) have been attached to the membrane 

surface. Conventional liposomes composed only of lipids are cleared rapidly by the 

reticuloendothelial system (RES). The RES is comprised of circulating and fixed (lung 

and liver) macrophages. It is responsible for the elimination of foreign particles, and is 

the primary route of elimination of liposomes and particulate based drug carriers. It is 

believed that PEG provides a hydrophilic coating on the liposome membrane surfaces, 

which reduces the binding of serum proteins including opsonins to liposomes,
21

 thus 

reducing liposome recognition and clearance by the RES. The introduction of PEG 
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greatly increased the circulating half-life of liposomes in vivo, and is considered a 

seminal breakthrough in the liposome field.   

   Long-circulating liposome drug carriers have been shown to exploit the enhanced 

permeability and retention effects (EPR)
22

 in cancerous tissues to achieve selective and 

increased deposition. By manipulating the sizes of liposomes and improving their 

circulation time, i.e., reducing RES clearance, these formulations have been shown to be 

effective for a variety of cancers. The combination of abnormal leaky vasculature and 

defective lymphatic drainage in tumor tissues result in EPR. Tumor growth beyond 1 

mm
3
 initiates angiogenesis, i.e., development of new blood vessels in cancer.

23
 This 

process is rapid and often incomplete, which leads to abnormal leaky vasculature in 

tumor tissues. Pore sizes in leaky tumor endothelial walls range from 100 nm to several 

micrometers 
24,25

 (dependent on tumor types) while only 1-3 nm in normal endothelium. 

Liposomes engineered to approximately 100-200 nm in size extravasate through these 

gaps into tumor sites and accumulate at perivascular regions due to lack of functional 

lymphatic vessels in tumor tissues.
26

 Studies showed long circulation time of drug 

carriers is required for this slow deposition process in tumor sites (peaking at 3-7 days 

after injection).
27

  

   As described previously, formulations containing only lipids have short half-lives in 

vivo, e.g., several minutes and do not accumulate well in tumors. Liposomes formulated 

with high (>30% molar ratio) CHOL and saturated long acyl chain lipids have much 
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greater half-lives from several hours to days
28

 Coating liposomal membrane surface with 

hydrophilic polymer, such as PEG, produces so called sterically stabilized liposomes 

(SSL) (Figure 1-1) or pegylated liposomes.
29

 Practical use of SSL formulations takes 

advantage of combining long saturated acyl chain neutral lipids and high percentages of 

CHOL (>30% molar ratio) in their membranes because the use of these two decreases 

membrane fluidity and restricts membrane permeability, which ensures stable loading of 

drugs. The half-life of some SSL formulations is greater than 2 days.
27,30

 Studies showed 

advantages from using SSL as drug carriers for chemotherapy. Compared to free drugs, 

liposome-encapsulated anti-cancer drugs have lower adverse effects and in some cases 

showed better efficacy in animal models and clinical studies.
31

 To date, the ability to 

stably encapsulate and alter deposition PK with SSLs has been investigated for the 

majority of anticancer drugs that are used clinically.
32

 Many are undergoing clinical 

evaluation and some have been approved by FDA, such as DOXIL™.  

Modulation of liposome drug release 

   The formulation of liposomes with greater stability and enhanced circulation time has 

increased drug carrier deposition in solid tumors. However, the ability to control release 

kinetics in vivo is limited. Furthermore, the process of drug release is not well understood. 

The substantial stability of liposome membranes, which benefits drug loading, and the 

stability of drug carriers when in systemic circulation may create a scenario that the 

majority of drug molecules are trapped within drug carriers, rendering them inaccessible 
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to malignant cells. This scenario compromises drug bioavailability to target tissues and 

must be overcome for broader and more effective application of liposome drug carriers
33

. 

Moreover, tumors have a dense and viscous interstitial matrix that is high in collagen and 

sulfated glycosaminoglycan content restricts large particles, like the penetration of 

liposome drug carriers inside tumors after extravasation.
34

 This barrier results in 

inadequate cytotoxic effects of therapeutic agents to tumor tissues. Drug carriers with 

active release mechanisms may improve drug exposure and thus efficacy. Small drug 

molecules released from carriers should have better diffusion than carriers and uniform 

delivery of therapeutic agents to whole tumor tissues may be attained. 

   Studies have shown a positive correlation between drug release mechanisms 

possessed by SSL drug carriers at pathological sites and the therapeutic efficacy of the 

formulations.
33

 SSL drug carriers substantially reduce the severe toxic effects of 

anticancer agents. However, these formulations do not always improve efficacy compared 

to free drug. In some instance efficacy may be reduced because the release kinetics are 

not optimal. The passive-loading cisplatin-SSL formulation known as SPI-077 is a good 

example of how improved formulation stability hampered the efficacy of the 

encapsulated drug.
35

 Though a prolonged circulation time and enhanced tumor uptake for 

SPI-077 in different tumor-bearing mice models was observed, SPI-077 didn’t show 

superior antitumor activity to free cisplatin. It was hypothesized that the improved 

stability and extremely slow release kinetics of SPI-077 at tumor sites is the likely 
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explanation for this phenomenon. Some in vitro release experiments and cytotoxicity 

assays for SPI-077 indirectly support this hypothesis.
35

 On the other hand, DOXIL which 

is a SSL formulation loaded with doxorubicin using remote loading technique, 

demonstrates that possession of a passive release mechanism grants better efficacy in 

some cancer models when compared to free doxorubicin. Unlike SPI-077, it is believed 

that DOXIL likely possesses a drug release mechanism at tumor sites. A slow drug 

release from SSL formulation could be achieved in tumor interstitial fluids by disruption 

of the ammonium sulfate gradient used to load and retain drugs within the SSL.
15,36

 In 

animal models and clinical trials, DOXIL showed enhanced therapeutic efficacy as 

compared to the free drug.
37

 These two examples above demonstrate that drug release 

kinetics possessed by SSL formulations are an important determinant of their efficacy.  

   Though liposome formulations like DOXIL could use a passive drug release 

mechanism, the release profile may still not be sufficient to achieve optimal drug 

exposure. Increases in efficacy and therapeutic effects (survival rate) of DOXIL 

compared to free doxorubicin were modest, or in some clinical studies, not statistically 

significant.
38,39

 Moreover, the passive drug release mechanism of DOXIL cannot be 

applied for other drugs like SPI-077, where gradients used to entrap drugs do not exist. 

Lack of active control over drug release in liposome carriers compromises efficacy of 

doxorubicin and limits the wide applications of SSLs to other anticancer drugs. 
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Developing liposome carriers with active drug release mechanisms are needed to improve 

efficacy and therapeutic effects.  

    At least two strategies can be used to engineer liposomes with active drug release 

mechanisms. The first is to make the liposomes sensitive to external physical stimuli e.g., 

heat
40

 or light
41

. Another strategy is to prepare liposomes to be responsive to endogenous 

factors uniquely or differently expressed in tumor microenvironments, e.g., acidic pH, 

elevated enzyme levels or over expressed cell surface receptors. This strategy involves 

exploiting differences between normal and tumor tissues, and then determining if these 

differences can be used to trigger and/or control drug release from liposomes. The focus 

of my dissertation has been to engineer liposomes, lipid based nanoparticulate drug 

carriers, to be responsive to secretory phospholipase A2 (sPLA2), a lipase that is over 

expressed in many tumors. 

Secretory phospholipase A2  

   Phospholipase A2‘s (PLA2) are a class of enzymes that cleave phospholipids 

preferentially at sn-2 ester bonds, producing a lysophospholipid (LP) and a fatty acid 

(FA). There are five types of PLA2: cytosolic phospholipase A2 (cPLA2), 

calcium-independent phospholipase A2 (iPLA2), lysosomal PLA2, platelet-activating 

factor hydrolases (PAF-AH) and secretory phospholipase A2 (sPLA2).
42

 The first three are 

located intracellularly and PAF-AH is found in the blood or organs such as the brain, 

kidney and liver while sPLA2 exists in extracellular fluids.  
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   In humans, there are 15 subtypes in the sPLA2 family, including IA, IB (GIB), IIA, 

IIB, IID, IIE, IIF, III, V, X, IX, XI, XII, XIII and XIV.
43,44

 They are all low MW (13-16 

KDa) enzymes with 20-50% identity in their amino acid sequences. They share some 

common characteristics: Usually there are 5-8 disulfide bonds in their structure, which 

confers high stability. They have the same active center, which consists of a 

histidine/arginine catalytic dyad and a conserved Ca
2+

-binding loop
45

. They are all 

Ca
2+

-dependent enzymes. However, they show variations in tissue distribution, hydrolytic 

activity and substrate specificity. sPLA2 are interfacial enzymes, that only act on 

membrane surfaces or aggregate lipids. In contrast, they have no catalytic ability on 

monomeric lipids.  

   The various sPLA2 subtypes have different preferences to phospholipids either 

negatively or neutral charged, which are determined by charges of amino acid residues in 

their interfacial binding surface (IBS)
46

. Electrostatic attractions play a role in it. Group 

IIA is known to have affinity to negative charged lipid membranes while Group X sPLA2 

prefer neutral lipid membranes.
43

 

    Expression and/or activity of sPLA2 increases under pathological conditions, 

including bacterial infection, arthritis, cerebral ischemia or stroke, atherosclerosis and 

cancers
47

. Group IIA and X sPLA2s are particularly of interest because they are related to 

human cancers.
48

 Elevated levels of Group IIA sPLA2 have been found in various tumor 
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tissues including colon, breast, liver, skin, stomach, pancreatic and prostate cancers
49

 

while increased levels of Group X sPLA2 have been found in colon carcinomas.
48

   

Secretory phospholipase A2 responsive liposomes 

     Based on that fact that elevated levels of sPLA2 in various pathological sites, 

including tumor tissues, together with sPLA2 ability to destabilize lipid 

membranes/degrade lipids, we hypothesized that liposome drug carriers with an active 

drug release mechanism could be designed. In theory, this type of drug carrier would be 

superior to conventional SSL liposome carriers in that the rate and extent of drug release 

can be controlled, thus improving and optimizing exposure profiles and therapeutic 

efficacy. Furthermore, liposome drug carriers can be engineered to be responsive to a 

specific subtype of sPLA2 elevated in a specific disease. This is based on the fact that 

sPLA2 subtypes show differences in their distribution, hydrolytic activity, 

substrate/membrane preference and different diseases express different subtypes. This 

strategy could lead to site specific trigger release and more effective drug release from 

drug carriers.    

   The design of effective sPLA2 responsive liposomes are dependent on the membrane 

composition (lipid, CHOL and PEG) of the liposome, sPLA2 species (catalytic ability and 

substrate preference) and effect of microenvironment, i.e., ”media effects” (Ca
2+

, buffer 

and serum). Modifications and optimization of membrane composition to increase 
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sensitivity to sPLA2 was the focus of my dissertation research. We also determined the 

effect of media on sPLA2–mediated drug release profiles from liposomal carriers.  

   Sensitivity to sPLA2 and sPLA2–mediated drug release can be controlled by 

manipulation of the liposome membrane. In our studies, different combinations of two 

phospholipids, which are different in head groups and/or charge in different ratios, were 

used in SSL-like formulations. Although there are numerous studies examining the 

selectivity of sPLA2 on different classes of lipids,
43

 the effects/activity of different sPLA2 

isoforms on combinations of lipids has not been studied.  

   Different subtypes of sPLA2 have differences in affinity to negatively charged or 

neutral lipid membranes. Based on the specific sPLA2 subtype, negative or neutral lipids 

can be introduced into SSL formulations to increase enzyme affinity. Furthermore, 

degradation of lipids by sPLA2 at membranes produces LP and fatty acid FA. In theory, 

increased production of these two species will decrease membrane rigidity and increase 

permeability. 

   To identify sPLA2–preferred lipids, a rapid screen was necessary to determine how 

lipid charges, head group, length and saturated level of sn-1, sn-2 acyl chain affect 

sPLA2–mediated degradation and leakage. The goal is to identify lipids that are 

responsive to sPLA2, but that whose incorporation does not alter the long-circulating and 

stable entrapment properties of SSLs. For example, sPLA2 Group IIA has a preference for 

lipids with short acyl chains and negative charged lipid membranes. However, lipids with 
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shorter acyl chain in liposome membranes have been shown poor drug loading and 

anionic charge lipids are more easily recognized by the RES.
19,50

 So with regard to design 

of sPLA2 Group IIA responsive liposomes, a balance between membrane sensitivity to 

sPLA2 and membrane stability in drug loading and systemic circulation needs to be 

manipulated. Our goal was to develop optimal SSL formulations that were sensitive to 

sPLA2 Group IIA without losing their drug carrier functions.  

   It is unclear how CHOL composition affects sPLA2 ability to destabilize liposomal 

membranes. Previous studies have examined the effect of CHOL, but the literature is 

contradictory. For example, Bezzine S et.al (2002) suggest that cholesterol in lipid 

membranes do not significantly alter the kinetics of sPLA2 catalysis
46

, while several other 

studies suggest that CHOL has an inhibitory effect of on sPLA2 activity.
51

 Also a theory 

known as CHOL superlattices
52,53

 proposed that CHOL membrane content at or near 

certain critical concentrations (i.e., 14.3, 15.4, 20.0, 25.0, 33.3, 40, 50 molar mol% 

CHOL), formed either hexagonal or centered rectangular super lattices in membrane 

which reduced sPLA2 activity to a local minimum.  

   The effect of PEG on activity of sPLA2 is unclear. PEG reduces opsonization of 

proteins to the surface of liposomes in vivo. However, it may also reduce the ability of 

sPLA2 to interact with surface of lipid membranes and cleave lipids. Effects of lipids, 

CHOL and PEG on sPLA2–mediated lipid degradation and leakage will be examined and 

discussed in Chapter 2.   
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   sPLA2’s ability to destabilize lipid membrane is also affected by other factors, e.g., 

calcium ion concentration and the presence of blood/plasma/serum in the media. Some 

studies have already addressed some of these issues. For example, studies suggest that 

sPLA2 activity increases in a calcium dependent manner,
54

 and other studies have found 

that high concentrations (up to 2mM) of calcium ions inhibit sPLA2 interfacial binding to 

lipid membranes, thus decreased its activity
46

. In our experiments, we determine the 

effect of calcium concentrations on sPLA2–mediated liposome release profiles. However, 

since free calcium ion concentrations in body fluids are about 1mM, we chose to use this 

concentration for our studies. The presence of blood/plasma/serum has also been shown 

to reduce sPLA2 activity
55-57

. The mechanism is not well understood though it was 

proposed that there are certain endogenous inhibitors to sPLA2 contained in them. In our 

experiments, we examined the effect of 10% serum on sPLA2–mediated drug release 

from liposomes. 

Developing odd-chain lipid marker with choline head group  

   Lipids may be used as markers to study the fate of liposomal carriers in vitro and in 

vivo, like their distribution, deposition, receptor-mediated intracellular uptake and lipid 

degradation. Interference from endogenous lipids in biological samples makes 

quantification of lipids used in liposome formulations difficult. Fluorescent markers like 

rhodamine-labeled lipids or radiolabeled markers like [
3
H] cholesteryl hexadecyl ether 

(CHE) can be used for these purposes; however, they run a risk of altering lipid 
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membrane properties like permeability or fluidity or even alter degradation. Second, they 

don’t distribute uniformly into all phospholipid bilayers. Furthermore, many are not 

suitable for human use. Finally, these types of markers could not be used for tracking 

lipid degradation in liposomal membrane since they are not representatives of real lipids 

used in carriers.   

   Natural (endogenous) lipids contain even number carbon atoms in their acyl chain. 

Therefore, we designed and synthesized lipids containing an odd number of carbon atoms 

and determined if they can be used as tracers to study the liposome fate and lipid 

degradation in biological samples as seen in Chapters 3 and 4.  

   A variety of methods have been developed for the quantification of lipid compounds. 

Traditional lipid measurement techniques include the gravimetric method, phosphorus 

analysis and thin-layer chromatography (TLC), while modern techniques commonly use 

gas/liquid chromatography combined with mass spectrometry (MS). Traditional 

techniques, e.g, TLC methods, usually have lower sensitivity and specificity and poorer 

reproducibility compared to MS, e.g, electrospray ionization-mass spectrometry 

(ESI-MS).
58

 In my studies, ESI-MS was used to determine sPLA2–mediated lipid 

degradation and quantify/track the synthetic odd-chain lipid marker in biological samples. 

Different lipid classes show differences in ESI-MS sensitivity. This probably results from 

their differences in ionization efficiency. Lipid classes with choline head groups have the 
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highest sensitivity.
59

 This was the reason I designed the lipid marker with choline head 

group (Chapter 3).  

Investigation of extraction efficiency of Bligh and Dyer procedures on individual lipids  

   Systematic study on the extraction efficiency of Bligh and Dyer lipid extraction on 

individual lipids has never been done. Lipid classes, e.g, phosphatidic acid (PA) and 

phosphatidylserine (PS), and both of their lysophospholipids (LP), were found to be 

recovered poorly by the traditional BD method in our studies. Further studies showed that 

extraction efficiencies of 1,2-distearoyl-sn-glycero-3-phosphatidic acid (DSPA) and 

1,2-distearoyl-sn-glycero-3-phosphatidylserine (DSPS) were less than 30%. Efficiency of 

the traditional BD method to PS, PA and their LPs were improved by acidification of the 

media. By identifying the defects of traditional Bligh and Dyer method to certain lipid 

classes and providing an acidification step to overcome these defects, our studies will 

extend its applications to anionic lipids like PS and PA. (Chapter 4) 
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Figure 1-1. A diagram depicting the major structural features of long-circulating 

(SSL) liposomes.   
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ABBREVIATIONS 

ADME           absorption, distribution, metabolism and excretion 

Bligh-Dyer        BD 

C31PC         1-O-hexadecyl-2-pentadenoyl-sn-glycerol-3-phosphocholine 

C3b             complement component 3b          

CHE             cholesteryl hexadecyl ether 

CHOL cholesterol 

EPR             enhanced permeability and retention 

ESI-MS          electrospray ionization-mass spectrometry 

PC          phosphatidylcholine 

PG       phosphatidylglycerol 

PE  phosphatidylethanolamine 

PEG             polyethylene glycol      

PA               phosphatidic acid 

PS               phosphatidylserine 

DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine 

DSPA 1,2-distearoyl-sn-glycero-3-phosphatidic acid 

DSPC  1,2-distearoyl-sn-glycero-3-phosphatidylcholine 

D70-DSPC 1,2-distearoyl(deuterated 70)-sn-glycero-3-phosphatidylcholine 

DSPE  1,2- distearoyl-sn-glycero-3-phosphatidylethanolamine 

DSPG  1,2-distearoyl-sn-glycero-3-phosphatidylglycerol  
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DSPS          1,2-distearoyl-sn-glycero-3-phosphatidylserine  

ESI-MS        electrospray ionization - mass spectrometry  

FA             fatty acid  

IBS            interfacial binding surface 

LP             lysophospholipid  

MS            mass spectrometry 

PLA2               phospholipases A2  

RES           reticuloendothelial system  

sPLA2          secretory phospholipase A2 

SSL          sterically-stabilized liposome 

TLC           thin-layer chromatography 
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SECRETORY PHOSPHOLIPASE A2 RESPONSIVE LIPOSOMES 
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ABSTRACT 

   Secretory phospholipase A2 (sPLA2) expression is increased in several cancers and 

can trigger release from some lipid-carriers. This study used electrospray ionization-mass 

spectrometry (ESI-MS) and release of 6-carboxyfluorescein (6-CF) to determine the 

effects of sPLA2 on various liposome formulations. Different combinations of 

zwitterionic (DPPC, DSPC and DSPE) and anionic (DSPA, DSPG, DSPS and PEG-DSPE) 

phospholipids were examined. DSPG and DSPE were most susceptible to 

sPLA2-mediated degradation compared to other phospholipids. Increased 6-CF release 

was observed after inclusion of 10 mole% DSPE and anionic lipids into different 

liposome formulations. Group IIa sPLA2 mediated 6-CF release was less than Group III 

and relatively insensitive to cholesterol (CHOL), whereas CHOL reduced 

sPLA2-mediated release. Inclusion of PEG-DSPE increased sPLA2-mediated 6-CF 

release, whereas serum reduced lipid degradation and 6-CF release significantly (p≤0.05). 

These data demonstrate that ESI-MS and 6-CF release were useful at determining the 

selectivity of sPLA2 and release from liposomes, that differences in the activity of 

different sPLA2 isoforms exist, and that PEG-DSPE enhanced sPLA2-mediated release of 

liposomal constituents. These findings will aid in the selection of lipids and optimization 

of the kinetics of drug release for the treatment of cancers and diseases of inflammation 

where sPLA2 expression is over expressed. 
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INTRODUCTION 

   Lipid based nanoparticulate drug carriers, such as long-circulating 

sterically-stabilized liposomes (SSL), can encapsulate drugs stably and alter their 

pharmacokinetics radically compared to free drug and confer new pharmacological 

activity.
1-3

 Differences in drug-carrier circulation half-life and tissue/tumor 

biodistribution are believed responsible for their improved antitumor activity and reduced 

toxicity.
4,5

 The clinical advantage of nanoparticles, such as SSL, was established with the 

approval of Doxil
®

 and other liposome formulations in the United States. Following 

administration, SSL can accumulate passively in solid tumors due to the enhanced 

permeability and retention (EPR) effect, mediated by defects in the vasculature and lack 

of functional lymphatics.
6,7

 Despite increased accumulation of SSL into tumors, for many 

drugs the rate of drug release is not optimal and clinical utility is limited.
8
 To overcome 

these barriers a variety of physical and physiological approaches are being examined to 

facilitate and control drug release; these include exposure to light,
9-11

 heat
12-14

 and use of 

ultrasound,
15,16

. 

   In this study we choose to exploit pathophysiological differences in enzyme 

expression in normal and malignant tissues, i.e., differences in secretory phospholipase 

A2 (sPLA2) expression,
17-19

 to modulate drug release. Previous studies examined the 

effect of porcine pancreatic and bee-venom sPLA2 on phosphatidylcholine vesicles with 

different physical attributes.
20

 These studies suggested that sPLA2 present in some 
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pathologies stimulate drug release from lipid based drug-carriers, such as liposomes 

(Figure 2-1).
21-23

 In contrast, reduced expression of sPLA2 in non-diseased tissues would 

limit lipid degradation and drug release, and is hypothesized to reduce toxicity (Figure 

2-1).   

   Recent studies demonstrated that sPLA2 expression and activity is increased in 

prostate
24-27

, breast
28-30

, and pancreatic
31-33

 cancers. In prostate cancers Group IIa sPLA2 

is reported to be expressed at levels 22-fold greater than disease-free paired 

controls.
26,27,34

 Increased sPLA2 expression in cancer tissues correlates to increased 

immunohistochemical staining at the plasma membrane.
26

 This coincides with the 

proposed mechanism of sPLA2 action and suggests these increases are localized to the 

site of injury. Typically there is limited sPLA2 in the systemic circulation, except in the 

case of septic shock or inflammation. 

   sPLA2 are esterases that cleave glycerophospholipids, such as phosphatidylcholine, at 

the sn-2 ester bond, releasing a fatty acid and a lysophospholipid.
35

 Many investigators 

have examined the effect of sPLA2 on cellular membranes, lipid vesicles and lipid-based 

drug-carriers, but a majority of these studies were limited to bee venom (Group III), 

snake venom (Group Ia) or porcine pancreas (Group Ib) sPLA2.
20,36,37

 In contrast, there 

are few published studies that examined the effect of human sPLA2 on the degradation of 

lipid-based drug carriers
23

 or made comparisons between the different isoforms. 
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   The overall goal of this research was to determine the effect of sPLA2 on lipid 

profiles and on the rate and extent of drug release from lipid nanoparticulate drug-carriers. 

This was accomplished by examining the effect of different sPLA2 on individual and 

mixed-lipid degradation using ESI-MS. This information was then used to formulate 

prototype sPLA2 responsive liposomes (SPRL). The functional activity of sPLA2 was 

determined by assessing the release of 6-carboxyfluorescin (6-CF), an aqueous soluble 

fluorescent marker, encapsulated in conventional, SSL, and SPRL formulations in buffer 

and serum. Understanding the time-course of sPLA2-mediated lipid degradation and 6-CF 

release will accelerate the rational development of drug-carriers to achieve optimal drug 

exposure selectively, thus enhancing drug efficacy and minimizing non-target tissue 

toxicity.   

MATERIALS AND METHODS 

Chemical and reagents 

   Phospholipids, DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine), DSPC (1,2-

distearoyl-sn-glycero-3-phosphatidylcholine), DSPG (1,2-distearoyl-sn-glycero-3-

phosphatidylglycerol), DSPS (1,2-distearoyl-sn-glycero-3-phosphatidylserine), DSPE 

(1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine), DSPA (1,2-distearoyl-sn-

glycero-3-phosphatidic acid), DSPE-PEG (1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[poly(ethylene glycol) 2000), and D70-DSPC (deuterated DSPC) 
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were purchased from Avanti Polar Lipids Inc (Alabaster, AL). A listing of their structures, 

acyl-chain lengths, phase transition temperatures and charges under physiological 

conditions are provided in Table 2-1. 6-Carboxyfluorescein (6-CF) was purchased from 

Acros Organics (Geel, Belgium). Group III and Group IIa sPLA2 were purchased from 

Cayman Chemical Company (Ann Arbor, MI) and Genway Biotech Inc (San Diego, CA). 

F-12K cell culture media and fetal bovine serum (FBS) were purchased from Hyclone 

(Rockford, Il). MTT (3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide) 

reagent and cholesterol (CHOL) were purchased from Sigma (St. Louis, MO). 

Acetonitrile and methanol were of HPLC grade from Fisher Scientific (Pittsburgh, PA). 

All other chemicals and solvents were of analytical grade, obtained from commercial 

sources and used without further purification. All experiments used ultrapure water (> 

3M) obtained from a Millipore Milli-Q synthesis system (Billerica, MA). 

Preparation of liposomes  

   Liposomes were prepared by hydration of thin-films followed by a freeze-thaw and a 

high-pressure extrusion process. A listing of all formulations prepared is presented in 

Table 2-2. Briefly, phospholipids, CHOL and/or DSPE-PEG in chloroform were mixed 

together, dried under vacuum at 55-65°C (water bath) for 25 min using a rotary 

evaporator (Büchi) and the thin-film was hydrated using normal saline or Tris buffer (5 

mM, pH 7.4) for 15-20 min to achieve a final lipid concentration of 10 mM. The 

formulation then underwent seven liquid nitrogen freeze–thaw cycles above the phase 
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transition temperature of the primary lipid prior to extrusion (n=5) through 

double-stacked polycarbonate membranes (80 nm, Osmonics Inc.) using a Lipex extruder 

(Northern Lipids Inc.) at 65°C. All liposome formulations had a mean particle diameter 

of 80-110 nm, as determined using a Nicomp™ model 370 dynamic light scattering 

particle size analyzer (Santa Barbara, CA). Samples were stored under a nitrogen 

atmosphere at 4ºC and protected from light and used within 24 hr of preparation. Total 

phospholipid concentration of each formulation was quantified using an assay for 

inorganic phosphate following acid hydrolysis.
38

 

sPLA2–mediated degradation and lipid extraction 

   Phospholipid degradation was determined by combining each lipid sample (1 µmol 

lipid/mL), sPLA2 (0-10 µg/mL), CaCl2 (0-10 mM) in phosphate buffered saline, followed 

by incubation at 37°C for 0 to 24 hr. Phospholipids and metabolites were isolated using 

Bligh and Dyer extraction for ESI-MS analysis.
39

 Briefly, following incubation, 100 µL 

of methanol was added to samples followed by the addition of 300 µL chloroform, 

vortexing and centrifugation at 2,500 × g for 5 min. The organic layer was removed and 

transferred to a clean test tube. The above extraction was repeated twice and the final 

organic phase was evaporated under nitrogen, and reconstituted in 1 mL chloroform and 

methanol (3:1 v/v). A 100 µL aliquot of the resultant organic solution was diluted in 900 

µL chloroform and methanol (3:1 v/v) for ESI-MS analysis. 

 



40 

 

Profiling lipid degradation by ESI-MS  

   The stability of phospholipids treated with sPLA2 was assessed by the loss of 

intensity of parent-ions and the appearance and increased intensity of the primary 

metabolites, i.e., lysophospholipids and fatty acids. Analysis was performed on an Agilent 

high performance liquid chromatography – mass spectrometer (LC/MSD-Trap XCT Ultra 

Plus) system (Santa Clara, CA). The mobile phase was acetonitrile, methanol, and 0.1% 

ammonium formate (2:3:1 v/v/v). The flow rate was 0.15 mL/min and the injection 

volume was 5 µL. Nitrogen was used as a nebulizing gas at 25 psi and a drying gas at 8 

psi. The drying temperature was 350°C. The capillary, capillary exit and skimmer 

potentials were 3,500, 150.3 and 40.0 V, respectively. The m/z range for scanning was 

200 to 2,200. The positive-ion (+MS) mode was used to measure the intensity of the 

parent-ions, whereas the negative-ion (-MS) mode was used to measure the intensity of 

anionic lipids and fatty acid-ions (FA). Differences in ionization and extraction 

efficiencies of phospholipids and their FA metabolites prevent a simple comparison of 

signal intensities between individual lipids, however changes within a specific lipid can 

provide insights into its relative sensitivity to sPLA2. Further, these differences were 

greatest in the anionic lipids (DSPA, DSPS, DSPG) compared to zwitterionic lipids 

(DPPC, DSPC and DSPE).   
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Quantification of lipid degradation by ESI-MS  

   The effect of sPLA2 on individual and multi-lipid formulations was determined as 

above with the following alterations. Calibration curves of individual lipids, e.g., DSPC 

(0.78-100 nmol) were prepared by diluting lipids in organic solvents (chloroform and 

methanol; 3:1 v/v) and spiked with internal standard D70-DSPC (m/z 872.1). Liposome 

samples of the DSPC SSL formulation (0.05 µmol/mL) were prepared and then incubated 

in the presence or absence of sPLA2 as described previously. Internal standard, D70-DSPC, 

was added to each sample prior to Bligh and Dyer extraction, as described above. 

Calibration samples were prepared fresh by serial dilution of lipid standards in mobile 

phase or media containing serum. Standard curves were constructed by calculating the 

ratio of the analyte peak area to that of the internal standard, and plotting the ratio 

(ordinate) versus the theoretical concentration (abscissa); data was fit using weighted 

least squares; the inverse of the variance (1/x
2
) of the observed data was used as the 

weighting factor. The standard curve was considered acceptable if greater than 90% of 

the standards had calculated accuracies within 15% of their theoretical value and no 

systematic deviations over the linear range were observed, precision had a coefficient of 

variation (CV) of < 20%. The limit of quantification was determined experimentally as 

minimum concentration whose response was greater than five times baseline value, with 

a CV < 20% and accuracy ± 20%. For multi-lipid formulations, calibration curves were 

prepared by mixing DSPC and DSPE or DSPC and DSPG at approximately the same 
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molar ratio as the formulations, i.e., DSPC and DSPE or DSPG at 8:1 (lipid molar ratio). 

This was necessary because of the ion-suppression effect of the primary lipid, DSPC. 

Preparation of 6-CF-loaded liposomes 

   Aliquots containing 100 mM 6-CF solution were prepared by dissolving 37.7 mg of 

6-CF in 1 mL 5 mM Tris-HCl buffer (pH 7.4, adjusted with NaOH 1 M). The liposomes 

were prepared as explained above, except a solution of 100 mM 6-CF was used to 

hydrate the lipid thin-film instead of PBS or TRIS buffer. Free 6-CF was removed by size 

exclusion chromatography (Sephadex G-75, Pharmacia). The mobile phase for these 

separations consisted of 5 mM TRIS-HCl buffer (pH 7.4, adjusted with NaOH 1 M). 

Phosphate assays were performed prior to conduction of enzymatic reactions to 

determine the concentration of total phospholipids.
38

 

Determination of sPLA2–mediated 6-CF leakage and analysis 

   Release of 6-CF from liposome samples (10 µmol/mL diluted to 0.05 µmol/mL) was 

determined in the presence and absence of Group IIa or III sPLA2 (0-10 µg/mL), CaCl2 

(0 to 10 mM) and Tris-HCl buffer (5 mM, pH 7.4). Fluorescent intensity of 6-CF was 

measured using a Synergy HT spectrofluorometer (Bio-Tek Instruments Inc.) at 

excitation and emission wavelengths of 480 and 510 nm, respectively. Fluorescence was 

detected at 10, 30 and 45 min, and 1, 2, 4, 8, 12, 24, 36, 48, 72 and 108 hr. After 

measurement at each time point, 10% (v/v) of Triton X-100 was added to the samples to 

calculate total 6-CF.  Percentage of 6-CF leakage was calculated using the equation:  
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Percentage = [(Ft-F0)/(FTriton-F0)] × 100%; 

where, Ft represents the fluorescent intensity (FI) at a specific time point, F0 represents FI 

at time zero, and FTriton represents total fluorescent intensity after addition of Triton 

X-100.  

Effect of serum on sPLA2–mediated leakage 

 The effect of serum on the release of 6-CF and lipid metabolism was determined 

following incubation with F-12K with/without 10% FBS (v/v). Samples were kept at 37 

C and protected from light. At 0, 24 and 108 hr samples were removed and 6-CF 

fluorescence and lipid degradation by ESI-MS were quantified as described above. 

Statistics 

   The mass spectrometry data are presented as the mean ± the standard deviation (STD), 

the 6-CF release are shown as the mean ± the standard error (SEM) of at least 3 separate 

experiments (n=5/study). Differences were determined following an analysis of variance 

for each data set using SAS software (SAS Institute, Cary, NC) followed by a Dunnett’s 

t-test or a Student’s t-test when comparisons involved a control and single variable.  

Differences were considered significant if the p-value < 0.05. 
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RESULTS 

ESI-MS profiling of phospholipids and sPLA2-mediated metabolites 

   To demonstrate that ESI-MS can be used to profile sPLA2 induced lipid degradation 

we exposed individual phospholipids and multi-lipid formulations to sPLA2. Group III 

sPLA2 was chosen for the initial studies as it is readily available, been used widely in the 

literature and known to be over expressed in select cancers and in arteriosclerosis.
40

 The 

concentrations of sPLA2 used in these studies ranged from 0.5 to 10 µg/mL.  The lower 

range of these concentrations corresponds to the activity of sPLA2 in tissues under 

normal physiological conditions (0.025 to 0.5 µg/mL). The higher range of these 

concentrations correspond to the activity of sPLA2 in cancer and inflamed tissues, where 

sPLA2 levels are increased 2- to 1,000-fold.
41-44

 

   DPPC, a zwitterionic lipid with two C-16 acyl chains, was exposed to solvent control 

and increasing concentrations of sPLA2 for 1 hr and analyzed by ESI-MS in the 

positive-ion mode (Figure 2-2). The primary peak identified in control samples 

corresponded to un-degraded DPPC (734.5 m/z). A concentration-dependent decrease in 

the intensity of DPPC, parent peak at m/z 734.5, resulted in a greater than 50% decrease 

after exposure to 10 µg/mL sPLA2 for 1 hr (Figure 2-2) and a concentration-dependent 

increase in the intensity of peaks corresponding to DPPC’s 16:0-lyosphosphatidylcholine 

(LPC) at 496.3 m/z and the 16:0 fatty acid (FA) at 255.5 m/z (Figure 2-2). These data 
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demonstrated that sPLA2 degrades DPPC in a concentration-dependent manner and that 

ESI-MS can be used to track sPLA2-mediated degradation of phospholipids. 

Selectivity of sPLA2 

   The selectivity of Group III sPLA2 (2.5 µg/mL) for individual zwitterionic and 

anionic phospholipids using ESI-MS was determined (Table 2-3). Although its 

established in the literature that shorter acyl chain and anionic lipids are more susceptible 

to sPLA2-mediated degradation, it was unclear if this could be determined by ESI-MS 

and what was the relative selectivity for each of these lipids.
20

 Further, it’s unclear if 

these differences in lipid metabolism correlated to increased release of entrapped drug. As 

described above, degradation was indicated by the loss of intensity of m/z values 

corresponding to the parent phospholipid, in parallel with an increase in the intensity of 

the corresponding fatty acid.   

   Table 2-3 shows the change in signal intensity of different species of phospholipids 

exposed to solvent control or 2.5 µg/mL sPLA2 for 6 and 24 hr. The presence of sPLA2 

decreased the signal intensity for parent phospholipids significantly (p<0.05), and 

increased the signal intensity for each of their metabolites. This was observed for all 

phospholipids except DSPA. 

   Typically, phospholipids with a shorter chain length were more susceptible to 

sPLA2-mediated degradation, e.g., DPPC (C:16) vs. DSPC (C:18), Table 2-3. Among the 

phospholipids with 18 carbons (C:18) acyl chain length, DSPE and DSPG were the most 
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susceptible to sPLA2-mediated degradation (Table 2-3). It should be noted that intensities 

of parent phospholipids between different groups (i.e., zwitterionic and anionic) and their 

lysophospholipids and fatty acids are not directly comparable due to differences in 

ionization efficiency that exist using ESI-MS. These data agree with the published 

literature that sPLA2 shows greater activity towards anionic than neutral 

phospholipids.
45,46

  

sPLA2-mediated release of 6-CF 

   Increased degradation of phospholipids does not indicate increased release of 

constituents entrapped in the aqueous core of liposomes. The effect on release was 

assessed by encapsulating 6-CF, which typically has low levels of fluorescence when 

encapsulated at high concentrations, but significantly higher levels when released and 

diluted in aqueous solutions.
47-49

 As shown in Figure 2-3A, we assessed 6-CF release 

induced by Group III sPLA2 (2.5 µg/mL) for 0-108 hr. Release of 6-CF from control 

samples increased slightly over time, less than 20% after 108 hr. Treatment of 

zwitterionic formulations (DSPC and DSPC:DSPE at 9:1 mole ratio) with Group III 

sPLA2 induced a rapid and significant (p<0.05) increase in the release of 6-CF, compared 

to non-treated controls. The addition of 10 mole% anionic phospholipids such as DSPA, 

DSPG to basic DSPC formulations accelerated sPLA2-mediated 6-CF release compared 

to formulations using neutral lipids alone Figure 2-3B.  

  



47 

 

Effect of Ca
2+

 on sPLA2 activity 

   The effect of Ca
2+

 on the release of 6-CF from plain DSPC liposome formulations 

was determined (Figure 2-4). In the absence of Ca
2+

, 6-CF release increased linearly over 

time, reaching 50% release after about 30 hr. In contrast, the addition of Ca
2+

 (0.1-10 mM) 

resulted in a rapid, and concentration-dependent, increase in 6-CF release. For example, 

50% 6-CF release was observed after 6 hr exposure with the addition of 1 mM Ca
2+

, 

which is the physiological requirement for this enzyme. These data agree with previous 

studies demonstrating the Ca
2+ 

requirement of sPLA2.
35

 

Effect of sPLA2 on release of 6-CF from conventional liposomes and SSL formulations 

   The above data suggest that Group III sPLA2 can degrade formulations containing 

anionic phospholipids and increase the release of 6-CF; however, SSL formulations used 

clinically contain polyethylene glycol (PEG) as well as CHOL. Thus, we determined the 

effect of CHOL and PEG on Group III sPLA2-mediated (2.5 g/mL) release of 6-CF 

from DSPC formulations (Figure 2-5A) and those containing 10 lipid mole% DSPG 

(Figure 2-5B). The concentration of CHOL and PEG chosen were similar to those used 

in Doxil
®
 and other formulations that exhibit long-circulating properties.

50,51
   

   Control samples were stable over the time course measured as indicated by a low 

percentage of 6-CF release. Addition of CHOL tended to decrease 6-CF release 

approximately 20% after the initial release (0-5 hr), compared to formulations containing 

phospholipid alone and consistent with the literature.
45,46

 Interestingly, addition of 
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PEG-DSPE increased the percentage of 6-CF release for all formulations. Inclusion of 

CHOL into PEGylated formulations did not alter the percentage of 6-CF release, but did 

decrease 6-CF release in the absence of PEG. These data demonstrate that Group III 

sPLA2 enhances 6-CF release from PEGylated and CHOL -containing formulations.  

Selectivity of group III vs. IIa sPLA2 

   Figure 2-5 demonstrated the effects of CHOL and PEG on Group III sPLA2-mediated 

release of 6-CF. However, Group III sPLA2 is not the only sPLA2 isoform involved in 

human diseases. In fact, Group IIa sPLA2 is increased 5 to 20-fold in human breast and 

prostate cancer.
34

 Thus, we tested the ability of human Group IIa sPLA2 to release 6-CF 

from these formulations. 

   As demonstrated previously, incubation of liposomes with Group III sPLA2 resulted 

in concentration-dependent release of 6-CF (Figure 2-6A). 6-CF release was reduced in 

formulations containing CHOL only, but was enhanced by the presence of PEG. Similar 

to Group III sPLA2, Group IIa sPLA2 also induced 6-CF release (Figure 2-6B). The level 

of 6-CF release was lower than that observed after Group III sPLA2 treatment, but was 

still concentration-dependent. Further, the presence of PEG increased 6-CF release. In 

contrast, CHOL did not have as large of an inhibitory effect, compared to Group III 

sPLA2. These data show that different isoforms of sPLA2 display distinct selectivity with 

respect to release of 6-CF from these formulations. 
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Effect of group IIa sPLA2 on 6-CF release 

   To test the ability of Group IIa sPLA2 to mediate 6-CF release from SPRL 

formulations, we incubated 2.5 µg/mL Group IIa sPLA2 with DSPC alone or in 

combination with CHOL, PEG or 10 mole% DSPE (Figure 2-7). The addition of Group 

IIa sPLA2 increased 6-CF release from all formulations tested in a time-dependent 

manner (Figures 2-7A and B), including those containing cholesterol and PEG. The 

greatest increase was found in SSL (DSPC: CHOL:DSPE-PEG) and SPRL (DSPC:DSPE: 

CHOL:DSPE-PEG) formulations. The inclusion of CHOL did not reduce Group IIa 

sPLA2 mediated release of 6-CF, as observed with Group III (Figure 2-6).      

Effect of serum on sPLA2–mediated lipid degradation and 6-CF release 

   The association of serum proteins with drug-carriers is known to alter their 

disposition and release profiles. The effect of serum, i.e., FBS 10% (v/v), on 

sPLA2-mediated lipid degradation and 6-CF release was determined. Pegylated (SSL), 

zwitterionic (+10 mol% DSPE), and anionic (+10 mol% DSPG) were examined. The 

presence of serum decreased sPLA2-mediated degradation of all lipids after 24 and 108 hr 

exposure (Table 2-4). In all formulations the majority (>78%) of the lipids were degraded 

by 108 hr in the absence of serum. Evidence of FA and LPC formation was observed in 

all samples, suggesting lipid degradation, but not quantified. In the presence of serum 

DSPC degradation was reduced to 55-62%, while DSPE degraded 26% and DSPG 3%. 

Likewise, the presence of serum altered the release of 6-CF (Figure 2-8) compared to 
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release profiles in buffer alone (Figures 2-3 and 2-5). The formulation containing DSPG 

had the greatest release, followed by inclusion of DSPE compared to the SSL formulation. 

In the absence of serum (data not shown) release profiles were similar to those conducted 

in sPLA2 buffer (Figures 2-3 and 2-5). Control samples in the absence of sPLA2 were 

found to have limited (<2%) release over 108 hr. 

DISCUSSION 

    Recent studies demonstrate that spatial and temporal differences in sPLA2 expression 

exist in several diseases, including breast and prostate cancer and arteriosclerosis.
24,34,40

  

sPLA2 expression appears to be localized to the diseased tissue, and not expressed 

systemically,
26,52

 whereas in arteriosclerosis Group III sPLA2 was expressed primarily in 

the arteriosclerotic lesion.
40

 In this study we used ESI-MS to profile sPLA2-medated 

degradation of various phospholipids. This information was then used to formulate 

various liposome formulations that displayed enhanced 6-CF release kinetics compared to 

conventional and long-circulating (SSL) formulations. 

   While studies have assessed the effect of phospholipases on drug release from 

liposomes,
21,45,53-55

 few described approaches that rapidly determine the selectivity of 

different sPLA2 isoforms for different phospholipids. The use of ESI-MS to rapidly 

profile phospholipid degradation directly to assist in the selection of lipids susceptible to 

sPLA2-mediated degradation has not been described in the literature. 

   These studies focused on Group IIa and III sPLA2. While other sPLA2 exist, and are 
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worthy of study, both Group IIa and III are over expressed in several human diseases. The 

source for the Group III sPLA2 was bee venom, which shares high sequence homology 

and structural similarities with human Group III sPLA2. In fact, their central active site 

domains are essentially equal.
40

 The use of non-human sPLA2 for such studies is not 

unprecedented as other studies have used snake venom PLA2, structurally similar to 

human sPLA2, to evaluate sPLA2 mediated effect on drug release.
54,56

  

   The goal of this study was not to directly compare Group IIa and III sPLA2, rather to 

demonstrate that differences exist and that they could be distinguished in our assays and 

could be exploited for controlling drug release to optimize drug exposure. We showed 

marked differences in substrate preference and activity of sPLA2 Group III and IIa 

against both SSL and SPRL liposomes. Group III sPLA2 was more effective in inducing 

lipid degradation and 6-CF leakage than Group IIa under in vitro conditions. This finding 

is relevant because several studies investigating the use of sPLA2 for nanoparticle 

degradation use Group III sPLA2, which may be more specific for treating 

arteriosclerosis, but not optimal for treatment of cancer where Group IIa sPLA2 is over 

expressed. Further, these findings suggest that liposome degradation and drug release in 

vivo is dependent on the sPLA2 isoform expressed.  

   Model formulations were based on conventional SSL drug-carriers. We modified a 

variety of lipid-based formulations, including SSL, to enhance their degradation rates by 

incorporating zwitterionic and anionic phospholipids that would be responsive to specific 
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forms of sPLA2–mediated degradation. Concentrations of anionic lipids greater than 10 

mole% were not assessed in these formulations because they have been shown to have 

limited circulation time.
57,58

 Further, liposomes with high content of anionic 

phospholipids may also activate the reticular endothelial system,
57,59

 which reduces 

retention time in the circulation and lowers therapeutic efficacy. Other factors assessed 

included calcium concentration, CHOL and PEG content. The goal was to find a 

combination of these factors that displayed enhanced degradation in the presence of 

sPLA2, compared to standard SSL. 

   ESI-MS was used to profile lipid susceptibility and to quantify the degradation of 

multiple phospholipids. In contrast to traditional lipid analysis, such as thin-layer 

chromatography and phosphorus analysis, ESI-MS has increased sensitivity, specificity, 

and speed of analysis. In this study we quantified and profiled individual and multiple 

phospholipids using a deuterated internal standard. It should be noted that it is possible to 

quantify FA and LPC from these formulations, with the use of deuterated standards, but it 

is difficult to do this in multi-phospholipid containing formulations due to differences in 

extraction efficiency and ion-suppression effects (data not show). Although the 

quantification of each FA and LPC was beyond the scope of this paper, we used ESI-MS 

to identify their formation, thus supporting our conclusion that the primary lipids were 

being degraded by sPLA2.  
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   Studies using ESI-MS showed that the acyl chain length, the polar head group and the 

organized structure of phospholipid species all alter sPLA2-mediated degradation of 

liposomes. For example, DPPC (C:16) degradation was greater than that of DSPC (C:18). 

Further, phospholipids with anionic polar head groups tended to display greater amounts 

of degradation compared to those with neutral head groups. This agrees with the reported 

specificity of sPLA2 for phospholipids
45,46

 and suggests that changes in the rates of 

degradation are directly related to sPLA2. This suggests that degradation profiles obtained 

by ESI-MS correlated to 6-CF release following sPLA2-exposure. 

   It is important to note that degradation of phospholipids as assessed by ESI-MS may 

not always indicate that the lipid in question is a good candidate for formulations. For 

example, DPPC was highly susceptible to sPLA2-medaited degradation due to its short 

chain length (C:16). However, it was not used for further study because of the greater 

permeability of DPPC, relative to DSPC (C:18) liposome formulations, which results 

from both its short acyl chain and relatively low phase-transition temperature (44°C).  

   With the above limitation in mind, data reported in this study demonstrate that 

ESI-MS is suitable for profiling lipid degradation rapidly and quantifying the degradation 

of individual lipids within multi-lipid formulations. ESI-MS is also excellent for 

identifying differences in structures of chemicals containing radiolabels or isotopes. We 

previously used it in biological tissues to distinguish differences in degradation of 

phospholipids labeled with deuterated standards.
60

 Addition of such labels may permit the 
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use of ESI-MS to determine the time-course of lipid-based carrier degradation in vivo. 

This could significantly advance the study of mechanisms surrounding drug-release from 

liposomes. 

   sPLA2-mediated lipid degradation and 6-CF release in serum supplemented media 

was greater in formulations containing anionic phospholipids, compared to those that 

contained neutral phospholipids. Furthermore, 6-CF release from SPRL formulations was 

Ca
2+

-dependent, which agrees with the Ca
2+

-dependence of sPLA2 and supports the 

hypothesis that degradation of the formulations is sPLA2-dependent. However, these data 

do not directly demonstrate that 6-CF release is mediated by lipid degradation alone. 

Table 2-4 and Figure 2-8 support this hypothesis. A significant increase in 6-CF release 

was observed in formulations containing DSPG, but ESI-MS suggested only 3 to 8% of 

this lipid was degraded after 24 and 108 hr exposure. Although it has been shown that 

anionic lipids are most susceptible to sPLA2-mediated degradation, with multiple lipid 

formulations a greater percentage of DSPC was degraded compared to DSPG or DSPE. 

Interestingly, the release of 6-CF was greatest in formulations containing DSPG and 

DSPE, suggesting carrier-sPLA2 interactions may also have a destabilizing effect and 

contribute to release kinetics. These data suggest that addition of small quantities of these 

“helper-lipids” could be used to modulate release.  

   An interesting finding from this study is that the effect of CHOL was dependent on 

the isoform of sPLA2 involved. For Group III sPLA2, CHOL reduced 6-CF release 20 to 
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50% in the PEG-free DSPC formulations. In contrast, inclusion of CHOL into PEG-free 

DSPG formulations increased 6-CF release approximately 30% when Group IIa sPLA2 

was used. This may result from differences in interactions of these individual sPLA2 with 

CHOL itself, or from differences in the phospholipids used. These differences suggest 

that inclusion of membrane stabilizing CHOL and/or other constitutes, may impact 

sPLA2 function significantly.   

   PEG enhanced sPLA2-mediated 6-CF release independently of the phospholipid or 

sPLA2 isoform used. This is somewhat surprising as PEG is hypothesized to alter the 

interaction of liposomes with serum proteins decreasing opsonization in vivo, thus 

enhancing their circulation half-life. Other studies showed decreased release of the 

fluorescent model drug calcein when PEG (10 lipid-mol%) was included in DPPC (C:16) 

formulations.
54

 Data from this study suggest that PEGylation using PEG-DSPE inhibits 

neither sPLA2 interaction, nor activity at liposome membranes. DSPE is zwitterionic 

under normal physiological conditions, but is anionic when bound covalently to PEG. We 

believe that the anionic nature of PEG-DSPE is responsible for this enhanced activity. It 

is possible that PEG alters the structure of the membrane surface permitting enhanced 

binding or activity of sPLA2; however further studies are needed to test these hypotheses. 

Independent of the mechanism of action, this finding suggest formulations may be 

developed that incorporate the benefits of long-circulation half-lives (long, saturated acyl 

chains, CHOL, and PEG) with the use of sPLA2-sensitive lipids to control drug release. 
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   Pathological based control of drug release has the potential to increase drug efficacy 

and decrease overall systemic toxicity. Differences in the expression of different sPLA2 

isoforms may be exploited to selectively degrade and modulate the rate and extent of 

drug release from lipid based nanoparticulate drug-carriers. In this study we used ESI-MS 

to profile and quantify lipid degradation, and 6-CF release to engineer prototype SPRL 

formulations. Additional studies are needed to gain mechanistic insights into sPLA2 

activity to optimize their in vivo activity and further their clinical potential. 
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Table 2-1.  Phospholipid characteristics 

Lipid 
(MW) 

HG & 
ACL

a
 

PT
b
 

(C) 
Charge

c
 Structure 

DPPC 
(734.5) 

choline 
C16:0 

44.1 Z 

  

DSPC 
(790.9) 

choline 
C18:0 

55.1 Z 

  

DSPE 
(748.1) 

ethanolamine 
C18:0 

74.2 Z 

  

DSPG 
(779.1) 

glycerol 
C18:0 

54.2 A 

  

DSPA 
(705.0) 

acid 
C18:0 

75.4 A 

  

DSPS 
(792.1) 

serine 
C18:0 

79.0 A 

  

DSPE-PEG 
(2803.8) 

ethanolamine- 
(PEG2000] 

C18:0 
12.8 

 

 

A  

 

 

 

 

 

a
 HG & ACL: head group and acyl chain length; 

b 
PT: phase transition; 

c 
Z: zwitterionic; A: anionic; PEG: polyethylene glycol 
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Table 2-2.  Liposome formulations 

Formulation Lipid Mole Ratio 

DPPC 

DSPC 

DSPA 

DSPG 

DSPE 

DSPS 

DSPC:DSPA 

DSPC:DSPG 

DSPC:DSPE 

DSPC:DSPS 

DPPC: CHOL 

DSPC: CHOL 

DSPC:DSPE: CHOL 

DSPC:DSPG: CHOL 

DSPC: CHOL:DSPE-PEG
a
 

DSPC:DSPE: CHOL:DSPE-PEG
b
 

DSPC:DSPG: CHOL:DSPE-PEG
c
 

1 

1 

1 

1 

1 

1 

9:1 

9:1 

9:1 

9:1 

10:5 

10:5 

9:1:5 

9:1:5 

9:5:1 

8:1:5:1 

8:1:5:1 

a
This formulation was used as our prototypical long-circulating, sterically-stabilized 

liposome (SSL) formulation; 

b
This formulation was used as a prototypical SPRL formulations containing a 

zwitterionic lipid (DSPE); 

c
This formulation was used as a prototypical SPRL formulations containing an anionic 

lipid (DSPG). 
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Table 2-3.  Effect of sPLA2 on lipid signal intensity
a 

Lipid 

(m/z) 
(hr) 

Control Sample 

Intensity (×10
6
) 

+ sPLA2 (2.5 g/mL) 

Intensity (×10
6
) 

Percent 

Change 

DPPC 

(734.5) 

6 74.8±1.6 29.1±8.4 38.9* 

24 73.6± 0.7 28.7±0.5 39.0* 

DSPC 

(790.9) 

6 81.0±2.8 70.6±3.4 87.2* 

24 66.6±7.4 51.9±1.8 77.9* 

DSPE 

(748.1) 

6 13.1±1.0 6.87±1.67 52.4* 

24 12.1±0.1 2.73±0.07 22.6* 

DSPG 

(779.1) 

6 2.70±0.30 1.74±0.19 37.0* 

24 2.09±0.04 1.11±0.19 53.1* 

DSPA 

(705.0) 

6 0.792±0.041 0.685±0.111 86.5 

24 0.735±0.077 0.624±0.135 84.9 

DSPS 

(792.1) 

6 0.769±0.055 0.592±0.093 77.0* 

24 0.779±0.015 0.645±0.078 83.0* 

Fatty Acid 

(m/z) 

 

(hr) 
Control Intensity 

(×10
4
) 

+ sPLA2 (2.5 g/mL) 

Intensity (×10
4
) 

Percent 

Change 

DPPC-FA 

(255.5) 

6 1.08±0.13 20.0±1.9 1,850 

24 0.739±0.134 19.8±4.4 2,670 

DSPC-FA 

(283.3) 

6 1.26±0.19 8.32±3.7 659 

24 1.11±0.46 18.6±2.5 1,680 

DSPE-FA 

(283.3) 

6 1.42±0.16 28.6±2.4 2,010 

24 1.56±0.07 35.3±0.9 2,260 

DSPG-FA 

(283.3) 

6 1.18±0.21 18.4±2.0 1,560 

24 1.16±0.26 41.7±4.6 3,600 

DSPA-FA 

(283.3) 

6 1.47±0.05 1.87±0.15 127 

24 1.06±0.11 1.48±0.15 140 

DSPS-FA 

(283.3) 

6 0.763±0.034 3.62±0.17 475 

24 0.926±0.238 9.61±0.95 1,040 

a
Data are represented as the mean intensity ± STD (n=3);  

*Indicates a significant (p<0.05) difference compared to control. 
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Table 2-4.  Effect of serum on lipid degradation of different liposome formulations
a 

 0 hr  24 hr 108 hr 

 Lipid nM ± STD FBS nM ± STD %
b
 nM ± STD %

b
 

“SSL”  DSPC: 

CHOL:PEG 

(9:5:1 mol ratio) 

DSPC 21.1±0.3 

- 8.99±0.63 -57% 0.344±0.010 -98% 

+ 14.4±0.0 -32%* 9.54±0.20 -55%* 

 

“Zwitterionic” 

DSPC:DSPE: 

CHOL:PEG 

(8:1:5:1 mole ratio) 

DSPC 19.9±0.3 

- 9.19±0.07 -58% 0.99±0.05 -95% 

+ 16.9±0.1 -15%* 8.84±0.10 -56%* 

DSPE 1.60±0.08 

- 1.02±0.06 -36% ND ND 

+ 
1.16±0.05 -28%* 1.19±0.03 -26% 

“Anionic” 

DSPC:DSPG: 

CHOL:PEG 

(8:1:5:1 mole ratio) 

DSPC 16.0±1.0 

- 7.08±0.40 -56% 0.71±0.03 -96% 

+ 11.3±0.5 -29%* 6.11±0.42 -62%* 

DSPG 0.91±0.04 

- 0.54±0.02 -41% 0.202±0.029 -78% 

+ 0.83±0.11 -8.8%* 0.886±0.124 -3%* 

a
FBS, fetal bovine serum 10% (v/v);  

ND, not detectable;  

b
Represents percent change relative to initial (0 hr);  

Data are represented as the mean concentration ± STD (n=3);  

*Indicates a significant (p<0.05) difference compared to control. 
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Figure 2-1.  sPLA2 facilitated drug release. This illustration describes the proposed 

mechanism of sPLA2 mediated degradation and drug release from liposomes. Increased 

expression of sPLA2 in solid tumors or other diseased tissue would enhance the 

degradation of phospholipids resulting in increased membrane permeability and drug 

release. Increased lipid degradation would be evidenced by increases in fatty acid (FA) 

and lysophospholipid lipid (LPC) levels. Limited expression of sPLA2, in 

non-cancerous/diseased tissues would result in reduced lipid degradation and drug 

release. 
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Figure 2-2.  Concentration-dependence of sPLA2 mediated degradation of DPPC.  

The effect of sPLA2 on degradation of DPPC (734.5 m/z) and formation of 

16:0-lyosphosphatidylcholine (LPC) at 496.3 m/z and the 16:0 fatty acid (FA), at 255.5 

m/z, were determined by ESI-MS. Data were normalized to signal intensity of DPPC, 

LPC and FA in control samples. A concentration-dependent decrease in signal intensity 

of DPPC and increases in LPC and FA were observed. Data are represented as the mean 

intensity ± STD (n=3). *Indicates a significant (p<0.05) difference compared to control. 
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Figure 2-3.  Effect of Group III sPLA2-mediated 6-CF release from A) zwitterionic 

(neutral) formulations and B) anionic formulations.  A) Percentage of 6-CF release 

from DSPC and DSPC:DSPE (9:1 mole ratio) formulations was assessed by fluorescent 

intensity changes in the media. Liposome samples (total phospholipid: 0.05 µg/mL) were 

treated with 0 (control) or 2.5 µg/mL Group III sPLA2 for 0-108 hr at 25ºC. Fluorescence 

intensity was obtained by measuring the fluorescence at excitation and emission 

wavelengths of 480 and 510 nm, respectively.  B) Percentage of 6-CF release from 

anionic formulations containing DSPC with anionic phospholipids DSPA, DSPS or 

DSPG (at 9:1 mole ratio). Data are represented as the mean ± SEM of a least 3 separate 

experiments (n=5/study). *Indicates significant (p<0.05) difference compared to control. 
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Figure 2-4. Ca
2+

-dependence of Group III sPLA2-mediated 6-CF release from plain 

DSPC formulations.  Percentage of 6-CF release from plain DSPC liposome 

formulations was assessed by fluorescent intensity changes in the media.  Liposome 

samples (total phospholipid: 0.05 µg/mL) were treated with 0 or 2.5 µg/mL Group III 

sPLA2 for 0-27 hr at 25ºC at the presence of 0-10mM CaCl2.  Fluorescence intensity 

was obtained by measuring the fluorescence at excitation and emission wavelengths of 

480 and 510 nm, respectively. Data are represented as the mean ± SEM of a least 3 

separate experiments. *Indicates significant (P<0.05) difference compared to control.  
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Figure 2-5.  Effect of PEG and CHOL on Group III sPLA2-mediated 6-CF release 

from modified SSL liposome formulations. The effect of CHOL and DSPE-PEG on 

sPLA2-mediated (2.5 µg/mL Group III) release of 6-CF from DSPC liposomes (total 

phospholipid: 0.05 µg/mL) without (A) or with (B) incorporation of 10 mole% DSPG 

was determined by fluorescent intensity changes in the media for 0-72 hr at 25ºC. 

Fluorescence intensity was obtained by measuring the fluorescence at excitation and 

emission wavelengths of 480 and 510 nm, respectively. Data are represented as the mean 

± SEM of a least 3 separate experiments (n=5/study). *Indicates significant (p<0.05) 

difference compared to control. 
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Figure 2-6. Comparison of Group IIa and III sPLA2-mediated release of 6-CF from 

liposomes. The effect of CHOL and DSPE-PEG on DSPC formulations (total 

phospholipid: 0.05 µg/mL) on 6-CF release was determined after exposure to either 

Group III (A) or IIa (B) sPLA2 (0 to 5 µg/mL) for 6 hr at 25ºC. 6-CF release was assessed 

by fluorescent intensity changes in the media at excitation and emission wavelengths of 

480 and 510 nm, respectively. Data are represented as the mean ± SEM of at least 3 

separate experiments (n=5/study).  *Indicates significant (p<0.05) difference compared 

to control. 
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Figure 2-7. Comparison of Group IIa sPLA2-mediated release of 6-CF from 

standard liposome vs. SPRL preparations. Formulations (total phospholipid: 0.05 

µg/mL) consisting of DSPC, DSPC:DSPE alone, DSPC or DSPC:DSPE plus CHOL, or 

DSPC or DSPC:DSPE with CHOL and DSPE-PEG were exposed to 2.5 µg/mL of Group 

IIa sPLA2 for 30 min (A) or 6 hr (B) at 25ºC. 6-CF was assessed by fluorescent intensity 

changes in the media at excitation and emission wavelengths of 480 and 510 nm, 

respectively. Data are represented as the mean ± SEM of at least 3 separate experiments 

(n=5/study). *Indicates significant (p<0.05) difference compared to control. 
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Figure 2-8.  Effect of serum on 6-CF release.  The effect of FBS and sPLA2 on the 

release of 6-CF from SSL (DSPC:CHOL:DSPE-PEG), zwitterionic (DSPC:DSPE: 

CHOL:DSPE-PEG) and anionic (DSPC:DSPG: CHOL:DSPE-PEG) formulations at 37 

ºC. Fluorescence intensity was obtained by measuring the fluorescence at excitation and 

emission wavelengths of 480 and 510 nm, respectively.  Data are represented as the 

mean ± SEM of a least 3 separate experiments (n=5/study). *Indicates significant (p<0.05) 

difference compared to DSPC: CHOL:DSPE-PEG (SSL) formulation. 
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ABBREVIATIONS 

6-CF  6-carboxyfluorescein  

CHOL cholesterol 

DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine 

DSPA 1,2-distearoyl-sn-glycero-3-phosphatidic acid 

DSPC  1,2-distearoyl-sn-glycero-3-phosphatidylcholine 

D70-DSPC 1,2-distearoyl(deuterated 70)-sn-glycero-3-phosphatidylcholine 

DSPE  1,2- distearoyl-sn-glycero-3-phosphatidylethanolamine 

DSPE-PEG       1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- 

                [poly(ethylene glycol) 2000  

DSPG  1,2-distearoyl-sn-glycero-3-phosphatidylglycerol  

DSPS  1,2-distearoyl-sn-glycero-3-phosphatidylserine  

ESI-MS  electrospray ionization - mass spectrometry  

FA  fatty acid  

FBS  fetal bovine serum  

LPC  lysophospholipid  

PEG  polyethylene glycol  

PLA2 phospholipase A2 

SPRL secretory phospholipase A2 responsive liposomes 

SEM standard error of the mean 

SSL  sterically-stabilized liposome  

sPLA2 secretory phospholipase A2 
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ABSTRACT  

A simple approach to steroselectively synthesize phospholipids to modulate drug 

release and track lipid-based particulate drug-carriers is described. We synthesized two 

ether lipids, 1 1-O-hexadecyl-2-pentadenoyl-sn-glycerol-3- phosphocholine (C31PC) and 

2 1-O-hexadecyl-2-pentadenoyl-sn-glycerol-3-phosphomethanol (C31PM), and examined 

their ability to alter enzymatically triggered release of 6-carboxyfluorescein from 

liposomes incubated in TRIS buffer or fetal bovine serum solutions. Further, we 

demonstrated that odd-chain lipids, e.g., C31PC, could be identified in rat plasma without 

interference of endogenous lipids. This approach can be adapted to synthesize a variety of 

lipids for use in developing and optimizing multifunctional drug-carriers. 
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INTRODUCTION 

   Lipid-based drug carriers, such as liposomes, can alter the pharmacokinetics and 

improve the efficacy of a variety of therapeutic agents
1
. However, mechanisms to 

“control” or “tune” their drug release kinetics and track drug-carrier disposition in vivo 

are limited. A variety of physical and physiological approaches have been examined to 

control drug release from drug carriers, including exposure to light
2-4

, heat
5-7

and use of 

ultrasound
8,9

. However, the clinical use of these strategies has been limited because of 

their ability to induce rapid “burst” drug release profiles and the inaccessibility of some 

tissue to light or heat. Further, these strategies are targeted to primary tumors, whereas 

metastatic lesions may be undetectable. 

   Enzymatic approaches exploiting elevated expression of enzymes, such as esterases, 

in some disease states have the potential to modulate drug-release selectively. Secretory 

phospholipase A2 (sPLA2) is an esterase that preferentially hydrolyzes 

glycerophospholipids, such as phosphatidylcholine, at the sn-2 ester bond, releasing a 

fatty acid (FA) and a lysophospholipid (LP)
10

 (Figure 3-1). Recent studies demonstrated 

that the expression and catalytic activity of sPLA2 is increased in prostate
11-14

, breast
15-17

 

and pancreatic
18-20

 cancers. 

   We, and others, have developed sPLA2 responsive liposomes (SPRL) with enhanced 

drug release
21-24

. sPLA2-mediated degradation of phospholipids results in the formation 

of FA and LP; these increase membrane fluidity and result in a transition of the lipid 

bilayer from a gel-like to a liquid-crystalline phase. Alterations in membrane fluidity are 

believed responsible for the enhanced diffusion and release of contents entrapped within 

the aqueous-core of liposomes, however, the complete mechanism is not fully known. 
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Our recent studies have used electrospray ionization-mass spectrometry to examine the 

selectivity of sPLA2 for various lipids and quantify sPLA2-mediated degradation of 

prototype liposomes formulations
24

. Lipid degradation was correlated to enhanced release 

of 6-CF, a fluorescent probe. We, and others, have hypothesized that slight modifications 

of existing lipids or synthesis of novel lipids and lipid-prodrugs could be used to further 

tune drug release and improve sPLA2-activity
21

. 

   The specificity and activity of sPLA2 is greatest for phospholipids with anionic head 

groups and shorter FA acyl chains
25-27

. However, optimal formulations need to balance 

drug retention properties with their circulation half-life, tissue distribution, and drug 

release kinetics. The use of high-phase transition, saturated phospholipids with neutral 

head groups have been shown, in combination with cholesterol (CHOL) and hydrophilic 

coatings (e.g., polyethylene glycol), to produce long-circulating, sterically-stabilized 

liposomes (SSL). Unfortunately, the clinical utility of these formulations is limited, in 

part, because some drugs, such as doxorubicin or vincristine, are entrapped stably and the 

rate of drug release is slow, whereas for other drugs, such as topotecan or paclitaxel, the 

rate of release is fast
28

. The synthesis of novel lipids, based on existing lipids, may allow 

for the modulation, or tuning, of drug release.  

   Another challenge associated with evaluating sPLA2-mediated liposome degradation 

and drug release is the ability to quantify the degradation of lipids from in vivo samples. 

The majority of lipids used to prepare drug-carriers cannot be separated from similar 

lipids found endogenously. Therefore, we sought to synthesize and use lipids containing 

odd FA acyl chain lengths, not commonly found in vivo, thus, permitting direct 

assessment of liposome tissue distribution and their degradation. 
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   The aim of this study was to develop a simple and rapid approach to synthesize 

glycerophospholipids with sn-1 ether and sn-2 ester linked FA (Figure 3-2) that could be 

used to tune drug-release and be identified in biological samples without interference 

from endogenous lipids. Specifically we synthesized two ether lipids, 1 

1-O-hexadecyl-2-pentadenoyl-sn-glycerol-3-phosphocholine (C31PC) and 2 

1-O-hexadecyl-2-pentadenoyl-sn-glycerol-3-phosphomethanol (C31PM), and examined 

their ability to alter enzymatically triggered release of 6-carboxyfluorescein (6-CF) from 

liposomes incubated in TRIS buffer or fetal bovine serum (FBS) solutions, and evaluated 

their ability to be identified from lipids found endogenously in plasma. 

MATERIALS AND METHODS 

Synthesis, equipment, chemicals and reagents  

   A syringe-septum technique was used for moisture-sensitive reactions. THF was 

prepared freshly by distilling with sodium and benzophenone ketyl. Other solvents like 

DFM, DCM, Et3N, and pyridine were mixed with 3 Å molecular sieves before use. 

Reagents were purchased from Sigma-Aldrich Chemical Co. and used without further 

purification. Silica gel (35-70μm, 200-430 mesh) was used for column chromatography. 

Products were visualized on TLC using either iodine vapor or Hanessian’s stain method. 

Low resolusion MS was obtained on a HPLC-LC/MSD trap XCT Ultra Plus system 

(Agilent), high resolution MS was obtained on a LCT Premier Orthogonal Acceleration 

TOF Mass Spectrometer and 400 MHz 1H NMR spectra were used for chemical 

identifications. A Mettler Toledo DSC 1 Star System was used to determine melting 

temperature of DSPC, DPPC, and products 1 and 2. DSPC, DSPG, DSPE, and 
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DSPE-PEG were purchased from Avanti Polar Lipids Inc. (Alabaster, USA). sPLA2 was 

purchased from Cayman Chemical Company (Ann Arbor, MI) and Genway Biotech Inc 

(San Diego, CA). F-12K cell culture media and FBS were purchased from Hyclone 

(Rockford, Illinois). CHOL was purchased from Sigma-Aldrich (St. Louis, Missouri). 

Acetonitrile and methanol were of HPLC grade from Fisher Scientific (Pittsburgh, PA). 

All other chemicals and solvents were of analytical grade, obtained from commercial 

sources and used without further purification. All experiments used ultrapure water 

(>3M) obtained from a Millipore Milli-Q synthesis system (Billerica, MA) 

Synthesis of 1-O-Hexadecyl-3-Benzyl-sn-Glycerol (4) 

   Pure NaH (0.0765 g, 3.20 mmol) was obtained by washing a NaH dispersion (60% 

mineral oil) with dry petroleum ether (20 mL×3) in a 50mL flask under N2 protection.
28

 

All the petroleum ether was removed from the flask and then cetyl alcohol (0.74 g, 3.05 

mmol) in dry THF (10 mL) solvent was added at 0°C. The reaction mixture was refluxed 

at 80°C for 1 h. Then (R)-O-benzyl glycidol (3) (0.25 g, 1.53 mmol) in DMF (25 mL) 

was added drop-wise over 5 min. The reaction mixture was stirred overnight at 80°C. The 

mixture was cooled to room temperature and the reaction was stopped by adding water 

(2.5 mL). Solvents were removed by vacuum. The residue was dissolved with diethyl 

ether, washed by brine 3 times and dried over Na2SO4. The product was purified using 

two rounds of column chromatography using ether/DCM (1:4), then ether/hexane (1:1). 

Product yield was 58.3%. 1-O-hexadecyl-3-Obenzyl-sn-glycerol (4) has a Rf 0.31 

(ether/hexane 1:4), 
1
H NMR (400 MHz, CDCl3): σ7.35 (m, 5H, Ph), σ4.57(s, 2H, 

CH2Ph), σ4.00 (quintet, 1H, CH), σ3.52 (m, 6H, CH2CHCH2, O-CH2), σ1.73(s, OH),  
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σ1.57 (quintet, 2H, β-CH2), σ1.26 (br, s, 26H, 13×CH2), σ0.887 (t, 3H, CH3) (Figure 3-3)  

and ESI-MS+ of 407.1 m/z (MW=406.3).  

Synthesis of 1-O-Hexadecyl-2-Pentadenoyl-3-O-Benzyl-sn-Glycerol (5) 

   Three g of 4 (7.4 mmol), 2.7 g pentadecanoic acid (11.1 mmol ), 0.17 g DMAP (1.48 

mmol), 150 mL DCM and 3.1 g DCC (14.8 mmol) were added to a flame-dried, 250 mL 

flask under N2 protection. The reaction was cooled to 0°C for 15 min and allowed to 

stand at room temperature for 24 hr.  The reaction was stopped by adding 5 mL acetic 

acid and stirred for 0.5 hr. The sample was stored at -20°C overnight and the resulting 

precipitate was removed by filtering. The solvent was evaporated and the resulting 

residues were dissolved with EtOAC. This resulting solvent was washed with 1 M HCl 

(30 mL×3), sat. NaHCO3 (30 mL×3), brine(30 mL×3) and dried over Na2SO4. The 

intermediate 5 was purified using column chromatography using petroleum ether/DCM 

(1:4) as a mobile phase. Product yield was 69%. 1-O-Hexadecyl-2-Pentadenoyl- 

3-O-Benzyl-Glycerol (5) has a Rf 0.25 (petroleum ether/DCM 1:4), 
1
H NMR (400 MHz, 

CDCl3): σ7.33(m, 5H, Ph), σ5.18 (quintet, 1H, CH) σ4.54-4.56 (AB, 2H, CH2Ph), σ3.63 

(d, 2H, CH2CHCH2), σ3.58 (d, 2H, CH2CHCH2), σ3.42 (m, 2H, OCH2C15H31), σ2.34 (t, 

2H, CH2COO), σ1.62 (quintet, 2H,β-CH2), σ1.53 (quintet, 2H, β-CH2), σ1.26 (br, s, 48H, 

24×CH2), σ0.887 (t, 6H, CH3×2) (Figure 3-4) and ESI-MS+ of 631.3 m/z (MW=630.5). 

Synthesis of 1-O-Hexadecyl-2-Pentadenoyl-sn-Glycerol (6) 

   Intermediate 5 (0.2 g, 0.32 mmol) was added to a flame-dried 250 mL flask under N2 

protection with 200 mL DCM. The flask was bathed into a mixture of dry ice and acetone 

that produced temperature as -78°C. BBr3 (0.64 mL 1M BBr3 in DCM, 0.64 mmol) was 

injected into the flask and allowed to stand for 5 min. The reaction was quenched with 20 
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mL sat. NaHCO3 and 20 mL diethyl ethyl. The solvent was then washed with saturated 

NaHCO3 (30 mL×3), water (30 mL×3), brine (30 mL×3) and dried over Na2SO4. 

Intermediate 6 was concentrated under vacuum yielding a crude white solid. It was 

unstable resulting from its continuous acyl group migration, in order to avoid more loss 

of 6 during the workout procedure, this crude product was subjected to next reaction 

without further purification. To identify intermediate 6, the crude product was purified on 

a short column (DCM/diethyl ether=10:1). 1-O-Hexadecyl-2-Pentadenoyl-sn-Glycerol 

(6) which has a Rf 0.71 (DCM/diethyl ether 10:1), 
1
H NMR (400 MHz, CDCl3): σ5.00 

(quintet, 1H, CH), σ3.81 (d, 2H, CH2CHCH2), σ3.63 (m, 2H, CH2CHCH2), σ3.45 (m, 2H, 

OCH2C15H31), σ2.36 (t, 2H, CH2COO), σ1.63 (quintet, 2H,β-CH2), σ1.56 (quintet, 2H, 

β-CH2), σ1.26 (br, s, 48H, 24×CH2), σ0.886 (t, 6H, CH3×2) (Figure 3-5) and ESI-MS+ 

of 541.3 m/z (MW=540.9). 

Synthesis of C31PC (1) 

   To a flame-dried, 50 ml flask under N2 protection, first 18 μL POCl3 (0.19 mmol) and 

1.5mL DCM were added. Then 3 ml DCM with 27 μL Et3N (0.19 mmol) and 6 (0.16 mg, 

0.14 mmol) was injected into the flask drop-wise over 20 min. This mixture was stirred 

for 1 hr at room temperature. After this, 0.2 mL pyridine (1.2 mmol) and 128 mg choline 

tosylate (0.223 mmol) was added. The reaction was allowed to stand for 24 hr at room 

temperature. Water (0.2 ml) was added to quench the reaction. The reaction mixture was 

concentrated and then passed through a TMD-8 resin column using THF/H2O (9:1) as a 

mobile phase. The resulting crude product was purified on a silica gel column using three 

mobile phases in a row (100 mL DCM: MeOH=85:15, 200 mL MeOH and then 100 mL 

DCM:MeOH:H2O=65:25:4). Product yield (from 5 to 1, two steps) was 42%. C31PC has 
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a Rf 0.35 (DCM:MeOH:H2O=65:25:4), 
1
H NMR (400 MHz, CDCl3): σ5.13 (quintet, 1H, 

CH), σ4.36 (s, 2H, POCH2CH2N
+
), σ3.98 (m, 2H, CH2CHCH2), σ3.88 (s, 2H, 

POCH2CH2N
+
), σ3.55 (m, 4H, CH2CHCH2, OCH2C15H31), σ3.44 (s, 9H, N

+
(CH3)3), 

σ2.32 (t, 2H, CH2COO), σ1.60(quintet, 2H,β-CH2), σ1.53 (quintet, 2H, β-CH2), σ1.26 

(br, s, 48H, 24×CH2), σ0.887 (t, 6H, CH3×2) (Figure 3-6) and HRMS via TOF ES MS+ 

706.5803 m/z (MW=706.0) 

Synthesis of C31PM (2) 

   To a solution of MOPOCL2 (3.4 mmol) and TMP (1.82 mmol) in dried toluene (2 

mL) under N2 protected at -20°C, 0.4 g of intermediate 6 (0.74 mmol) in toluene (10 mL) 

was added drop wise. This mixture was stirred for 24 hr at room temperature. After this, 

2 mL sat. NaHCO3 was added and stirred for 2 hr. This reaction mixture was 

concentrated by azeotropic distillation (with ethanol and toluene). The resulting crude 

product was purified on a silica gel column (DCM:MeOH=4:1).  Product yield (from 5 

to 2, two steps) was 40%. C31PM has a Rf 0.4 (DCM:MeOH=4:1), 
1
H NMR (400 MHz, 

CDCl3): σ5.18 (quintet, 1H, CH), σ4.00 (d, 2H, CH2CHCH2), σ3.61-3.57 (m, 5H, 

CH2CHCH2, POCH3), σ3.40 (m, 2H, OCH2C15H31), σ2.32 (t, 2H, CH2COO), σ1.60 

(quintet, 2H,β-CH2), σ1.52 (quintet, 2H, β-CH2), σ1.26 (br, s, 48H, 24×CH2), σ0.887 (t, 

6H, CH3×2) (Figure 3-7) and TOF MS+, 657.5034 m/z, M+Na
+
 adduct (MW=633.5). 

Preparation of 6-CF-loaded liposomes 

   Aliquots containing 100 mM 6-CF solution were prepared by dissolving 37.7 mg of 

6-CF in 1 mL 5 mM Tris-HCl buffer (pH 7.4, adjusted with NaOH 1 M). Liposomes were 

prepared by hydration of thin-films followed by a freeze-thaw and a high-pressure 

extrusion process. Briefly, phospholipids, cholesterol and DSPE-PEG in chloroform were 
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mixed together, dried under vacuum at 55-65°C (water bath) for 25 min using a rotary 

evaporator (Büchi) and the thin-film was hydrated using a solution of 6-CF (100 mM, pH 

7.4) for 15-20 min to achieve a final lipid concentration of 10 mM. The formulation then 

underwent seven liquid nitrogen freeze–thaw cycles above the phase transition 

temperature of the primary lipid prior to extrusion (n=5) through double-stacked 

polycarbonate membranes (80 nm, Osmonics Inc.) using a Lipex extruder (Northern 

Lipids Inc.) at 65°C. Free 6-CF was removed by size exclusion chromatography 

(Sephadex G-75, Pharmacia). The mobile phase for these separations consisted of 5 mM 

TRIS-HCl buffer (pH 7.4, adjusted with NaOH 1 M). Phosphate assays were performed 

prior to conduction of enzymatic reactions to determine the concentration of total 

phospholipids. All liposome formulations had a mean particle diameter of 80-110 nm, as 

determined using a Nicomp™ model 370 dynamic light scattering particle size analyzer 

(Santa Barbara, CA). Samples were stored under a nitrogen atmosphere at 4ºC and 

protected from light and used within 24 hr of preparation. 

Determination of sPLA2–mediated 6-CF leakage and analysis 

   The effect of incorporation of C31PC or C31PM on the sPLA2–mediated release of 

6-CF from prototypical SSL samples was determined as previously described by us
24

; 

SSL formulations contained 1,2-distearoyl-sn-glycero-3-phosphatidylcholine (DSPC), 

CHOL and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[poly(ethylene 

glycol)2000] (DSPC:CHOL:PEG) in a 9:5:1 mole ratio. Briefly, release of 6-CF from 

liposome samples (0.05 µmol/mL) was determined in the presence and absence of Group 

III sPLA2 (2.5 µg/mL), CaCl2 (1 mM) and Tris-HCl buffer (5 mM, pH 7.4). Fluorescent 

intensity of 6-CF was measured using a Synergy HT spectrofluorometer (Bio-Tek 
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Instruments Inc.) at excitation and emission wavelengths of 480 and 510 nm, respectively. 

Fluorescence was detected from 0 to 48 hr. After measurement at each time point, 10% 

(v/v) of Triton X-100 was added to the samples to calculate total 6-CF.  Percentage of 

6-CF leakage was calculated using the equation:  

Percentage = [(Ft-F0)/(FTriton-F0)] × 100%; 

where, Ft represents the fluorescent intensity (FI) at a specific time point, F0 represents FI 

at time zero, and FTriton represents total fluorescent intensity after addition of Triton 

X-100.  

Effect of serum on sPLA2–mediated 6-CF leakage 

   The effect of serum on release of 6-CF from liposome samples (0.05 µmol/mL) was 

determined in the presence and absence of Group III sPLA2 (2.5 µg/mL), CaCl2 (1 mM) 

using F-12K with 10% FBS (v/v) as media. Fluorescent intensity of 6-CF was measured 

using a Synergy HT spectrofluorometer (Bio-Tek Instruments Inc.) at excitation and 

emission wavelengths of 480 and 510 nm, respectively. Fluorescence was detected from 0 

to 218 hr. The rest of the steps were the same as mentioned above. 

Tracking C31PC in rat plasma samples using LC-MS/MS method 

   Lipids from blank rat plasma or rat plasma spiked with DSPC (10 nmol/mL) or 

C31PC (10 nmol/mL) or SSL formulation [DSPC:C31PC (9:1 mol%, total 10 nmol/mL)] 

were extracted using a Bligh-Dyer assay
29

, and lipids were identified via their unique 

ion-pairs by LC/MS/MS using mixed reaction monitoring (MRM) mode as previously 

described by us
24

. Briefly, 100 µL of methanol was added to samples (200 µL) followed 

by the addition of 300 µL chloroform, vortexing and centrifugation at 2,500 × g for 5 min. 

The organic layer was removed and transferred to a clean test tube. The above extraction 
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was repeated twice and the final organic phase was evaporated under nitrogen, and 

reconstituted in 1 mL chloroform and methanol (3:1 v/v). A 500 µL aliquot of the 

resultant organic solution was for ESI-MS measurement. Analysis was performed on an 

Agilent high performance liquid chromatography – mass spectrometer (LC/MSD-Trap 

XCT Ultra Plus) system (Santa Clara, CA). The mobile phase was acetonitrile, methanol, 

and 0.1% ammonium formate (2:3:1 v/v/v). The flow rate was 0.15 mL/min and the 

injection volume was 5 µL. Nitrogen was used as a nebulizing gas at 25 psi and a drying 

gas at 8 psi. The drying temperature was 350°C.  The capillary, capillary exit and 

skimmer potentials were 3,500, 150.3 and 40.0 V, respectively. The m/z range for 

scanning was 200 to 2,200. DSPC was detected using MRM based on a fragmentation of 

m/z 791 to 608 while C31PC was identified based on a fragmentation of C31PC from m/z 

707 to 523. 

Statistics 

   The mass spectrometry data are presented as the mean ± the standard deviation 

(STD), the 6-CF release are shown as the man ± the standard error (SEM) of at least 3 

separate experiments (n=5/study). Differences were determined following an analysis of 

variance for each data set using SAS software (SAS Institute, Cary, NC) followed by a 

Dunnett’s t-test or a Student’s t-test when comparisons involved a control and single 

variable.  Differences were considered significant if the p-value < 0.05. 

RESULTS AND DISCUSSION 

   Using R-(O)-benzyl glycidol as a starting material, intermediate 6 (Figure 3-8) was 

synthesized by a three-step reaction, i.e. regioselective opening of epoxide ring with ether, 
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ii. Steglich esterification to its sn-2 position with fatty acid and iii. deprotection reaction 

of benzyl group using Lewis acid boron tribromide
25

.  

   Intermediate 6 was used as the starting material for the synthesis of both 1-O lipids 1 

and 2 (Table 3-1) by conjugating either phosphocholine or phosphomethanol (Figure 

3-9). H2/Pd-C has been used successfully to deprotect the benzyl group, resulting in high 

product yield. However, this method is limited in that it can only be applied for saturated 

lipid synthesis. Therefore, we used alternative methods to remove the benzyl group. First 

chlorosulfonyl isocyanate (CSI) was tried
30

, but the result was not desirable. The failure 

of this reaction may have resulted from the low selectivity of CSI for ether bonds or the 

instability of intermediate 6 in the resulting harsh chemical environment, i.e., use of 

sodium hydroxide and the long reaction time (up to 21 hr). The instability of intermediate 

6 is most likely the result of acyl migration that is accelerated at elevated temperatures 

and the non-neutral pH environment of this reaction. With this in mind, we adapted an 

existing method using boron tribromide (BBr3)
30

. The reaction was performed at -78

C 

and was completed in 5 min. BBr3 displayed high selectivity over the benzyl ether group, 

resulting in an almost complete (~100%) formation of 6 from 5. Furthermore, the short 

reaction time has also been shown to reduce acyl migration
31

. The primary drawback of 

this reaction is the use of large quantities of DCM solvent, i.e., 0.1 g of 5 needs 100 mL 

of DCM to dissolve at -78

C.  

   Synthesis of C31PC (1) and C31PM (2) were completed using the conditions 

developed by Hirth, G
32

. Initial purification of C31PM by chromatography using a 

TMD-8 resin column and a silica gel column according to the literature did not produce a 

pure product. However, purity was achieved using a gradient method in flash 



94 

 

chromatography. It should be mentioned in the preparation of C31PM, NaHCO3 was used 

in place of water because of the resulting formation of the sodium salt form of C31PM 

facilitated purification, compared to its free acid form. 

   The effect of incorporation of C31PC or C31PM on the release of 6-CF from 

prototypical SSL samples was determined in the presence and absence of sPLA2. 

Incorporation of 10 or 30 lipid mol% of C31PM resulted in enhanced sPLA2-mediated 

release of 6-CF compared to SSL formulations (Figure 3-10A). Preparations using 90% 

or 30 lipid mol% C31PC had greater and equal release to those incorporating 10 lipid 

mol% DSPG (Figure 3-10B). DSPG is an anionic lipid that is degraded rapidly by sPLA2, 

but results in liposome formulations that display poor drug retention
24

. Together, these 

data suggest that shortening of FA acyl chains from C18:0/18:0 to C15:0/16:0, using an 

ester/ether linked acyl-chains and controlling the percentage of C31PM or C31PC can be 

used to tune the release from SSL-like formulations. This represents an advancement over 

the use of other anionic lipids, such as DSPG, that are very sensitive to sPLA2, but have 

bulky head groups that decrease their stability and an anionic charge that can reduce the 

circulation half-life of liposomes. 

   Serum can alter release from SSL and SPLR formulations
24

. The effect of 10% (v/v) 

fetal bovine serum (FBS) on sPLA2-mediated 6-CF release was determined (Figure 3-11). 

The addition of 10 or 30 mol% of C31PM to SSL formulations reduced the overall rate of 

6-CF release compared to SSL formulations in the presence and absence of 10 mol% 

DSPE (Figure 3-11A). This is not unexpected given the higher phase transition (Tm 52.2 

C, Table 3-1) of hydrated C31PM compared to DSPC (49.6C). Inclusion of DSPE (10 

mol%) was similar to the C31PM (10 mol%). DSPE had the greatest phase transition 
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temperature (74 C, Table 3-1), that would be expected to improve membrane stability, 

but also has a bulkier head group relative the phosphomethanol head group on C31PM. 

Further, C31PM is anionic, its relatively small head group may be protected from 

sPLA2-mediated degradation, relative to other bulkier anionic lipids such as DSPE and 

DSPG. SSL formulations containing 10 mol% DSPG or 10 mol% C31PC had similar 

release profiles (Figure 3-11B). Whereas, incorporation of C31PC at 30 and 90 mol% 

resulted in a stepwise decrease in 6-CF release, relative to 10 mol% DSPG (Figure 

3-11B). Although the mechanisms underlying these effects are not fully known, DSPG is 

an anionic lipid with a phase transition of 54.8C (Table 3-1), whereas C31PC is 

zwitterionic in nature. Most importantly is that the shorter acyl-chain FA used in 1 and 2 

showed concentration dependent alterations in 6-CF release, suggesting that the rate and 

extent of release may be modulated. 

   These studies suggest that this approach can be used to synthesize lipids and 

modulate the release of intra-luminal constituents from liposomes. Although each 

formulation will have to be tailored to the physicochemical properties of a target drug(s), 

this approach provides a platform for making lipid modifications based on drug-carrier 

release kinetics. 

   Another challenge optimizing lipid based drug-carriers is our ability to track their 

disposition in vivo due to the presence of endogenous lipids. To overcome this challenge 

we synthesized odd chain lipids, not normally found in nature. Although a variety of 

fluorescent and radio-labeled probes exist, their effect on membrane fluidity and 

particulate disposition is not well known and these probes are generally not approved for 

human use. This is one reason why a goal of this work was to prepare lipids that were 
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multifunctional, i.e., ability to tune release and be identified in biological samples. 

   As expected, analysis of blank plasma demonstrated background levels of ion-pairs 

corresponding to DSPC (791→608 m/z) and C31PC (707→523 m/z). Spiking of plasma 

with DSPC (Figure 3-12B), C31PC (Figure 3-12C) and SSL formulations containing 

DSPC and C31PC in a 9:1 mole ratio (Figure 3-12D) resulted in an increased intensity 

for peaks corresponding to both ion-pairs. These data suggest that odd-chain lipids, e.g., 

C31PC, can be identified in rat plasma without interference of endogenous lipids. Further, 

the presence of a C15:0 FA on C31PC may facilitate the tracking of its degradation and 

metabolism in vivo. Currently, determining liposome degradation in vivo is difficult 

without the use of tracers or radiolabels due to the high endogenous levels of 

even-chained lipids and their fatty acid metabolites found in biological tissues.   

   In conclusion, a simple approach is presented that permits synthesis of a variety of 

ether phospholipids from a few intermediates while decreasing acyl migration. We 

demonstrated the synthesis of two odd-chain ether lipids with a PC or PM head-group 

could be used to alter drug release. We also demonstrated that the odd chain lipid was 

able to be identified after extraction from complex biological samples, e.g., plasma. 

These data suggest that this approach may be used to make slight modifications to 

existing or creation of novel lipids to tune release of therapeutic agents from lipid based 

particulate carriers and track their lipids in vivo. Further, we believe this intra-luminal 

approach can be extended to use incorporation of other head groups with functional 

groups suitable for attaching targeting species (e.g., antibodies or peptides) or imaging 

probes.  
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Table 3-1.  Structures of existing and novel sPLA2-targeted ether lipids. 

Compound R
1

 (linkage) R
2

 (linkage) R
3
 TmC

*
 

DSPC 18:0 (ester) 18:0 (ester) Choline 49.6 

DPPC 16:0 (ester) 16:0 (ester) Choline 38.9 

DSPE 18:0 (ester) 18:0 (ester) Ethanolamine 74.3 

DSPG 18:0 (ester) 18:0 (ester) Glycerol 54.8 

1 16:0 (ether) 15:0 (ester) Choline 34.4 

2 16:0 (ether) 15:0 (ester) Methanol 52.2 

(1) 1-O-C31PC;  

(2) 1-O-C31PM;  

*Tm was determined using individual lipids hydrated in dd-water at 40 mM. 
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Figure 3-1.  Phospholipid degradation by sPLA2 gives lysophospholipid and free 

fatty acid 
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Figure 3-2.  Structure of ether lipids 
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Figure 3-3.  
1
H NMR spectrum of intermediate 4 
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Figure 3-4.  
1
H NMR spectrum of intermediate 5 
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Figure 3-5.  
1
H NMR spectrum of intermediate 6 
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Figure 3-6.  
1
H NMR spectrum of C31PC 
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Figure 3-7.  
1
H NMR spectrum of C31PM 
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Figure 3-8.  Synthesis of intermediate 6 
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
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
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Figure 3-9. Synthesis of products 1 and 2 
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(a) (i) POCl3, Et3N, DCM, 1 hr, room temperature; (ii) pyridine, choline tosylate, 16 hr, 

room temperature; (iii) H2O,1 hr 

(b) (i) MeOPOCl2, TMP, 24 hr, room temperature; (ii) sat. NaHCO3, 2 hr  
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Figure 3-10.  sPLA2-mediated release of 6-CF from A. prototype SSL and C31PM (10 

and 30 mol%)  modified SSL and B. C31PC (90 or 30 mol%) and DSPG (10 mol%) 

modified SSL formulations. Liposome samples were treated with 0 (control) or 2.5 

µg/mL sPLA2 for 0 to 48 hr at 25ºC in TRIS buffer (pH 7.4) and 6-CF release was 

determined by quantifying fluorescence at an excitation wavelength of 480 nm and an 

emission intensity at 510 nm. Data are represented as the mean ± SEM of a least 3 

separate experiments, (n=5/study).  
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Figure 3-11.  Effect of 10% fetal bovine serum on sPLA2-mediated 6-CF release 

from A. SSL, and DSPE (10 mol%) and C31PM (10 and 30 mol%) modified SSL 

formulations and B. C31PC (10, 30, and 90 mol%) and DSPG (10 mol%) modified SSL. 

The effect of serum on sPLA2-mediated release of 6-CF from formulations was 

determined over 216 hr at 37ºC by quantifying fluorescent at an excitation wavelength of 

480 nm and an emission intensity at 510 nm. Data are represented as the mean ± SEM of 

a least 3 separate experiments. 
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Figure 3-12.  Mass spectra of blank rat plasma A. or plasma spiked DSPC B., C31PC 

C. or SSL formulation containing DSPC and C31PC in a 9:1 mole ratio D. DSPC 

(791→608 m/z) and C31PC  (707→523 m/z) were identified based on their ion-pair as 

determined using MRM.
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ABBREVIATIONS 

6-CF    6-carboxyfluorescein 

BBr3    boron tribromide  

C31PC      1-O-hexadecyl-2-pentadenoyl-sn-glycerol-3-phosphocholine 

C31PM     1-O-hexadecyl-2-pentadenoyl-sn-glycerol-3-phosphomethanol 

CSI    chlorosulfonyl isocyanate  

DCM    dichloride methylene  

DMF    dimethylformamide  

DPPC    1,2-dipalmityl-sn-glycero-3-phosphatidylcholine 

DSPC    1,2-distearoyl-sn-glycero-3-phosphatidylcholine 

DSPG    1,2-distearoyl-sn-glycerol-3-phosphatidylglycerol  

DSPE    1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine 

DSPE-PEG  1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- 

              [poly(ethylene glycol)2000] 

ESI-MS   electrospray ionization-mass spectrometry 

FA       fatty acid 

HPLC    high performance liquid chromatography 

LP       lysophospholipid 

MRM         mixed reaction monitoring 

PC       phosphatidylcholine 

PE       phosphatidylethanolamine  

PM      phosphatidylmethanol 

PG    phosphatidylglycerol 
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sPLA2    secretory phospholipase A2 

SSL    sterically-stabilized liposome  

SPRL    sPLA2 responsive liposome 

THF    tetrahydrofuran 
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CHAPTER 4 

SYSTEMATIC STUDY OF EXTRATION EFFICIENCY OF BLIGH AND DYER 

PROCEDURE ON INDIVIDUAL PHOSPHOLIPID AND ITS METABOLITES BY 

ELECTROSPRAY IONIZATION-MASS SPECTROMETRY AND 

QUANTIFICATION OF A SYNTHETIC LIPID WITH A SN-2 

ODD-CARBON-NUMBER ACYL CHAIN IN BIOLOGICAL SAMPLES 
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ABSTRACT 

   Combining Bligh-Dyer (BD) extraction and electrospray ionization-mass spectrometry 

(ESI-MS) techniques is useful for examination and quantification of lipids. 

Unfortunately, this methods typically does not allow for simultaneously monitoring of 

some negatively charged lipids, e.g., 1,2-distearoyl-sn-glycero-3-phosphatidic (DSPA) 

acid and 1,2-distearoyl-sn-glycero-3-phosphatidylserine (DSPS) and their metabolites 

[lysophospholipid (LP) and fatty acid (FA)]. Further, data showed that the extent in loss 

of precursor ions did not correspond to the formation of metabolite ions and, in some 

cases, no detectable signals of LP. This suggests that precursor lipids and LP are not fully 

recovered from aqueous phases using the BD extraction or accurately measured. 

Optimizing the conditions by altering pH by addition of hydrochloric acid into media, we 

showed that signal intensity of precursor ions and LP ions of these negative lipids 

increased about 6 to 36 fold. We also determined the recovery rates for DSPA, DSPS, 1,2-

distearoyl-sn-glycero-3-phosphatidylglycerol (DSPG) and neutral lipids, 1,2-dipalmitoyl-

sn-glycero-3 phosphatidylcholine (DPPC), 1,2-distearoyl-sn-glycero-3-

phosphatidylcholine (DSPC), 1,2-distearoyl-sn-glycero-3-phosphatidyl ethanolamine 

(DSPE) from aqueous media (in the presence and absence of secretory phospholipase A2, 

calcium ion and TRIS buffer) using the traditional BD method. Not surprisingly, 

traditional BD extraction methods did not result in efficient extraction of DSPA and 

DSPS. These studies suggest that acidification of media improves the efficiency of BD 

methods to extract negative-charged lipids like DSPA and DSPS and their metabolites. 

   To extend these studies to novel lipids we investigated the ability of BD extraction 

methods to extract a synthetic lipid 1-O-hexadecyl-2-pentadenoyl-sn-glycerol-3-
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phosphocholine (C31PC), which we recently developed as a probe to track entry of 

nanoparticles into cancer cells. Our data showed that C31PC, which is distinct from 

natural lipids because of its odd numbered its sn-2 acyl chain, could be identified and 

quantified from human prostate carcinoma (PC-3) cells without interference of 

endogenous lipids. In this study, lipids from PC-3 cells were extracted by BD methods 

and mixed with C31PC. C31PC could be detected by ESI-MS method to concentrations 

as low as 1.25 pmol/mL without interference from endogenous lipids extracted from PC-

3 cells. Our study suggested that C31PC is a suitable lipid probe to investigate liposome-

cancer cell interaction and the modified BD extraction methods are amicable to this 

approach. 
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INTRODUCTION 

   Bligh-Dyer (BD) extraction methods,
1
 are well-established for extraction of total 

lipids, but their efficiency with regard to recovery of individual lipids and their 

metabolites from aqueous samples have rarely been investigated. Traditionally, many 

studies using BD methods were focused on the extraction efficiency of total lipid content, 

not of individual lipids from complex samples.
2-5

 Additionally, at the time of 

development (1950s) of BD methods, the decreased sensitivity and specificity of 

traditional lipid measurement techniques like gravimetric methods, thin-layer 

chromatography and phosphorus analysis, made it difficult to accurately track any 

specific lipid. A review of the literature indicated that only a few studies addressed the 

extraction efficiency of BD methods for phosphatidic acids (PAs) or lysophospholipids in 

the same sample.
6-8

 No studies could be found that have systematically assessed the 

extraction efficiency of BD methods of specific lipid classes and/or their metabolites.  

   Electrospray ionization-mass spectrometry (ESI-MS) has significantly advanced the 

study of lipids in biological samples. Compared to traditional lipid detection techniques, 

ESI-MS has increased sensitivity, specificity, and speed of analysis.
9
 In a previous study 

investigating the specificity of secretory phospholipase A2 (sPLA2) against various lipids 

using BD extraction and ESI-MS,
10

 we found that the extent of degradation of neutral 

lipids, like DPPC, in the presence of sPLA2 could be monitored by the loss of precursor 

ions followed by formation of metabolite ions. However, with some negative lipids, e.g. 

DSPA and DSPS, the loss of precursor ions was not proportional to formation of 

metabolite ions. For example, the percentages of signal intensity of LP and FA ions were 



122 

 

significantly increased indicating degradation; however, the percentage of signal intensity 

of the precursor ions did not decrease significantly.   

   We recently used ESI-MS to assess the use of synthetic lipids as markers of liposome 

degradation in vitro after BD extraction.
10

 One challenge this presented was the 

interference of endogenous lipids.  This is also a problem if synthetic lipids found in 

nanoparticles, such as liposomes, are to be tracked in biological samples. Synthetic lipids 

offer an advantage over current markers, such as fluorescent and radio-labeled lipid as the 

later are indirect markers and not always suitable for human use as they can alter 

membrane morphology and properties of liposomes, e.g. bilateral microstructure and 

fluidity. In addition, these lipids do not always distribute uniformly in lipid membranes. 

As we have previously discussed in Chapter 3, lipids with odd carbon chains do not 

typically exist in nature, thus have the potential to be used as lipid probes that can be 

identified by ESI-MS method.  

   In this study, we used ESI-MS as a tool to investigate efficiency of BD methods on 

neutral and negatively charged lipids and developed a modified BD method to improve 

the recovery of lipids and metabolites with poor extraction efficiency. This technique was 

also applied to biological samples to identify the presence of a synthetic lipid used in 

nanoparticle formulations for the treatment of cancer. The results suggest that BD 

extraction techniques can be used in conjunction with ESI-MS to assess the delivery of 

specific phospholipids to biological tissues. 

 



123 

 

MATERIALS AND METHODS 

Chemical and reagents 

   Phospholipids, DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine), DSPC (1,2-

distearoyl-sn-glycero-3-phosphatidylcholine), DSPG (1,2-distearoyl-sn-glycero-3- 

phosphatidylglycerol), DSPS (1,2-distearoyl-sn-glycero-3-phosphatidylserine), DSPE 

(1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine), DSPA (1,2-distearoyl-sn-

glycero-3-phosphatidic acid), and D70-DSPC (deuterated DSPC) were purchased from 

Avanti Polar Lipids Inc (Alabaster, AL). 1-O-hexadecyl-2-pentadenoyl-sn-glycerol-3-

phosphocholine (C31PC) was synthesized in our lab as previously decribed.
11

 Group III 

sPLA2 was purchased from Cayman Chemical Company (Ann Arbor, MI) and Genway 

Biotech Inc (San Diego, CA). Acetonitrile and methanol were of HPLC grade from 

Fisher Scientific (Pittsburgh, PA). All other chemicals and solvents were of analytical 

grade, obtained from commercial sources and used without further purification. All 

experiments used ultrapure water (> 3M) obtained from a Millipore Milli-Q synthesis 

system (Billerica, MA). 

sPLA2–mediated degradation and BD lipid extraction 

   Phospholipid degradation was carried out by combining each lipid sample (1 µmol 

lipid/mL), sPLA2 (0-10 µg/mL), CaCl2 (1 mM) in phosphate buffered saline (total 

volume: 200 µL) , followed by incubation at 37°C for 1-24 hr. Phospholipids and 

metabolites were isolated using traditional Bligh and Dyer extraction for ESI-MS 

analysis.
1
 Briefly, following incubation, 100 µL of methanol was added to samples 

followed by the addition of 300 µL chloroform, vortexing and centrifugation at 2,500 × g 

for 5 min. The organic layer was removed and transferred to a clean test tube. The above 
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extraction was repeated twice by adding 300 µL chloroform and the final organic phase 

was evaporated under nitrogen, and reconstituted in 1 mL chloroform and methanol (3:1 

v/v). A 100 µL aliquot of the resultant organic solution was diluted in 900 µL chloroform 

and methanol (3:1 v/v) for ESI-MS analysis. 

Modified BD lipid extraction for DSPA and DSPS 

   A modified BD method was developed specially for DSPA and DSPS. The        

procedure was the same as mentioned above except for adding 5 µL hydrochloric acid 

(HCl) solution to aqueous media (0.06N HCl to DSPA, 0.3N HCl to DSPS) after 

incubation.   

Measurement of lipids and their metabolites by ESI-MS  

   The extent of phospholipid degradation in samples treated with sPLA2 was assessed 

by the loss of intensity of precursor ions and the appearance and increased intensity of the 

primary metabolites, that is, LPs and FAs. Analysis was performed on an Agilent high 

performance liquid chromatography – mass spectrometer (LC/MSD-Trap XCT Ultra Plus) 

system (Santa Clara, CA). The mobile phase consisted of acetonitrile, methanol and 0.1% 

ammonium formate (2:3:1 v/v/v). The flow rate was 0.15 mL/min and the injection 

volume was 5 µL. Nitrogen was used as a nebulizing gas at 25 psi and a drying gas at 8 

psi. The drying temperature was 350°C.  The capillary, capillary exit and skimmer 

potentials were 3,500, 150.3 and 40.0 V, respectively. The m/z range for scanning was 

200 to 2,200. The positive-ion (+MS) mode was used to measure the intensity of the 

precursor- and lysophospholipid-ions (LP), whereas the negative-ion (-MS) mode was 

used to measure the intensity of anionic lipids and fatty acid-ions (FA). Percentages of 

signal loss in phospholipids and signal gain in their FA and LP metabolites were 
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compared between individual lipids using the traditional BD extraction methods.  For a 

specific lipid, such as DSPA or DSPS, actual signal intensity of precursor lipid and 

metabolites was compared between traditional and modified BD extraction methods.  

Extraction efficiency of lipids by traditional BD method 

   Calibration curves for individual lipids (0.78-100 nmol) were prepared by diluting 

lipids in organic solvents (chloroform and methanol; 3:1 v/v) and spiked with internal 

standard (IS) D70-DSPC (m/z 872.1). Standard curves were constructed by calculating the 

ratio of the analyte peak area to that of the internal standard, and plotting the ratio 

(ordinate) versus the theoretical concentration (abscissa); data was fit using weighted 

least squares; the inverse of the variance (1/y
2
) of the observed data was used as the 

weighting factor. The standard curve was considered acceptable if greater than 90% of 

the standards, had calculated accuracies within 15% of their theoretical value, no 

systematic deviations over the linear range were observed, and precision had a coefficient 

of variation (CV) of < 20%. The limit of quantification was determined experimentally as 

minimum concentration whose response was greater than five times baseline value, with 

a CV < 20% and accuracy ± 20%.  

   Control samples were prepared by spiking 10 µL lipid (10 µmol/mL) and 20 µL IS 

into a 400 µL solution of chloroform and methanol (3:1 v/v). The resulting solvent was 

transferred to a clean new vial. The old vial was washed with 300 µL chloroform twice, 

and all the organic solvent also was transferred to the new vial. Buffer samples were 

prepared by spiking 10 µL lipid (10 µmol/mL) into a 400 µl of chloroform and methanol 

(3:1 v/v), then 200 µL TRIS buffer (0.05 M, including 2.5 µg/mL sPLA2, 1 mM Ca
2+

) 

and 20 µL IS was mixed with them and vortexed vigorously.  The mixture was 
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centrifuged at 2,500 × g for 5 min and the organic layer was removed and transferred to a 

clean new vial.  The above extraction was repeated twice by adding 300 µL chloroform 

and the resulting organic layers were transferred to the new test vial. 

   Organic solvent in vials was evaporated completely using a steady stream of nitrogen 

gas. Residues were reconstituted with 1 mL chloroform and methanol (3:1 v/v) and a 500 

µL aliquot was used for ESI-MS detection. The concentrations (CONC) of control and 

buffer samples were calculated using calibration curves.  Extraction efficiency was 

calculated using equation (EQ) 1:    

       EQ1.    Extraction efficiency = (CONCbuffer /CONCcontrol)× 100%. 

Tracking C31PC in lipid extractions from PC-3 cells 

   PC-3 cells were maintained in a T-75 flask until they reached confluence. Then media 

was removed from the flask. Cells were collected using a rubber policeman and 

suspended in methanol:water (2:1, 2 mL), which was  transferred to a glass tube using a 

pipette. 

   Lipid content in cancer cells was extracted by using a traditional BD extraction 

method. A modified BD method with an acidification step was not used because C31PC 

is a neutral phosphatidylcholine (PC). Traditional BD methods have high extraction 

efficiencies for PC based on our previous studies. Briefly, chloroform (3 mL) was spiked 

into the glass tube and the resulting mixture vortexed for 2-3 min and centrifuged at 

2,500 × g for 5 min. The organic layer was transferred to a new tube using a glass pipette 

and the above procedure was repeated twice. The organic layer (about 9 mL) was 

collected and evaporated using a steady stream of nitrogen gas to obtain lipid residues, 

which were then diluted with methanol:chloroform (1:3 v/v). An aliquot (10 µL) was 
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then subjected to a modified Bartlett phosphate assay procedure to estimate lipid 

concentration.
12

  

   For studies with C31PC, this lipid was diluted to create a series of concentrations of 

80, 40, 20, 10, 5, 2.5 and 1.25 pmol/mL in lipids isolated from PC-3 cell lipids (20 

pmol/mL) as a matrix. Briefly, 10µL of samples were subjected to ESI-MS. Parameters 

of ESI-MS system were as described above. C31PC was identified using MRM based on 

a fragmentation of C31PC from m/z 707 to 523. The standard curve C31PC of was 

created and assessed as described above. 

Statistics 

   The mass spectrometry data are presented as the mean ± the standard error of the 

mean (SEM) of at least 3 separate experiments (n=5/study). Differences were determined 

following an analysis of variance for each data set using SAS software (SAS Institute, 

Cary, NC) followed by a Dunnett’s t-test or a Student’s t-test when comparisons involved 

a control and single variable.  Differences were considered significant if the p-value < 

0.05. 

RESULTS  

BD and ESI-MS methods for measurement of DPPC degradation 

   To demonstrate that a combination of BD and ESI-MS can be used to track the extent 

of phospholipid degradation of individual lipids, we exposed DPPC to a series of 

concentration of Group III sPLA2 (0-10 μg/mL). sPLA2 are esterases that readily degrade 

phospholipids at sn-2 position, producing lysophospholipids and fatty acids. In some 

disease states, levels of sPLA2 are elevated from several nanogram per mL in control 
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tissue to several microgram per mL at pathological sites.
13,14

 DPPC is a neutral 

phospholipid with two C-16 acyl chains and a choline group, was exposed to solvent 

control and increasing concentrations of sPLA2 for 1 hr at 37°C. Lipids and possible 

metabolites were extracted using traditional BD methods and analyzed by ESI-MS (Table 

4-1). The primary peak identified in control samples corresponded to un-degraded DPPC 

(734.5 m/z). A concentration-dependent decrease in the intensity of DPPC, precursor 

peak at m/z 734.5, resulted in a greater than 50% decrease after exposure to 10 μg/mL 

sPLA2 for 1 hr (Table 4-1) and a concentration-dependent increase in the intensity of 

peaks corresponding to DPPC’s 16:0-lyosphosphatidylcholine (LP) at 496.3 m/z and the 

16:0 fatty acid (FA) at 255.5 m/z (Table 4-1). These data demonstrated that sPLA2 

degrades DPPC in a concentration-dependent manner and that combination of BD and 

ESI-MS can be used to track sPLA2-mediated degradation. 

   Another important finding is that metabolites are more sensitive indicators of lipid 

degradation than the precursor-ions. Changes in the signal intensities for LP and FA were 

much greater than the precursor lipid itself. This suggested that small changes in lipid 

signals could be observed by large changes in LP and FA. This hypothesis is supported 

the fact that exposure of DPPC to 0.2 μg/mL sPLA2 resulted in signal intensities for 

DPPC that remained statistically unchanged. In contrast, signal intensities for LP and FA 

signals significantly increased (Table 4-1). These data highlight the importance of 

assessing both precursor phospholipids and its metabolites when assessing degradation as 

opposed to simply monitoring the precursor lipid itself and the difficulty in measuring 

changes in lipids due to differences in their extractability and ionization efficiency.  
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Abnormal data on DSPA and DSPS using traditional BD method    

   A combination of traditional BD extraction methods and ESI-MS was used to study 

selectivity of Group III sPLA2 for specific phospholipids. Table 4-2 shows the change in 

signal intensity of different species of phospholipids exposed to 2.5 μg/mL sPLA2 for 24 

hr compared to solvent control. For DPPC, DSPC, DSPE and DSPG, the presence of 

sPLA2 decreased the signal intensity for precursor phospholipids and significantly 

increased the signal intensity for each of their metabolites (p<0.05). Based on these data 

we concluded that phospholipids with a shorter chain length were most susceptible to 

sPLA2-mediated degradation, e.g., DPPC (C:16) vs. DSPC (C:18) and PE and PG head 

groups were the more susceptible to sPLA2-mediated degradation.
10

 

   Two specific lipids whose formation of metabolites did not correlate to loss of 

precursor metabolites using traditional BD extraction methods were DSPA and DSPS 

(Table 4-2). For example, for DSPA, the intensity of the precursor lipid ions decreased 

about 75%. In contrast, there was not a corresponding increase in signal intensity of LP 

and FA ions, and the signal intensity for the LP. Similarly, the signal intensity for DSPS 

precursor lipid didn’t significantly change while signals for the LPC and FA ions 

increased significantly (p<0.05). The increase in signal intensities for LPC and fatty acids 

in the presence of DSPC and sPLA2 suggest that DSPS is being degraded significantly. 

Thus, we hypothesized that this discrepancy was related to extraction efficiency. 

Traditional BD methods vs modified BD methods on DSPA and DSPS 

   Since phosphatidic acid (PA) and phosphatidylserine (PS) are anionic in aqueous 

media, addition of an inorganic acid would shift their equilibrium from ionized molecules 

to more unionized molecules, thus making them easier to be extracted to organic phase. 
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Based on this rationale, we determined the effect of acidifying the media, using 

hydrochloric acid, on the extraction efficiency of the traditional BD procedure. Table 4-3 

shows signal intensities of DSPA, DSPS and their metabolites after exposure to 0-2.5 

μg/mL sPLA2 for 24 hr using the acid BD extraction method versus the traditional BD 

method. 

   Acidification of media significantly (p<0.05) increased the signal intensity of 

precursor lipid ions and their metabolites (Table 4-3). For DSPA, use of acidified BD 

extraction methods increased lipid signal intensity of sPLA2–treated samples about 

36-fold in control sample, compared to samples extracted using standard BD extraction 

methods. Use of the acidified BD extraction methods also resulted in about 10-fold 

increases in signal intensities in samples dosed with sPLA2, compared to traditional BD 

extraction methods. For DSPS, compared to traditional BD extraction methods, lipid 

signal intensities of sPLA2–treated samples increased about 6-fold in control samples and 

about 7-fold using the acidified BD extraction methods. Increases of 3- to 4-fold for LP 

and FA signal intensities were seen in DSPS samples exposed to sPLA2. These data 

suggest that using an acidified BD extraction method increased the recovery or signal 

intensity of DSPA, DSPS and their metabolites from aqueous media. 

Extraction efficiency of various lipids by traditional BD method 

   To determine the actual extraction efficiency for all lipids tested using standard BD 

extraction methods we used deuterated DSPC, D70-DSPC, as an internal standard and 

determined the extraction efficiency of DSPC, DPPC, DSPE, DSPG, DSPA and DSPS 

(Table 4-4). The extraction efficiencies of all lipids, beside DSPA and DSPS, were above 

94%.  In contrast, the extraction efficiencies of DSPA and DSPA were less than 30%, 
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supporting the hypothesis that low signal intensities of these lipids results, in part, from 

their low extraction efficiencies. 

Identification C31PC in PC-3 cell lipids  

   C31PC (m/z 707→523) could be detected in lipid samples extracted from PC-3 cells 

with little inference (Figure 4-1). Compared to solvent sample, signal intensity at m/z 

523 for blank PC-3 cell lipids only had very slight increase. This suggests that 

interference from PC-3 cell lipids was negligible. The limit of detection was 1.25 

pmol/mL (5 × background). There was a concentration-dependent increase in the 

intensity of the 523.5 m/z fragment. The linear range was 2.5 to 40 pmol/mL with an 

accuracy of 89.4 to 104% and CV <15%. (Figure 4-2) 

DISSCUSION  

   This study represents a systematic investigation assessing the ability of traditional BD 

extraction methods to recover individual lipids for analysis by ESI-MS. Surprisingly, 

little information on this subject could be found in the literature despite the fact that this 

BD extraction methods have been in use for over 50 years. Lipid content in biological 

samples includes phospholipids, lysophospholipids, fatty acids and cholesterols. 

Theoretically, BD extraction methods should be able to extract all these species with high 

extraction efficiencies. Yet, others have reported decreased effectiveness against certain 

lipids species. For example, Iverson et al., reported that  BD extraction methods were 

ineffective for extracting samples with high lipid content (>2%).
2
  Bjerve et.al, also 

reported that BD extraction methods resulted in less than optimal recoveries of select LPs 

from aqueous media.
7
  Despite these studies, no data could be found investigating the 
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efficiency of traditional BD extraction methods on common lipid classes and their 

metabolites. Even fewer studies could be found combining BD extraction methods in 

combination with ESI-MS to track phospholipid degradation. One commonality of data 

presented in this study is that assessment of loss of precursor phospholipids alone cannot 

be used to assess degradation. For example, if we assessed degradation of DSPA only by 

examining the precursor phospholipid, we would have erroneously concluded that DSPA 

was highly susceptible to sPLA2-mediated degradation. This fact is important as many 

studies in the expanding field of lipidomics typically examine only the precursor 

phospholipids, resulting in the possibility of an incomplete interpretation and inaccurate 

conclusions. 

   Our data clearly show that traditional BD extraction methods yield excellent 

extraction efficiencies for neutral lipids PC, PE and the anionic lipid PG. In contrast, we 

show that this approach exhibits poor recovery for PA and PS and their LPs. Some of 

these data are consistent with Bjerve’s data (1974) where they used a radiolabeled lipid 

method to determine extraction efficiencies of the traditional BD methods on different 

classes of LPs and found low efficiency of the traditional BD procedure on acidic LPs; 

however, our data demonstrate that low extraction efficiencies for these lipids can be 

overcome by the acidification of media. This suggests that acidification of media may be 

needed to recover total lipid content, including anionic lipids, from biological samples. In 

addition, this study showed that ESI-MS, in combination with modified extraction 

methods, can be used to study phospholipid classes with traditionally lower ionization 

efficiency, such as DSPS and PA. Further research is needed to determine the effects of 

these approaches in more complicated mixtures of lipids as found in biological samples. 
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   We also used traditional BD extraction methods to assess the level of a synthetic lipid 

we used in nanoparticle formulations used for treatment for cancer. Our studies with 

C31PC once again prove that this odd-chain lipid C31PC, could be identified in PC-3 

cells without interference of endogenous lipids.  However, unlike our previous studies 

we quantified the level of C31PC in the presence and absence of biological matrices. 

More importantly we demonstrated that C31PC could be tracked in lipid matrices isolated 

from PC-3 cells. This is important because PC-3 cells are prostate cancer in origin and 

represent the target of nanoparticles containing C31PC. These studies further substantiate 

the potential therapeutic use of C31PC being as a lipid probe for assessing in vivo 

liposome deposition and lipid exchanges during endocytosis.  
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Table 4-1. Concentration-dependence of Group III sPLA2-mediated degradation 

of DPPC by ESI-MS using traditional BD methods (Percent of Control) 

 

 

Species 

(m/z) 

sPLA2 Concentration (g/mL) 

0 0.2 1.0 10 

DPPC 

(734.5) 
100 ± 3 98.6 ± 3.6 86.6 ± 2.8

* 
45.7 ± 7.4

*
 

Lysophospholipid 

(496.3) 
100 ± 17 496 ± 34

*
 1,560 ± 70

*
 16,500 ± 1,700

*
 

Fatty acid 

(255.5) 
100 ± 11 131 ± 14

*
 202 ± 21

*
 799 ± 68

*
 

 

Data represented as the mean intensity ± SEM (n=3);  

*Indicates a significant (p<0.05) difference compared to control as observed using a 

one-way analysis of variance followed by a Dunnett’s t-test. 
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Table 4-2. Traditional BD vs modified BD methods: Percent changes of signal 

intensity of precursor lipids and their metabolites after exposure to Group III sPLA2 

in 24hr  

 

 

 

 

 

 

 

 

 

 

 

 

 

t: traditional BD method; 

m: modified BD method; 

ND: not detectable; 

Data represented as the mean intensity ± SEM (n=3);  

*Indicates a significant (p<0.05) difference compared to control as observed using a 

one-way analysis of variance followed by a Dunnett’s t-test. 

 

 

 

 

 

Lipids Lipid ions LP ions FA ions 

DPPC (t) 39.0±0.7* 18,300±1,040* 2,670±600* 

DSPC (t) 78.0±2.7* 10,500±1,700* 1,680±230* 

DSPE (t) 22.6±0.6* 13,400±540* 2,260±56* 

DSPG (t) 72.1±2.2* 4,210±680* 3,510±320* 

DSPA (t) 26.4±11.7* ND 114±10 

DSPS (t) 105±7.0 2130±510* 1,330±260* 

DSPA (m) 84.9±18.4 100±4 139±13* 

DSPS (m) 82.8±10.0* 2,378±400* 1,040±100* 
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Table 4-3. Modified BD methods increased signal intensity of precursor lipids and 

LPs  

 

Lipids 

Lipid ions LP ions FA ions 

sPLA2 

×10
4
 

Controls 

×10
4
 

sPLA2 

×10
4
 

Controls 

×10
4
 

sPLA2 

×10
4
 

Controls 

×10
4
 

DSPA (t) 

1.69±0.74 6.37±1.6 ND ND 1.16±0.11 1.03±0.12 

DSPA (m) 

62.4±1.4 73.5±7.7 2.79±0.10 2.79±0.13 1.47±0.14 1.06±0.11 

DSPS (t) 

10.1±0.67 10.3±1.0 7.26±1.7 0.34±0.13 11.7±2.3 0.88±0.03 

DSPS (m) 

64.5±7.8 77.9±1.5 23.2±3.9 0.98±0.15 9.61±0.95 0.93±0.23 
 

t: traditional BD method  

m: modified BD method 

ND: not detectable 

Data represented as the mean intensity ± SEM (n=3).  
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Table 4-4.  Extraction efficiency of various lipids by traditional BD method 

(nmol/ml) 

Lipids Controls 

CONC 

Buffer 

CONC 

Extraction    

Efficiency (%) 

DSPC 105±2.4 108±3.5 103 

DPPC 122±3.8 115±11 94.3 

DSPE 70.5±2.3 74.4±5.6 106 

DSPG 83.7±4.3 83.0±3.2 99.2 

DSPA 88.1±3.7 16.6±2.4* 18.8 

DSPS 98.8±11 29.0±1.3* 29.4 

 

Data represented as the mean intensity ± SEM (n=5); 

*Indicates a significant (p<0.05) difference compared to control as observed using a 

one-way analysis of variance followed by a Dunnett’s t-test. 
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Figure 4-1.  Mass spectra of solvent A, blank PC-3 cell lipids 20 pmol/mL B. or PC-3 

cell lipids spiked C31PC 1.25 pmol/mL C. or 2.5 pmol/mL D. or 5 pmol/mL E. or 10 

pmol/mL F and  20 pmol/mL G. C31PC  (707→523 m/z) were identified based on 

their ion-pair as determined using MRM. 
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Figure 4-2.  Standard curve of C31PC (707→523 m/z) in lipid extraction from PC-3 

cells. Red dots represent standards that were detectable but outside the linear range. 

Black dots represent C31PC concentrations in linear range. The linear range was 2.5 to 

40 pmol/mL with an accuracy ranged from 89.4 to 104%. 
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ABBREVIATIONS 

Bligh-Dyer       BD 

C31PC         1-O-hexadecyl-2-pentadenoyl-sn-glycerol-3-phosphocholine 

CHOL cholesterol 

CONC           concentration 

PC          phosphatidylcholine 

PG      phosphatidylglycerol 

PE  phosphatidylethanolamine 

PA              phosphatidic acid 

PS              phosphatidylserine 

DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine 

DSPA 1,2-distearoyl-sn-glycero-3-phosphatidic acid 

DSPC  1,2-distearoyl-sn-glycero-3-phosphatidylcholine 

D70-DSPC 1,2-distearoyl(deuterated 70)-sn-glycero-3-phosphatidylcholine 

DSPE  1,2- distearoyl-sn-glycero-3-phosphatidylethanolamine 

DSPG  1,2-distearoyl-sn-glycero-3-phosphatidylglycerol  

DSPS  1,2-distearoyl-sn-glycero-3-phosphatidylserine  

ESI-MS  electrospray ionization - mass spectrometry  

FA  fatty acid  

FBS  fetal bovine serum 

LP  lysophospholipid  

SEM standard error of the mean 
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sPLA2 secretory phospholipase A2 

SSL  sterically-stabilized liposome  
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CHAPTER 5 

RESEARCH SUMMARY 

The primary goal of my dissertation research was to develop lipid based 

nanoparticulate drug carriers that are responsive to elevated expression of secretory 

phospholipase A2 (sPLA2) in malignant tissues to modulate drug release. This 

pathological-based control of release has the potential to increase drug efficacy and 

reduce systemic toxicity.  

In Chapters 2 and 3, we developed a platform to evaluate sPLA2-mediated lipid 

degradation and release kinetics from prototype formulations. We then demonstrated that 

we were able to prepare sterically-stabilized liposome (SSL)-like formulations with 

different release rates at the presence of sPLA2. In Chapter 2, we found incorporating 

small amounts (10 mol%) of sPLA2-preferred 1,2-distearoyl-sn-glycero-3-

phosphatidylethanolamine (DSPE) and 1,2-distearoyl-sn-glycero-3-phosphatidylglycerol 

(DSPG) in liposome formulations significantly increased in sPLA2-mediated 6-

carboxyfluorescein (6-CF) release in TRIS media. In Chapter 3, we demonstrated that 

sPLA2-mediated 6-CF release was enhanced by including lipids with shorter acyl chains 

and/or methanol head group [1-O-hexadecyl-2-pentadenoyl-sn-glycerol-3-

phosphocholine (C31PC) and 1-O-hexadecyl-2-pentadenoyl-sn-glycerol-3-

phosphomethanol (C31PM)] in formulations in TRIS media. The presence of serum 

(10%, v/v) greatly reduced sPLA2-mediated 6-CF release from nanoparticles. In this 

media, compared to prototype SSL, inclusion of DSPE and DSPG in formulations led to 
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increased sPLA2-mediated 6-CF release, while presence of C31PC and C31PM reduced 

sPLA2-mediated 6-CF release in a concentration-dependent manner. These data suggest 

that the rates of sPLA2-mediated 6-CF release from SSL-like formulations can be 

controlled, i.e. increasing or decreasing kinetics by alteration the lipid composition. 

    Significant differences among sPLA2 isoforms in triggering 6-CF release from 

liposome formulations were observed. Group III was much more effective at inducing 

6-CF release from liposome carriers than Group IIa (Chapter 2). Furthermore, Group III 

was more sensitive to presence of cholesterol in lipid membranes. Difference in their 

ability in triggering 6-CF release suggests difference in catalytic ability and substrate 

preference. Since Group III and IIa are elevated in different human diseases and 

pathological sites, our findings reveals the potential to formulate sPLA2 isoform-specific 

drug carriers. This represents a novel approach at controlling drug delivery based on 

expression of different isoforms of same enzyme depending on pathophysiology. 

    A procedure combining Bligh and Dyer lipid extraction and electrospray 

ionization-mass spectrometry (ESI-MS) method was developed for determination of 

sPLA2 specificity on individual lipid (Chapter 4). In our research, we identified lipid 

classes like phosphatidic acid (PA), phosphatidylserine (PS) and both of their 

lysophospholipids (LPs) that could not be well-extracted by traditional Bligh and Dyer 

method. We optimized traditional Bligh and Dyer method by acidifying samples with 

hydrochloric acid. This resulted in an increase in unionized forms of anionic lipids and 

LPs thus increasing their partitioning into organic phase. This approach helped to 

overcome a pitfall in traditional Bligh and Dyer methods. ESI-MS provides a good 

platform to study lipid degradation. It is superior to traditional lipid measurement like 
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phosphorus assay and thin layer chromatography in its high sensitivity, specificity and is 

less time-consuming. We monitored the percentage change of lipid ions, LP and fatty 

acid (FA) ions together because they were correlated. In sPLA2-mediated lipid 

degradation, reduction of one phospholipid resulted in formation of one LP and one FA 

stochastically. Tracking all three ions simultaneously reduces the risk in erroneously 

estimating the extent of sPLA2-mediated lipid degradation. Using this platform, we 

determined sPLA2 preferred shorter acyl chain lipids and lipids with phosphatidylglycerol 

(PG) or phosphatidylethanolamine (PE) head groups. This procedure is effective for 

screening sPLA2-preferred lipids and to study lipid degradation. 

    An analytical method was developed to quantify sPLA2-mediated lipid degradation in 

SSL-like formulations (Chapter 3). Using 1,2-distearoyl(deuterated 70)-sn-glycero-3-

phosphatidylcholine (D70-DSPC) as an internal standard, formulations containing 1,2-

distearoyl-sn-glycero-3-phosphatidylcholine (DSPC), DSPE and DSPG were extracted 

and quantified by ESI-MS. Data showed that the presence of fetal bovine serum (10%, 

v/v) greatly reduced sPLA2-mediated lipid degradation. This was correlated strongly with 

a reduction in sPLA2-mediated 6-CF release in these formulations. Yet at the same media 

conditions, the 6-CF release profiles among 3 formulations didn’t agree with their 

observed lipid degradation profiles. This study suggested that sPLA2-mediated lipid 

degradation may not be only factor controlling drug-release from liposome. 

    A synthetic approach to prepare novel lipids with different head groups and side 

chains for laboratory use was developed in Chapter 3. Using R-(O)-benzyl glycidol as 

starting material, we were able to regioselectively conjugate an ether chain to its sn-1 

position and an ester chain to its sn-2 position. We developed an optimal method using 
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boron tribromide to remove benzyl group. This method was quick and carried out at low 

temperature (78

C, 5 min), which greatly reduced the possibility of acyl chain migration. 

After this, various phosphate head groups could be added to sn-3 position.   

    Odd-carbon-number acyl chain lipids could be used as lipid probes for tracking 

liposomes. Though fluorescent and radio-labeled lipid markers are in use, they are often 

not suitable for human use, have the potential to alter membrane fluidity of liposomes 

and do not distribute uniformly in lipid membranes. Odd-carbon-number acyl chain lipids 

are distinct from endogenous lipids and do not typically exist in nature, thus can be used 

as lipid probes. We demonstrated that C31PC could be extracted from biological samples 

like rat serum and human prostate carcinoma (PC-3) cells and identified by ESI-MS. 

Further we showed that we were able to quantify lipids from PC-3 cells with a detection 

limit as low as 1.25 pmol/mL. 

In conclusion, we showed that sPLA2-medated drug release could be controlled 

using different combinations of lipids. An optimized Bligh and Dyer extraction and 

ESI-MS method was developed and provided a rapid and sensitive platform to study lipid 

degradation. A synthetic approach was developed to steroselectively design novel lipids 

for modulating sPLA2-medated drug release and to be used as lipid probes. These tools 

were used to assay, evaluate, synthesize and optimize the development of 

sPLA2-responsive liposome. Our success in modulating sPLA2-mediated release from 

drug carriers can be extended for the treatment of diseases associated with increased 

sPLA2 level (e.g. cancer, arteriosclerosis and infection). We hypothesize that this 

approach also can be used to develop diagnostics or drug carriers that can be 

individualized to a patient’s disease and its stage. 
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 Future studies will determine the effects of sPLA2-targeted SSL formulations 

versus prototype SSL on efficacy of specific chemotherapeutic agent e.g. doxorubicin in 

a nude mouse model of implanted tumors with high level of sPLA2 (e.g. human prostate 

cancer cells, PC-3). The goal will be to determine if carriers with active release 

mechanism are superior to prototype carriers in the term of better efficacy. Using 

companion pet (i.e., dog and cat) and human patients’ samples, the temporal and spatial 

distribution and level of expression of individual sPLA2-isoforms and cancer stage will 

be determined. These data will aid in determining optimal application of these carriers to 

improve treatment outcomes. The development of C31PC, as a lipid marker, will be used 

to examine tissue distribution of carriers and the effect of sPLA2-mediated degradation. 

For example, C31PC and/or its metabolites (e.g. odd carbon chain fatty acid, C15:0 FA) 

will be incorporated into formulations and liposome-cancer cell interactions (in vitro) or 

determining liposome distribution/degradation (in vivo) will be determined. Overall I 

have developed lipid-based nanoparticulate drug carriers that are responsive to 

sPLA2-mediated degradation and tools to examine the mechanistic and functional effect 

of this interaction. This research will serve as the foundation to develop individualized 

targeted therapies and diagnostics that may aid in treatment of human malignancies and 

other diseases that differentially express phospholipases.   
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APPENDIX A 

MODIFIED BARTLETT PHOSPHATE ASSAY
1
 

A. Procedure for total phosphorus assay 

Spike phospholipid samples into 20 × 150 mm glass test tubes in triplicate. 

Remember buffers to suspend samples should not contain any inorganic 

phosphate salts. If samples are in organic solvent, remove solvent by evaporation 

before the procedure. 

1. Heat metal blocks to 180-200ºC 

2. Spike 400 µL H2SO4 (10 N) solution into each test tubes. Put test tubes into 

heated metal blocks. Digest for 1 hr at 180-200ºC 

3. Cool the tubes. Spike 100 µL hydrogen peroxide (30%) solution into each 

tubes. Vortex after each addition. Digest again at 180-200ºC for 1.5 hr 

4. Turn on water bath machine, set temperature to 100ºC 

5. Pull out tubes from metal blocks. Cool the tubes to room temperature. Spike 

4.6 mL fresh Molybdate reagent into each tube. Vortex after each addition 

6. Spike 100 µL ascorbic acid (15%) solution into each tube. Vortex after each 

addition 

7. Boil tubes at 100ºC for 10-15 min  

8. Cool to room temperature 

9. Sampling 200 µL solution from each tube and spike into a 96-well round 

bottom plate. Read at 830 nm at a plate reader. 
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B. Preparation of standard curve  

Standard phosphate solution from Sigma (#661-9), concentration: 20 µg/ml. 

1. Spike 50 µL (1 µg), 100 µL (2 µg), 150 µL (3 µg) and 225 (4.5 µg) of 

standard phosphate solution into 20 × 150 mm glass test tubes in triplicate. 

2. Spike 150 distilled water into 20 × 150 mm glass test tubes in triplicate as 

blanks 

3. Follow the procedure describe above at part A 

4. Create the standard curve 

5. Use the standard curve to calculate phospholipid concentrations in samples 

C. Preparation of reagents 

1. Molybdate Reagents 

Dissolve 1.1 gm Ammonium Molybdate and12.5 mL 10 N H2SO4 into 500 mL    

double distilled water  

2. Ascorbic acid solution 

Make up 15% ascorbic acid water solution (w/v). Store in refrigerator at 4ºC. 

Protected from light. Use no more than 2 monthes. 



152 

 

REFERENCES 

1. Bartlett GR 1959. Phosphorus assay in column chromatography. J Biol Chem  

234(3):466-468. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


