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Abstract

We introduce a method for tracking the rate and extent of delivery of liposome contents in vivo

based on encapsulation of 4-methylumbelliferyl phosphate (MU-P), a profluorophore of 4-

methylumbelliferone (MU). MU-P is rapidly dephosphorylated by endogenous phosphatases in

vivo to form MU after leakage from the liposome. The change in fluorescence spectra when MU-P

is converted to MU allows for quantification of entrapped (MU-P) and released (MU) liposome

contents by fluorescence or by a sensitive high performance liquid chromatography assay. We

define the “cellular availability” of an agent encapsulated in a liposome as the ratio of the amount

of released agent in the tissue to the total amount of agent in the tissue; this parameter quantifies

the fraction of drug available for therapy. The advantage of this method over existing technologies

is the ability to decouple the signals of entrapped and released liposome contents. We validate this

method by tracking the circulation and tissue distribution of MU-P loaded liposomes after

intravenous administration. We use this assay to compare the cellular availability of liposomes

composed of engineered phosphocholine lipids with covalently attached cholesterol, sterol-

modified lipids (SML), to liposomes composed of conventional phospholipids and cholesterol.

The SML liposomes have similar pharmacokinetic and biodistribution patterns as conventional

phospholipid-cholesterol liposomes but a slower rate of contents delivery into the tissue. Thus,

MU-P enables the tracking of the rate and extent of liposome contents release in tissues and
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should facilitate a better understanding of the pharmacodynamics of liposome-encapsulated drugs

in animals.
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Liposomes; 4-methylumbelliferone; sterol-modified lipids; drug release

1. Introduction

A quantitative understanding of where and when liposome encapsulated agents are released

in vivo is critical in the rational design of liposomes for drug therapy. While liposomes may

accumulate at the target site, only drug released from the liposome, “cellular available”

drug, has biological activity. Drug trapped in the liposome has little therapeutic consequence

as illustrated by the poor performance of liposome-encapsulated cis-platinum in humans [1].

Liposomal therapeutics should be optimized to release their payload over a timescale

defined by the pharmacology of the payload and the biology of the therapeutic target. While

there are several methods to quantify liposome pharmacokinetics and assess accumulation of

liposomes and payload in target tissues, few approaches can differentiate the signals of the

encapsulated and released payload. This paucity of experimental approaches to measure

cellular availability has limited the optimization of liposomes for drug delivery.

Microscopic, radioactive, magnetic resonance, and fluorescent tracers have been the

principal tools for tracking liposomes in vivo [2]. Microscopy studies have demonstrated the

cellular compartmentalization of liposomes and established the reticuloendothelial system

(RES) as a mediator of liposome clearance [3]. Encapsulated radioactive tracers or iodinated

lipid markers have confirmed that the liver, spleen, bone marrow, and tumor are the primary

sites of liposome accumulation in vivo [4-8]. However, these studies have provided little

insight into the release of liposomal payloads in tissues. Results that rely on bilayer

embedded or encapsulated fluorescent tracers such as carbocyanine dyes [9] or fluorescence

resonance energy transfer (FRET) pairs [10], can be confounded due to exchange of the

probe into lipoproteins and cell membranes [11]. Encapsulation of self-quenching

fluorescent compounds, such as carboxyfluorescein (CF) [12] and doxorubicin [13-15], or

fluorophore-quencher pairs [16] is useful for measuring entrapped and released contents in

plasma samples, but physical and chemical tissue homogenization steps that disrupt the lipid

bilayer limit the ability of these probes to report on the cellular availability.

A small number of studies have focused on decoupling the signals of entrapped and released

liposome contents in tissues [17-20]. Laginha and colleagues approximated the fraction of

leaked doxorubicin by measuring doxorubicin in tumor nuclei and assuming that all released

drug is bound to DNA [18]. However, this approach is specific for the in vivo disposition of

doxorubicin crystallized in the liposome and reliant on the drug’s interactions with DNA.

The Baldeschwieler group used perturbed angular correlation spectroscopy to quantify

entrapped and released 111In [20]. While safe and broadly applicable, this method is limited

by its sensitivity. Previously, our group quantified the cellular availability of liposomal

contents using a dual radiolabeled reporter system: [51Cr]EDTA and [22Na] [21]. While
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[22Na] is exported by the cell, [51Cr] is not, and the ratio of the two components measures

the liposome cellular availability. While promising, this method has proven to be too

complicated for widespread use. Taken together, these studies show that there is a need for

quantitative methods to distinguish between entrapped and released liposomal contents in

tissues.

We developed a broadly applicable and sensitive method for tracking liposome cellular

availability in vivo in which 4-methylumbelliferyl phosphate (MU-P), a water soluble

profluorophore of 4-methylumbelliferone (MU) is encapsulated in liposomes (Figure 1)

[22]. Release of this compound from liposomes in vivo results in its rapid dephosphorylation

to form MU (Figure 2A); MU, MU metabolites and MU-P can then be quantified by

fluorescence or by high-performance liquid chromatography (HPLC). This method allows

researchers to obtain a new level of granularity when investigating liposome biodistribution.

We use this method to determine if restricting the transfer of cholesterol out of the liposome

bilayer reduces the release of liposome contents in tissues. We used liposomes composed of

sterol-modified lipids (SML), in which cholesterol is covalently attached to the

phosphoglycerol backbone in place of an acyl chain [23,24]. We compare pharmacokinetics,

biodistribution, and cellular availability of SML to that of liposomes composed of

conventional phospholipids and cholesterol (CPL) and find that while SML and CPL have

similar pharmacokinetic profiles; MU-P encapsulated in SML has greater accumulation and

longer persistence in the liver and spleen. This indicates that at certain chain lengths SML

release contents slower than CPL.

2. Materials and Methods

2.1 Lipids

1,2-dilauroyl-sn-glycero-3-phosphocholine (C12 PC), 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (C14 PC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (C16 PC), L-α-

phosphatidylcholine hydrogenated (C18 PC), 1,2-diarachidoyl-sn-glycero-3-phosphocholine

(C20 PC), 1,2-dibehenoyl-sn-glycero-3-phosphocholine (C22 PC) 1-palmitoyl-2-oleoyl-

snglycero-3-phosphocholine (C18:1 PC), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),

1,2-dicholesterylhemisuccinoyl-sn-glycero-3-phosphocholine (DCHEMSPC), 1-lauroyl-2-

cholesterylhemisuccinoyl-sn-glycero-3-phosphocholine (C12 SML), 1-myristoyl-2-

cholesterylhemisuccinoyl-sn-glycero-3-phosphocholine (C14 SML), 1-palmitoyl-2-

cholesterylhemisuccinoyl-sn-glycero-3-phosphocholine (C16 SML), 1-stearoyl-2-

cholesterylhemisuccinoyl-sn-glycero-3-phosphocholine (C18 SML), 1-rachidoyl-2-

cholesterylhemisuccinoyl-sn-glycero-3-phosphocholine (C20 SML), 1-behenoyl-2-

cholesterylhemisuccinoyl-sn-glycero-3-phosphocholine (C22 SML) 1-oleoyl-2-

cholesterylhemisuccinoyl-sn-glycero-3-phosphocholine (C18:1 SML), 1,2-distearoyl-sn

glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG), and

cholesterol were purchased from Avanti Polar Lipids, kindly donated by Dr. Zhaohua

Huang, or synthesized as previously described [23,24].
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2.2 Materials and Instrumentation

MU, MU-P, MU-S, MU-G and 7-hydroxycoumarin were obtained from Sigma. Solvents

were removed under reduced pressure using a rotary evaporator. Average liposome diameter

and zeta potential measurements were determined using the Zetasizer Nano ZS (Malvern

Instruments). Fluorescence spectroscopy was measured on a FluoroLog-3 spectrofluorimeter

(Horiba Jobin Yvon) equipped with a temperature-controlled stage (LFI-3751) or using a

Tecan Infinite 4300 (Tecan Group Ltd). Data acquisition was done through FluorEssence

software (Horiba Scientific). High-pressure liquid chromatography (HPLC) was performed

on an Agilent 1100 HPLC (Agilent).

2.3 Serum Conversion of MU Prodrugs

MU-P or MU-S were dissolved in phosphate buffered saline (2.7mM KCl, 1.5mM KH2PO4,

136.9mM NaCl, 8.9mM Na2HPO4, pH 7.4; PBS) and incubated with 50% mouse serum at

37°C. Prodrug conversion to MU was monitored by measuring MU fluorescence every 5

minutes over 12 hours. Data was fit to a Michaelis-Menten model using GraphPad Prism.

2.4 Liposomes for Contents Leakage

Lipids were dissolved in chloroform, dried to form a thin film, and placed under high

vacuum overnight. Lipid mixtures included Diacyl:Chol:PEG (55:40:5), Diacyl:SML:PEG

(55:40:5), SML:PEG (95:5), and DiChems:Diacyl:PEG (20:75:5) with acyl chain lengths of

C12-C22. The films were re-hydrated with 1 mL CF (50 mM) or 1 mL MU-P (300 mM) in

Hepes buffered saline (10 mM Hepes, 140 mM NaCl, pH 7.4; HBS) at 60°C and vortexed to

obtain a lipid concentration of 5 mM. The liposomes were sonicated at 60°C until opalescent

(~10 min) and extruded through 200 nm and 100 nm polycarbonate membranes at 60°C.

Liposomes were purified on a Sephadex G-25 size exclusion column. In order to quantify

CF release from liposomes, CF fluorescence (excitation 492 nm, emission 517 nm) was

measured before and after disrupting the lipid membrane with C12E10 surfactant. MU-P

fluorescence was measured by diluting liposomes into HBS containing calf intestinal

phosphatase (New England BioLabs). MU-P outside the liposomes is converted to MU,

while MU-P inside the liposomes remains phosphorylated. The fluorescence of MU was

measured (excitation 360, emission 449) before and after liposome lysis. The liposome

samples were incubated at 37°C in the presence or absence of 30% fetal bovine serum (FBS)

for 30 days. Sodium azide (0.05%) was added to limit bacterial growth.

2.5 Liposomes for Animal Studies

Liposomes that were used in animals were prepared by an ethanol injection method followed

by extrusion. Lipids dissolved in chloroform were dried to form a thin film and placed under

high vacuum overnight. Lipids were dissolved in 200 μL ethanol, heated to 50°C and

injected into a stirring 1.8 mL solution of 300 mM MU-P in HBS. After 20 minutes, the

liposomes were extruded through 200 nm and 100 nm polycarbonate membranes and

dialyzed against HBS with frequent buffer exchange. Before injection into animals,

liposomes were separated from non-encapsulated MU-P on a Sephadex G-25 size exclusion

column and sterile filtered through 0.2 micron sterile filters.
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2.6 Fluorescent Anisotropy

Lipids were dissolved in chloroform, dried to form a thin film, and placed under high

vacuum overnight. The films were hydrated with PBS at 65°C and vortexed to obtain a lipid

concentration of 5 mM. The liposomes were sonicated at 65°C until opalescent and then

extruded through 200 nm and 100 nm polycarbonate membranes at 65°C. Liposomes were

diluted 8-fold with PBS and 6 μl of 1,6-diphenyl-1,3,5-hexatriene (DPH, Molecular Probes)

in tetrahydrofuran (0.15 mg/ml) was added to the sample. To allow the DPH to integrate into

the bilayer, the mixture was incubated at 65°C for 1 hour. Anisotropy measurements were

obtained as previously described [25]. Briefly, DPH was excited at 350 nm and the

fluorescence detected at 430 nm. With mixing, the liposomes were heated or cooled in 5°C

increments from 5–62°C, with a 5–10 minute equilibration between transitions.

2.7 Biodistribution and Pharmacokinetics Studies

All animal experiments were performed in compliance with the NIH guidelines for animal

research under a protocol approved by the Committee on Animal Research at the University

of California, San Francisco. CD-1 mice were injected via the tail vein with 20 mg/kg MU-P

equivalents in a volume of 0.2 mL. For pharmacokinetic studies, blood was collected 10, 20,

60, 180, 1440 and 2880 minutes (3 mice per group) after injection and centrifuged for 10

min at 15,000 g. Serum was collected in a tube with a 1:100 dilution of Phosphatase

Inhibitor Cocktail 2 (Sigma). Ten μL of serum was added to 2 mL of HBS along with 10 μL

of a 15% C12E10 solution. A standard curve was made by titrating MU-P loaded liposomes

into the serum from an untreated mouse. MU-P (excitation 320 nm, emission 385 nm), MU

(excitation 360 nm, emission 449 nm), and DiD (excitation 644 nm, emission 664 nm) were

measured from each serum sample. The data was fit to a two-compartment model using

GraphPad Prism. For biodistribution studies, tissues were isolated and flash frozen 3 and 48

hours after injection.

2.8 Biodistribution of MU-P and metabolites by HPLC

Tissues were thawed at room temperature and homogenized by bead beating in a

homogenization solution (50% Methanol, 0.1% TFA, 1:100 dilution of Phosphatase

Inhibitor Cocktail 2, 1 μg/mL 7-hydroxycoumarin as an internal standard). Homogenized

tissues were frozen overnight and sedimented by centrifugation (15,000 g, 15 minutes). The

supernatant was passed through a 0.22 μm filter (Fisherbrand, 13mm). Forty μL of the

filtered tissue homogenate was injected on a C8 column (ZORBAX Eclipse XDB-C8 5-

Micron) with the following solvent system: Mobile Phase A: 0.1% TFA, Mobile Phase B:

0.1% TFA/MeOH at 1.0 mL/min over a gradient of 10% B to 70% B over 10 minutes with a

5 minute re-equilibration at 40°C and detection at 320 nm. Biodistribution data was

extrapolated by fitting peak areas to standard curves of MU, MU-P, and MU-G. All data was

normalized to the internal standard.
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3. Results

3.1 MU-P Reporter System

MU derivatives are commonly used freagents for determining enzymatic activity of

phosphatases (MU-P) and sulfatases (methylumbelliferyl sulfate; MU-S) by fluorescence

(Figure 1)[22,26]. The MU profluorophores, MU-P (excitation 320, emission 385) and MUS

(excitation 334, emission 370), have shifted fluorescent spectra from MU (excitation 360,

emission 449) that allows for independent quantification. We used these common reporter

systems to develop an assay to measure liposome contents release (Figure 2A).

We characterized MU-P and MU-S stability in serum in order to choose the optimal

profluorophore for encapsulation in liposomes (Figure 2B,C). The kinetics of MU-P

conversion to MU (Km: 0.47 mM, Vmax: 10.2 nmol/min ) were significantly greater than the

kinetics of MU-S to MU (Km: 16.8 mM, Vmax: 0.32 nmol/min). This may be due to higher

levels of phosphatases than sulfatases in serum or due to a difference in enzyme affinity for

MU-P and MU-S. We hypothesized that if the lipid bilayer was disrupted, the

profluorophore would be released into the tissue environment and rapidly converted to MU.

As such, we chose MU-P as the tracer molecule because of its rapid conversion to MU in

serum. We further assume that MU-P in the liposome is protected from phosphatase activity.

Distinct quantification of MU-P and MU therefore gives a reading of entrapped (MU-P) and

released (MU) contents.

3.2 Effects of Acyl Chain Length, Saturation, and Liposome Composition on Membrane
Stability

CF (Figure 1) is widely used to measure contents release from liposomes[12], as CF

fluorescence is quenched while concentrated in the liposome, but easily quantifiable after

release from the liposome. Using the CF reporter system as a benchmark, we first sought to

validate our reporter system in vitro by establishing a relationship between liposome

formulation and stability. CF and MU-P were passively encapsulated into a library of

liposome formulations (Figure 3C) and the release of the reporter molecules was monitored

by fluorescence in the presence (Figure 3A,B) and absence (Supplementary Figure 1) of

serum.

MU-P is more stably encapsulated in liposomes than CF (Figure 3): likely due to the dual

negative charge on the phosphate (pKa 7.8 [27]) that prevents the drug from crossing the

hydrophobic core of the lipid bilayer. As expected, formulations composed of lipids with

long and saturated acyl chains are more stable than those composed of lipids with short or

unsaturated acyl chains (Figure 3; Supplementary Table 1).

SML (Δ) encapsulating CF are most stable if they contain lipids with intermediate acyl chain

length (C16 and C18), and are less stable at both lower and higher chain lengths or when the

SML acyl chain is unsaturated (Figure 3A,B; Supplementary Table 1). This “U” shaped

stability pattern indicates an optimal SML bilayer packing conformation at intermediate

chain lengths, with less stable packing conformations at both higher and lower chain lengths.

In contrast, CPL (○) exhibit binary stability: they are highly unstable at chain lengths below

C16 and show minimal leakage at chain lengths above C16 (Figure 3A,B). This dramatic
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change in stability is due to tighter membrane packing because of increased hydrophobic

interactions at higher chain length. While SML appear more stable than CPL at low chain

lengths (C12 and C14), they are still relatively unstable, releasing more than 60% of their

contents over 14 days. Formulations incorporating DCHEMSPC as a substitute for

cholesterol (□) and liposomes containing a mix of di-substituted saturated acyl chains and

SML (◇) follow a similar pattern to CPL: they are unstable at low chain lengths but stable at

high chain lengths (Supplementary Figure 2).

In contrast to CF, MU-P is stably encapsulated in both SML (Δ) and CPL (○) across chain

lengths (Figure 3A,B). This stability highlights the utility of MU-P as a probe to measure

contents release from highly unstable liposome formulations that could not be measured

using CF (Figure 3A,B, lower left quadrant). Liposomes composed of a mixture of SML and

diacyl lipids were highly unstable if they contained acyl chains shorter than C18

(Supplementary Figure 2). This reduction in stability may be indicative of heterogeneous

packing of the SML and diacyl lipids in the membrane.

3.3 SML and CPL Demonstrate Comparable Membrane Fluidity

To further characterize the membranes of liposomes composed of SML, we measured

membrane fluidity using fluorescence anisotropy. A fluorescent probe was incorporated into

the liposome membrane and fluidity was deduced by measuring the motility of a fluorophore

in the bilayer by anisotropy [28]. Membranes with higher anisotropy values are more rigid

while those with lower anisotropy values are more fluid. The SML and the control

formulation (C16 PC:cholesterol) showed similar anisotropy values over a range of

temperatures (Supplementary Figure 3A). As expected, membrane fluidity increases as a

function of temperature.

Anisotropy for a typical PC lipid will follow a sigmoidal pattern: high anisotropy values at

low temperatures are indicative of the rigid, crystalline state of the lipids. As temperature

increases, the lipids undergo a phase transition to a fluid state, indicated by a sharp change

in anisotropy (Supplementary Figure 3B). Addition of cholesterol into a membrane

eliminates the lipid’s natural phase transition and forces the bilayer into a permanent gel-like

state that is neither fluid nor rigid. This state is crucial to the maintenance of bilayer

stability. The loss in phase transition is reflected on the anisotropy plots (Supplementary

Figure 3). SML exhibit no phase transition, which indicates that the SML bilayers are also in

a gel-like state. As such, while conjugation of cholesterol to the lipid backbone influences

contents release rates, it does not significantly modify the bilayer structure.

3.4 Evaluation of SML and CPL Stability in Circulation by Fluorescence

We compared the pharmacokinetics of SML and CPL after intravenous injection via the tail

vein in mice. MU-P was passively encapsulated into liposomes and a far-red fluorescent

lipid, DiIC18 (DiD), was incorporated into the lipid membrane. This permitted independent

tracking of the liposome and its contents. After encapsulation of MU-P, all liposomes

studied had similar sizes and zeta potentials (Supplementary Table 2). Serum was collected

from mice directly into a tube with phosphatase inhibitor. The liposome contents (MU-P),
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released contents (MU), and lipid (DiD) were measured in serum samples using

fluorescence as a function of time after injection (Figure 4).

After injection of MU-P containing liposomes, MU could not be detected by fluorescence.

After MU-P is released from the liposomes, it is rapidly converted to MU by serum

phosphatases and is rapidly eliminated [29]. We assume that the MU-P signal measured in

serum was entrapped in liposomes, as free MU-P is also quickly cleared from circulation

(t1/2: 17 minutes). The MU-P and DiD serum concentrations over time were fit to a two-

compartment model (Figure 4, Supplementary Table 2), and the ratio of the total exposure of

MU-P to the total exposure of lipid (AUCMU-P/AUCDiD) quantifies how stably the

liposomes retain their contents in circulation (Figure 4I).

SML and CPL with acyl chain lengths of C16 and C18 formed the most stable liposomes

(Figure 4A-D), as their AUCMU-P/AUCDiD ratios approach 1. In sharp contrast, liposomes

with C20 acyl chain lengths or with unsaturated fatty acid tails were relatively unstable in

circulation, as demonstrated by the rapid loss of contents signal after injection (Figure 4EH).

C20 CPL were more stable than C20 SML. C20 lipids form liposomes with a thicker bilayer

than lipids with shorter acyl chains. In this bilayer context, it may be advantageous for

cholesterol to be in a free state to adopt its optimal packing conformation. Constraining the

cholesterol in the C20 SML by covalently attaching it to the headgroup may contribute to the

relative instability of the SML.

Taken together, these results highlight the increased serum stability of SML as compared to

CPL and validate the MU-P/MU fluorescent reporter system as a method to track liposomes

in circulation.

3.5 SML Alter Contents Delivery to the Liver and Spleen

Most current methods for measuring tissue biodistribution of liposomes fail to differentiate

between entrapped and released contents, as the liposome membrane is often compromised

during tissue homogenization. The MU-P reporter system allows for simultaneous and

independent quantification of encapsulated (MU-P) and free (MU) drug by fluorescence. To

increase the sensitivity of this method, we developed an HPLC approach for quantification

of MU, MU-P, and MU-G, the major MU metabolite, in homogenized tissues (Figure 1,

Figure 5A). An internal standard, 7-hydroxycoumarin (Std), was included to determine the

tissue extraction efficiency and monitor the resolution and accuracy of the column. MU,

MU-P, MU-G and Std were all readily quantifiable by HPLC in liver, spleen and kidney

tissues at both 3 and 48 hours post injection of MU-P loaded liposomes with a detection

limit of ~100 ng/mL (Figure 5A, Supplementary Figure 4). To further validate this

approach, we compare HPLC and fluorescence measurements of MU and MU-P in serum

samples and determine that they provide equivalent results (Supplementary Figure 5).

The encapsulated contents primarily distribute to the liver and spleen, a finding in

accordance with the extensive literature on liposome biodistribution over the past 40 years.

The MU-P signal was higher in the liver than the spleen, while the inverse was true for MU:

indicating faster liposome degradation and higher cellular availability in the spleen. As

Kohli et al. Page 8

J Control Release. Author manuscript; available in PMC 2015 February 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



expected, the MU-G metabolite was the most abundant species in the kidneys

(Supplementary Figure 4, Supplementary Table 4) [29].

The biodistribution results corroborate with the results from the pharmacokinetic study, as

the most stable formulations in circulation show the highest drug accumulation in tissue.

Importantly, tissue accumulation correlated with total MU-P signal in circulation rather than

total lipid signal in circulation, which indicates that the stability of the liposome dictates

tissue delivery (Supplementary Figure 6). The C16 SML offers improved tissue uptake over

the C16 CPL at both 3 and 48 hours after injection. While the C18 SML and C18 CPL

demonstrate similar delivery at 3 hours (Figure 5B,C, Supplementary Table 4), contents

delivered in the C18 SML persist in the tissue longer than contents delivered in the C18 CPL

(Figure 5B,C, Supplementary Table 4). This trend suggests that in addition to being more

stable in circulation, the C16 and C18 SML demonstrate improved persistence in the liver

and spleen as compared to CPL formulations. In stark contrast, the C20 CPL demonstrate

higher delivery than the C20 SML, which again mirrors the stability of these formulations in

circulation. Both SML and CPL lipids with unsaturated chains show relatively less delivery

to both the liver and spleen, but SML provide better delivery than CPL (Figure 5B,C,

Supplementary Table 4).

4. Discussion

We have developed a robust and quantitative method for measuring a critical aspect of

liposome disposition in vivo: cellular availability. Drug release from liposomes over the

wrong timescale or in the wrong cellular location can limit efficacy. Allen and colleagues

demonstrate that premature doxorubicin release from unstable liposomes in circulation

increases toxicity and decreases efficacy [30]. A large database is now published on the role

of stability on circulation of a variety of liposome encapsulated drugs and their efficacy

[30-33]. As mentioned earlier, the failure of liposome encapsulated cisplatin in the clinic has

been attributed to incomplete release of the drug from the carrier at the tumor site [34]; we

think that both the chemistry of the drug and the stability of the liposome contribute to this

limitation. The cellular availability of MU-P adds new information concerning the release of

contents from the liposome that can be incorporated into pharmacodynamic models to help

explain and predict the activity of other liposomal agents.

This report details a method to trace liposomes in vivo, and it enables distinct quantification

of entrapped and released liposome contents in tissues. While other methods for

quantification of liposome contents release exist, their utility is restricted by their

complexity [21], sensitivity [20], or narrow applicability [18]. In designing this approach,

we searched for a tracer compound that would meet the following criteria: (1) safe at high

doses, (2) highly fluorescent, (3) fast excretion when released into extracellular fluids, and

(4) undergoes a conformational change when released from the liposome. MU-P fulfills all

four of these criteria. MU is extremely safe both in mice and humans[29]. In mice, the

maximum tolerated dose for MU-P administered intravenously was greater than 500 mg/kg

(data not shown). MU-P released from the liposome is either cleared from circulation or

rapidly converted to MU. When tissue samples are isolated and homogenized in the

presence of a phosphatase inhibitor, the MU-P that is detected is entrapped in the liposome.
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We use this method to explore how liposome composition influences the cellular availability

of MU-P after intravenous administration of MU-P liposomes. We find that liposomes

composed of SML, in which the cholesterol is covalently anchored in the bilayer, release

MU-P more slowly than traditional liposomes containing free cholesterol. This result

suggests that SML release contents over a longer timescale and may be useful in the delivery

of water soluble drugs that require a sustained duration to exhibit a maximal therapeutic

effect. This sustained release can be tuned by adjusting the length of the acyl chain at the 1

position of the SML. Interestingly, SML and CPL show similar pharmacokinetic profiles but

different biodistribution and degradation patterns in tissues. This result suggests that

cholesterol transfer is an important component of liposome degradation in the liver and

spleen.

Our approach has broad applicability in vitro and in vivo. The in vitro leakage experiments

clearly demonstrate that MU-P is stably encapsulated in a range of lipid formulations. In

contrast to CF, MU-P can be used to probe the stability of formulations with short saturated

or unsaturated chains. More important, however, is the in vivo utility of this method. We

show that it is possible to continuously monitor the fraction of intact liposomes in a given

tissue; this is a measurement not easily determined using other approaches.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Relevant Structures
Structures of 4-methylumbelliferone (MU), MU metabolite 4-methylumbelliferyl

glucuronide (MU-G), MU prodrugs 4-methylumbelliferyl phosphate (MU-P) and 4-

methylumbelliferyl sulfate (MU-S), carboxyfluorescein (CF), and HPLC standard 7-

hydroxycoumarin (Std).
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Figure 2. MU-P Reporter System
(A) MU-P is encapsulated in liposomes. Upon leakage from liposomes, MU-P is rapidly

converted to MU by endogenous phosphatases. (B,C) Michaelis-Menten kinetics of MU-P

and MU-S conversion in mouse serum.
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Figure 3. Effects of Acyl Chain Length, Saturation, and Liposome Composition on Membrane
Stability
CF (A) or MU-P (B) was passively encapsulated in (C) a range of CPL (○) or SML (Δ).

Molar ratios of liposome formulations are given. Liposomes were incubated in HBS

containing 30% serum. The percent of MU-P leaked from liposomes after 14 days is shown.
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Figure 4. Evaluation of SML and CPL Stability in Circulation by Fluorescence
(A-H) MU-P, MU and DiD signals were measured in serum samples by fluorescence. The

MU-P and DiD data is fit to a two-compartment model. MU was undetectable in serum at all

time points. (I) The ratio of (AUCMUP/AUCDiD) for each formulation is shown.
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Figure 5. SML Alter Delivery to the Liver and Spleen
(A) HPLC trace from the liver, spleen, and kidney of a mouse injected with liposomal MU-

P. Percent of injected dose in the (B) liver and (C) spleen at 3 hours (left) and 48 hours

(right) after administration. MU, MU-P and MU-G levels are shown and sum to the total

amount of MU equivalents in the tissue.
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