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Abstract

Inhibitors of epidermal growth factor (EGF) receptor tyrosine kinases show efficacy in cancers

that are highly addicted to non-mutated EGF signaling, but off-target effects limit therapy. Carrier-

based formulations could reduce drug deposition in normal tissues, enhance tumor deposition, and

reduce free drug concentrations, thereby reducing side effects. Therefore, the feasibility of

developing nano-liposomal formulations of EGF receptor inhibitors was investigated. Gefitinib

and erlotinib fluorescence was characterized as a tool for formulation development. Peak

excitation was 345 nm and peak emission was 385–465 nm, depending upon environment polarity.

Emission was negligible in water but intense in non-polar solvents, membranes, or bound to serum

proteins. Cellular uptake and distribution also could be imaged by fluorescence in drug-resistant

tumor spheroids. Gefitinib fluorescence characteristics enabled facile optimization of

formulations. Whereas 4–6 mol% gefitinib could be incorporated in the liposome bilayer, 40–60

mol% could be encapsulated in stable, remote-loaded liposomes consisting of

distearoylphosphatidylcholine:polyethylene glycol-

distereoylphosphatidylethanolamine:cholesterol (9:1:5 mol:mol:mol). Drug leakage in serum,

monitored by fluorescence, was minimal over 24 h at 37°C. The results provide both promising

lead formulations as well as novel tools for evaluating new formulations of structurally-similar

receptor tyrosine kinase inhibitors and their cellular uptake and tissue biodistribution.
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Introduction

Molecularly targeted agents hold promise for selective interdiction of aberrant cellular

signaling pathways in cancer. Elevated receptor-associated tyrosine kinase (RTK) signaling
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supports the proliferation of numerous cancers. Epidermal growth factor receptor (EGFR)

receptor signaling is activated in numerous solid tumors, including breast, non-small cell

lung, brain, and other cancers 1–4. An intensive effort to design selective inhibitors of EGFR

was successful, and gefitinib (Iressa®) was the first-in-class agent approved. Erlotinib

(Tarceva®) is structurally similar to gefitinib, and is also approved clinically. Like most

RTK inhibitors, they bind the ATP binding pocket, thereby preventing phosphorylation and

activation 2. Tumors that have high ‘pathway addiction’ or dependence upon EGFR

signaling, and the kinase or downstream signaling components are not constitutively

activated by mutation, generally respond well to RTK inhibitors 5. However, clinical

outcomes for these agents have been disappointing. In part, only a subset of cancers

possesses sufficient pathway addiction. In some cancers, mutations constitutively activating

the RTK and downstream signaling pathway are common. Finally, off-target actions often

limit use. The most common side effects in a Phase III trial for gefitinib were rash/acne and

diarrhea 6, which typically appeared after 1–2 weeks of treatment 7. A second effect of the

EGFR inhibitors is elevated toxicity caused by pharmacokinetic interactions with other co-

administered drugs, frequently at the level of drug elimination mechanisms. A third effect of

gefitinib is compromise of the blood brain barrier to xenobiotics; it increased topotecan

concentrations in brain extracellular fluid, likely by inhibition of multidrug-resistance

(MDR) transporters of the blood brain barrier 8. Efforts to employ MDR transporter

inhibitors to enhance tumor accumulation of chemotherapeutic agents generally have failed

because of drug interactions impacting common drug elimination mechanisms, and effects

upon the blood brain barrier and other tissues 9.

Although the EGFR inhibitors are orally active and have acceptable bioavailability 10, we

hypothesized that drug delivery approaches could improve the efficacy of combination

therapies with EGFR inhibitors. Gefitinib accumulates in tumor, skin, kidney, and liver at

levels significantly higher than in plasma 11, most likely because of its hydrophobicity.

Encapsulation in carriers such as liposomes would reduce concentrations of free drug in the

blood and thereby limit deposition in normal tissues such as bone marrow 12. Severe, life-

threatening neutropenia was encountered in a phase II study of vinorelbine combined with

gefitinib 13, and the toxicity of this combination was also observed in mice 14. Reduction in

free gefitinib concentrations or in bone marrow could potentially reduce myelotoxicity. Skin

rash from gefitinib also is a significant clinical side effect that might be addressed by carrier

delivery. Accumulation of gefitinib in tumors is just 2-fold greater than in skin 15, and

previous studies have shown that liposome encapsulation can result in 10-fold higher tumor

drug concentrations compared with skin 16. Finally, encapsulation of drugs in

nanoparticulate carriers can increase tumor deposition of drugs via the enhanced

permeability and retention (EPR) phenomenon 17–19 that arises from the compromised

vascular barrier of tumors. Elevated tumor extravasation of nanoparticulates, leading to

more selective deposition of EGFR inhibitors and accompanied by a subsequent slow

release of drug from an intratumor depot, could enhance antitumor effects and reduce effects

upon critical normal tissues.

The primary objective of this work was to develop liposomal formulations of RTK inhibitors

and evaluate their stability and release characteristics. Achievement of the experimental
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objectives was aided by the novel observation of environment-sensitive fluorescence

spectral characteristics of these RTK inhibitors, which permitted facile evaluation of drug

encapsulation, release, and binding to serum proteins, and could be used to monitor drug

uptake by tumor cells.

Experimental section

Materials

Gefitinib was from Sequoia Research Products (Pangbourne, UK). Erlotinib was from

ChemieTek (Indianapolis, IN). Purified lipids were from Avanti Polar Lipids (Alabaster,

AL). HPLC-grade solvents and reagents were from Sigma (St. Louis, MO).

Liposome preparation

Bilayer-incorporated drug—Phospholipids, cholesterol (Chol), and drug were mixed in

chloroform and dried to a thin film using a rotary evaporator, and hydrated with Tris-

buffered saline (TBS; 150 mM NaCl, 25 mM Tris, pH 7.2) above the phospholipid phase

transition temperature. Half of each preparation was extruded multiple times through

polycarbonate filters (GE Water & Process Technologies, Trevose, PA) to a final pore size

of 80 nm, resulting in small unilamellar vesicles (SUV). Liposome size was determined

using a NICOMP™ 380 (Particle Sizing Systems, Santa Barbara, CA). Phospholipid

concentrations were determined by phosphate assay 20. Gefitinib concentrations were

determined from absorbance at 345 nm in 1:1 (v/v) chloroform:methanol or by fluorescence

(below) by comparison to a standard curve.

Lumen-incorporated drug—Liposomes were prepared as above, except that drug was

omitted from the dried lipid film, and the lipid was hydrated with an aqueous solution of a

trapping ion: (i) 300 mM citrate at pH 3.93, (ii) 250 mM ammonium sulfate, or, as a control,

(iii) 150 mM NaCl, 25 mM Tris, pH 8.2. Unencapsulated trapping ion was removed by

dialysis against 500 mM sucrose, 25 mM histidine, pH 6.2.

For the drug remote loading procedure, a pH of 6.2 was selected. Gefitinib has two basic

functional groups (pKa 5.28, 7.17), and solubility increases drastically at lower pH 21. The

appropriate mass of dry gefitinib was added to the liposomes, adjusted to pH 6.2, and

incubated at 68°C for 1h with vigorous vortex mixing. After loading, the preparation was

dialyzed against 500 mM sucrose/25 mM histidine, pH 6.2, and finally against two changes

of TBS to restore physiological osmolality. The mixture was centrifuged at 7500g for 6 min

to remove unincorporated drug precipitates, and the top 2/3 of the supernatant was

recovered. In control experiments, free gefitinib in the absence of liposomes was processed

identically to verify that the post-loading separation procedure removed unencapsulated

drug from the preparations. Gefitinib and phospholipid concentrations were determined as

described above.

Fluorescence analysis—Excitation and emission spectra were acquired for EGFR

inhibitors prepared in various solvents using a spectrofluorometer (Photon Technology

International, Inc., Birmingham, NJ). Spectra were recorded at 1 nm/sec. Excitation was 340

nm, the peak wavelength, or at 320 nm to reduce light scattering contributions. Drug
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concentrations were determined from fluorescence signal intensity by comparison to a

standard curve of known concentration that was analyzed under identical solvent and matrix

conditions. For stability measurements, liposome preparations were stored at 4°C under

argon and analyzed for fluorescence on days 0, 3, 6, and 12 post-extrusion.

To investigate gefitinib interaction with serum proteins, a 10 mM stock solution of free drug

in dimethylsulfoxide (DMSO) was diluted to specific concentrations in buffered saline

containing 450 nM bovine serum albumin (BSA). Excitation/emission wavelengths of

265/337 nm were used to measure fluorescence quenching of tryptophan residues by

gefitinib.

Fluorescence of protein-bound drug was quantified using excitation/emission wavelengths

of 320/394 nm. In order to establish the fluorescence intensity corresponding to 100%

leakage of liposomal gefitinib or 100% dissolution of crystalline gefitinib, a concentration of

free drug equal to the final liposomal-or crystalline drug concentration was added to the

serum-containing buffer from a concentrated stock solution dissolved in DMSO. Liposome

leakage was investigated experimentally by adding gefitinib in either liposomal or

crystalline form to a final concentration of 20 µM in TBS containing 10% newborn calf

serum, a concentration that was within the linear range of fluorescence for the serum-bound

drug. The amount of drug released in the serum-containing buffer was quantified by

comparison to a standard curve, prepared by adding a range of known concentrations of

gefitinib from a concentrated DMSO stock to the serum-containing buffer.

Microscopy—Liposome morphology and aggregation, and efficiency of post-loading

procedures to remove unincorporated drug, were investigated by transmission electron

microscopy (TEM). Liposomes were prepared as described above, and samples were taken

for analysis at various steps in the procedure. Samples were diluted 1:100 in TBS, and 5 µL

was adsorbed to freshly prepared Parlodion films on copper grids for 1–2 min. The liquid

was wicked away and the grids were air-dried. Samples were stained by floating on a drop

of 2% uranyl acetate for 1 min, wicked dry, and then air-dried. Samples were imaged using

an Hitachi H500 TEM operating at 75 kV. Photographic negatives were scanned at 300 dpi

and filtered in Photoshop (Adobe Systems, Inc., San Jose, CA) using an unsharpening mask

of 3-pixel radius.

Cell culture—Rat 9L brain tumor cells were grown as spheroids in a neural stem cell

(NSC) medium consisting of Dulbecco’s modified Eagle’s medium/Ham’s F-12 medium

containing 20 ng/mL basic fibroblast growth factor (bFGF), 20 ng/mL epidermal growth

factor (EGF), 50 ng/mL heparin, and B-27 nutrient supplement 22.

Confocal laser scanning microscopy—MCF7 human breast cancer cells or rat 9L

gliosarcoma cell spheroids were imaged using a Zeiss Axiovert 200M inverted microscope

(Carl Zeiss, Inc., Thornwood, NY) equipped with argon- and Chameleon Ultra II Ti/

Sapphire lasers (Coherent, Inc., Santa Clara, CA). Gefitinib fluorescence was imaged using

multi-photon excitation at 700 nm with 390–465 bandpass emission filters.
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Results

Environment-dependent fluorescence of EGFR inhibitors

The spectral properties of the EGFR inhibitors were investigated to provide analytical

approaches to support formulation development. Their extended conjugated ring systems

and ionizable groups suggested that gefitinib (Fig. 1A) and erlotinib (Fig. 1B) should display

environment-dependent fluorescence, which was observed experimentally (Fig. 1C, 1D; Fig.

2). Lapatinib, a third FDA-approved agent that inhibits both EGFR and Her2/neu (EGFR2)

was also fluorescent (data not shown), suggesting that many structurally-similar RTK

inhibitors are fluorescent.

Excitation spectra were invariant (Fig. 1C, 1D) but emission spectra were highly

environment-dependent. With equal quantities of drug added to various solvents, the highest

fluorescence was observed in non-polar solvents such as chloroform (Fig. 2A). In low-

dielectric solvents, the emission was blue-shifted and generally more intense than in polar

solvents; the greatest blue shift was observed in n-hexane, which has the lowest dielectric

constant of solvents investigated. The lower intensity of gefitinib in n-hexane compared to

chloroform may result from intermolecular interactions or from lower solubility. In protic

solvents such as ethanol, gefitinib fluorescence was weak and red-shifted.

Emission peak positions for erlotinib were similar to those of gefitinib, but maxima and

relative intensities differed (Fig. 2B); fluorescence of erlotinib in chloroform was 25% lower

than an equivalent concentration of gefitinib (Fig. 2A), whereas intensity of erlotinib in

acetonitrile was highest. Weak fluorescence and a distinct red shift were noted in ethanol.

Erlotinib, like gefitinib, was non-fluorescent in water (not shown).

Given the hydrophobicity of gefitinib and its elevated fluorescence in hydrophobic

environments, fluorescence was investigated in the presence of lipid bilayer membranes and

serum proteins such as albumin. The emission peak of albumin-bound drug was 384–394

nm, similar to that of drug partitioned into bilayer membranes (Fig. 2C).

Fluorescence of the two RTK inhibitors was investigated in the complex physicochemical

environment of cells. Multi-photon laser scanning confocal microscopy permitted excitation

of gefitinib at 350 nm, near its excitation peak. MCF7 breast cancer cells incubated for 18h

in 2 µM gefitinib showed intense, punctate intracellular fluorescence that was excluded from

the nucleus and distributed in an intracellular pattern that is characteristic of fluorescent,

lipophilic weak bases that accumulate in acidic cytoplasmic vesicles such as lysosomes or

endosomes (Fig. 3A). Drug disposition was investigated in three-dimensional tumor

spheroids, which have been employed as a model for tumor penetration 23,24. Spheroids of

9L brain tumor cells were incubated for 18h with 10 µM free gefitinib, the concentration

mediating half-maximal inhibition of 9L cell growth by 50% (IC50) (data not shown). When

spheroids were optically sectioned at their widest diameter, the outermost cells showed a

punctate distribution of drug that was similar to the pattern in MCF7 monolayer cells.

However, the drug was largely excluded from the center of the tumor spheroid (Fig. 3B),

demonstrating that the intercellular contacts in 9L spheroids comprise a barrier to drug
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diffusion to the interior of the tumor cell mass. Erlotinib incubated with 9L spheroids and

MCF7 monolayer cells showed similar patterns of distribution (not shown).

Bilayer incorporation of gefitinib

Two strategies were pursued for gefitinib incorporation in liposomes. Given its estimated

organic:aqueous partition coefficient (log P) of 4.85 15, gefitinib should partition readily into

the liposome bilayer. This was verified in fluorescence studies when gefitinib was combined

with phospholipids prior to hydration (Fig. 2A). Because the drug is non-fluorescent in

water, the high fluorescence intensity in the presence of membranes confirms drug

incorporation into nonpolar regions of the membrane. The membrane bilayer represents a

sharp gradient of polarity 25,26, and the solvents included in Fig. 2 have been used to

simulate membrane domains, such as the deep bilayer core and the water/hydrocarbon

interfacial region. The emission peak of bilayer-incorporated gefitinib (Fig. 2C) was blue-

shifted, analogous to the shift observed in n-hexane (Fig. 2A), but was much more intense,

suggesting that the fluorophore resides in a non-polar environment in the vicinity of the

bilayer core.

Bilayer fluidity and liposome size—Gefitinib fluorescence properties were used to

probe the effect of bilayer fluidity upon drug incorporation and the maximum membrane

capacity to accommodate drug. Liposomes of varying size, composition, fluidity, and

drug:lipid ratios were prepared. As the drug:lipid ratio was increased for fluid (low phase

transition) liposomes of egg phosphatidylcholine (ePC):polyethylene glycol (PEG)-

distereoylphosphatidylethanolamine (PEG-DSPE) (9:1 mol:mol), fluorescence intensity

increased (Fig. 4A). For drug:lipid ratios above 2–4 mol%, florescence did not increase

linearly with drug content, suggesting a limit of membrane capacity was reached. Extrusion

of the large, multilamellar liposomes (MLV) to smaller liposomes (SUV) resulted in a

modest decrease in fluorescence intensity for some formulations (Fig. 4A), suggesting that

the gefitinib fluorescence signal intensity for MLV included some contribution from light

scattering by the particles.

Peak emission wavelength can reveal characteristics of the bilayer environment of the drug

and was evaluated as a function of drug:lipid ratio. For all fluid liposome compositions, the

peak emission wavelength varied less than 20 nm (not shown). A small red shift observed

for some formulations at higher drug:lipid ratios suggested increased localization of drug in

more polar domains of the membrane, or increased water penetration into the membrane

because of phospholipid packing defects.

For all compositions and drug:lipid ratios for solid (high phase transition) lipids such as

distearoylphosphatidylcholine (DSPC):PEG-DSPE (9:1 mol:mol), gefitinib fluorescence

was much lower than for fluid liposomes of equivalent composition (Fig. 4A). The peak

emission wavelength was progressively red-shifted as the drug:lipid ratio increased (not

shown), and light microscopy revealed the formulations to be aggregated extensively. A

combination of high light scattering, poor drug incorporation, and possibly entrapment of

micro-precipitated drug within liposome aggregates may explain the apparent red spectral

shift and very low fluorescence. Aggregation of liposomes was exacerbated in formulations
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containing surface-linked PEG; replacement of PEG-DSPE with an equivalent mol% of

distearoylphosphatidylglycerol (DSPG), which preserves the electrostatic charge, resulted in

formulations that were far less aggregated (not shown). Taken together, the data suggest that

solid, PEG-containing liposomes, which should have the longest circulating lifetime in vivo,

had the least capacity to incorporate gefitinib in the bilayer, and were prone to aggregation

that renders them unsuitable for most in vivo applications.

Cholesterol content—Cholesterol reduces liposome permeability and increases stability

in the presence of serum proteins 27. Addition of 50 mol% Chol to fluid liposomes

(ePC:PEG-DSPE:Chol; 9:1:5 mol:mol:mol) resulted in higher gefitinib fluorescence at all

drug:lipid ratios (Fig. 4A), suggesting improved membrane drug incorporation. Extrusion to

SUV reduced fluorescence intensity somewhat, but the intensity of cholesterol-containing

SUV was higher than for equivalent cholesterol-free SUV (Fig. 4A). The emission peak did

not vary as increasing drug was added to cholesterol-containing fluid liposomes (not

shown).

The addition of cholesterol to solid liposomes (DSPC:PEG-DSPE:Chol; 9:1:5 mol:mol:mol)

reduced liposome aggregation but did not increase incorporation of gefitinib at any

drug:lipid ratio (Fig. 4B). Whereas a red shift in the peak emission wavelength was observed

for solid liposomes lacking cholesterol, no red-shift was observed for cholesterol-containing

solid liposomes (not shown).

The apparent increase in gefitinib incorporation in fluid, cholesterol-containing liposomes

prompted an investigation of potential drug:cholesterol molecular complexation, which

might be exploitable to enhance formulation properties. However, 2- and 6-fold molar

excesses of cholesterol were added to gefitinib in chloroform, and there was no effect upon

gefitinib intensity or peak wavelength (not shown). Thus cholesterol-mediated effects on

bilayer polarity 28,29, rather than molecular complexation, may be responsible for improved

bilayer incorporation of gefitinib.

Stability of membrane-incorporation—Gefitinib incorporation for some fluid

liposome compositions increased as drug:lipid ratios were increased to 8 mol%, but the

formulations appeared to be physically unstable, so stability was investigated systematically.

After 12 days of storage at 4°C, gefitinib fluorescence in fluid or solid liposomes was

reduced for all formulations containing >4 mol% gefitinib (Fig. 4B). Controls ruled out

chemical instability as the cause of reduced fluorescence. At any drug:lipid ratio, fluid

liposomes showed considerably higher retention of drug fluorescence than solid liposomes.

Although cholesterol-containing liposomes incorporated more drug initially (Fig. 4A),

fluorescence was reduced after 6 days at 4°C (not shown). Over 12 days at 4°C, cholesterol-

free fluid liposomes retained the highest fluorescence (Fig. 4B).

Lumen incorporation of gefitinib by remote loading

The fluorescence properties of gefitinib permitted rapid and systematic evaluation of

numerous compositions in an effort to identify optimal formulations for bilayer

incorporation. Although 4–6 mol% drug:lipid potentially would be useful for some

applications, it was insufficient for those envisaged. Therefore, the second drug loading
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strategy investigated was ‘remote loading,’ which achieves efficient drug incorporation into

pre-formed liposomes via an electrochemical gradient, in conjunction with a multivalent

trapping ion of complementary charge within the liposome lumen 30–33. The majority of

drugs loaded by this means are lipophilic weak bases 31,34, and where studied, drug appears

to reside in the lumen in a highly stable, semi-crystalline state because of molecular

complexation 33,35. Under the appropriate conditions, 95–100% of added drug can be

encapsulated, and high drug:lipid ratios can be achieved (0.2–0.5 mol:mol). Variables

governing the efficiency of drug loading include the nature of the complexing ion, the

drug:lipid ratio, the magnitude of the electrochemical gradient, drug solubility, and the

loading pH relative to the pKa of ionizable groups of the drug.

Optimal complexing ion—Multivalent anionic complexing agents, including citrate,

sulfate, and others have been employed for remote loading 31,33,35–37. Based on preliminary

experiments, sodium citrate and ammonium sulfate were compared head-to-head as trapping

ions for gefitinib.

Solid, PEG-bearing liposomes (DSPC:PEG-DSPE:Chol; 9:1:5 mol:mol:mol) were chosen as

the prototype composition, given their high stability and the covalent PEG coating that

provides steric stabilization and long in vivo circulating half-life. The drug:lipid ratio was

measured before and during the loading procedure, and after removal of unincorporated drug

(Methods). Table 1 shows that for an initial drug:lipid ratio of approx. 0.2 mol:mol, the final

drug:lipid ratio was considerably lower with citrate; only 75% of the drug added was

encapsulated, and the final, encapsulated drug was significantly less (p<0.05) the amount of

drug initially added. In contrast, encapsulation with ammonium sulfate was quantitative.

Maximal drug loading ratio—A wide range of drug:lipid ratios was investigated to

establish the maximum loading capacity and efficiency of gefitinib loading with ammonium

sulfate as the trapping ion. Fig. 5 shows the result of 4 independent sets of encapsulation

experiments performed over 5 mos. The fraction of drug encapsulated in DSPC:PEG-

DSPE:Chol (9:1:5 mol:mol:mol) liposomes increased proportionally with initial drug:lipid

ratio, up to approx. 0.5–0.6 mol:mol gefitinib:lipid. Beyond that plateau, initial drug:lipid

ratios as high as 1.30 did not yield significantly higher final drug:lipid ratios. Thus, initial

drug:lipid ratios of 0.40–0.60 mol:mol provided an acceptable efficiency of encapsulation

(75–100%) and drug loading.

Morphology of remote-loaded liposomes—Negative-stain TEM was used to

characterize the remote-loaded liposome preparations and to confirm that the process for

removal of unencapsulated drug was effective. After post-loading dialysis alone (Methods),

precipitates or crystals remained in some formulations (not shown). By adding a brief

centrifugation step, only particles having a morphology characteristic of liposomes were

observed (Fig. 6A). This finding was confirmed quantitatively; after dialysis alone, the

drug:lipid ratio of the formulation in Fig. 6 was 1.30, whereas after centrifugation, the

drug:lipid ratio was 0.60, consistent with the loading plateau value obtained with numerous

independent loading experiments (Fig. 5). The particle size was relatively homogeneous

(Fig. 6B), and particles had a dimpled appearance characteristic of negatively stained

liposomes. Many particles appeared to have inclusions of electron-dense material.
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Stability of remote-loaded gefitinib liposomes

Serum proteins can accelerate the leakage of liposome contents. However, quantification of

hydrophobic drug leakage is highly challenging because of the difficulty in separating small

liposomes from lipoproteins or other drug-binding plasma components. Therefore, three

approaches were investigated to quantify retention of contents of remote-loaded gefitinib

liposomes in serum.

First, gefitinib excitation overlaps tryptophan (Trp) emission. Gefitinib is 88%-94% bound

to plasma proteins in human, dog, rabbit, rat, and mouse 38, so quenching of protein Trp

fluorescence by resonance energy transfer (RET) with bound gefitinib was explored as a

means to quantify drug release 39. Addition of free gefitinib to bovine serum albumin (BSA)

quenched Trp fluorescence in a concentration-dependent fashion in the low µM range (not

shown). Thus Trp quenching would be a feasible approach for quantifying drug leakage in

the presence of serum.

Second, gefitinib is highly fluorescent when bound in hydrophobic domains of proteins (Fig.

2C); when known concentrations of drug were mixed with BSA or serum-containing buffer,

gefitinib fluorescence was related linearly to drug concentration over approx. two orders of

magnitude (not shown). Thus free (or liposome-released) gefitinib could be quantified based

upon the fluorescence of serum-bound drug, provided the serum protein concentration

remain in molar excess relative to the drug concentration.

Third, the emission spectrum of gefitinib encapsulated in liposomes by remote loading was

observed to undergo a drastic red shift (to 465–473 nm) compared to protein-bound- or

membrane-localized drug (Fig. 2C), and in parallel, fluorescence was low in the emission

band for protein- or membrane-bound drug (385–395 nm). This unique spectral signature of

remote-loaded gefitinib therefore provides a potential window on events in the liposome

aqueous core in the absence or presence of serum proteins. During incubation in TBS at

37°C, complex temporal changes were observed in the 465 nm band; intensity increased

over the first 24h, remained constant from 24–48h (Fig. 2C, 7A), and then decreased

somewhat at 72h. For liposomes incubated in TBS containing 10% serum, intensity of the

465 nm band increased rapidly over the first 24h and fell to baseline by 48h. The observed

behavior was hypothesized to reflect an initial physicochemical change in the state of the

semi-crystalline drug in the aqueous liposome core that was followed later by drug leakage,

which would reduce fluorescence in the 465 nm band. The more rapid rise and decline in

fluorescence for samples incubated in serum were interpreted to indicate more rapid leakage

mediated by serum proteins.

To test this hypothesis, a combination of the second and third approaches were employed:

fluorescence was monitored simultaneously at 394 nm, the wavelength characteristic of

protein-bound drug (Fig. 7B) and at 465 nm, the wavelength characteristic of semi-

crystalline drug in the liposome core (Fig. 7A). In the absence of serum, leaked drug would

be undetectable, and it was observed that fluorescence at 394 nm was low at all time points

over 72h of incubation in TBS. In the presence of 10% serum, fluorescence at 394 nm was

elevated slightly at 24h, and increased progressively at 48 and 72h. Notably, the

fluorescence of serum-bound drug (394 nm band) at 24h was elevated only slightly
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compared to 0h (Fig. 7B), whereas intensity of encapsulated drug in the 465 nm band was

maximal at 24h (Fig. 7A). This finding is consistent with the hypothesis that initial changes

in the intensity of the 465 nm band reflect changes in the physicochemical state of remote-

loaded drug within the liposome core that occur in the absence of significant drug leakage

and therefore precede leakage.

Equivalent concentrations of crystalline free drug were investigated as a control to estimate

the rate of dissolution of any residual, precipitated unencapsulated drug, or of ion-

complexed drug cores if released intact from liposomes during incubation. Free gefitinib in

buffer was non-fluorescent at 465 nm at all time points (Fig. 7A). In the presence of 10%

serum, intensity of the 465 nm band of free crystalline drug was initially lower than for the

equivalent concentration of drug in remote-loaded liposomes, but gradually increased in

intensity. By 48–72h, the fluorescence of the liposome-encapsulated and free-drug samples

was equal (Fig. 6A). However, full emission spectra were acquired (cf. Fig. 2C), and they

revealed that elevation in the 465 nm band at 48–72h for the free drug samples (Fig. 7B)

represented the shoulder of the very intense 394 nm fluorescence band of serum-bound drug,

rather than a discrete band at 465 nm, as observed with remote-loaded liposomes (Fig. 2C).

For crystalline free drug added to serum-containing buffer, the 394 nm band (representing

serum-bound drug) was low on day 0, although it was more intense than the equivalent

concentration of drug in remote-loaded liposome (Fig. 7B). This finding confirmed that the

remote-loaded liposome sample initially contained no free drug. The fluorescence of

crystalline free drug in the serum-containing buffer rose steadily with time, and by 72h

approached a maximum, suggesting the approximate time course for dissolution of

crystalline drug in amounts equal to that encapsulated in liposomes.

Taken together, these fluorescence data suggested that upon initial incubation of remote-

loaded liposomes in buffer at 37°C, a transition took place in the semi-crystalline drug core,

observable in the 465 nm band, that was not accompanied by significant leakage (which

would have been observed in the 394 nm band) for at least 24h. By 48h, leakage of serum-

incubated liposomes had begun, given the increase in the 394 nm band that represents

serum-bound drug. For remote-loaded liposomes incubated in buffer without serum, signal

in the 394 nm band was low at all time points, but based on the persistence of the 465 nm

band associated with remote-loaded drug in the liposome core, significant leakage had not

yet occurred (Fig. 7A). The 465 nm peak eventually declined after 48h, likely because of

drug leakage to a non-fluorescent state when serum was not present. Similar temporal

changes were observed in the 465 nm band for liposomes incubated in the presence of

serum, albeit following a more rapid time course (i.e., peaking at 24h before declining), and

in serum-incubated samples, the decline in the 465 nm band was accompanied by elevation

in the 394 nm band, thus clearly corresponding to drug leakage.

One consideration was whether the time course of fluorescence increase in the 394 nm band

truly represented leakage of drug from remote-loaded liposomes in serum-containing buffer,

or whether the semi-precipitated drug cores were ejected from liposomes, and the rate of

signal change represented the rate of dissolution of the drug cores. We observed that free,

crystalline gefitinib dissolved and became fluorescent under these conditions at a

Trummer et al. Page 10

J Pharm Sci. Author manuscript; available in PMC 2014 August 13.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



considerably more rapid rate than drug was released from remote loaded liposomes (Fig.

7B). Therefore, the fluorescence data confirms that there was neither residual free drug

present in the liposome formulation after preparation, nor could delayed dissolution of drug

released from liposomes in a precipitated state explain the observed temporal changes in the

fluorescence intensity.

To provide a standard to determine the fraction of drug that was released from liposomes in

the presence of serum, free gefitinib, dissolved in a DMSO stock solution, was added to

serum-containing buffer to the same total concentration as present in liposome- and

crystalline-drug samples, thereby permitting calibration of the drug release/dissolution rate

data of Fig. 7. By comparison of fluorescence signal intensity to a standard curve of free

gefitinib prepared in serum-containing buffer, at 24h, approx. 50% of the drug was released

from remote-loaded liposomes in serum. By 72h, essentially 100% of drug was released (not

shown).

Discussion

Although EGFR inhibitors are orally active and effective for some cancers, a lack of

sufficient ‘addiction’ to EGFR pathway signaling, activating mutations in EGF signaling

pathways, side effects, and off-target effects limit clinical efficacy. Our overall hypothesis is

that drug delivery approaches could reduce drug deposition in critical normal tissues,

increase tumor deposition, and provide sustained intra-tumor drug release. Carrier-mediated

alteration in biodisposition could reduce GI toxicity by reducing free drug concentrations,

and reduce accumulation in the skin, a site of significant clinical gefitinib toxicity 7.

Furthermore, by reducing free drug concentrations in the blood, the severe myelotoxicity

arising from drug combinations such as gefitinib and vinorelbine 13,14 might be lessened

because of lower drug concentrations in bone marrow 12.

Because of their high cargo capacity and the existence of several clinically-approved

products, nanoparticulate liposomal drug carriers were selected. Development of optimal

liposome-based formulations required evaluation of a large range of parameters that

determine performance in vivo, including size, charge, membrane fluidity, particle surface

characteristics, and drug loading. For hydrophobic, weakly basic drugs such as the EGFR

inhibitors, loading of both the membrane bilayer and the internal aqueous core was feasible;

both strategies have yielded clinically-useful formulations of other drugs. Evaluation of the

potentially large parameter space for carrier optimization was accelerated by the novel

observation that gefitinib, erlotinib, and other EGFR inhibitors are not only fluorescent, but

also the fluorescence is environment-sensitive. Gefitinib is not fluorescent in aqueous

solutions, and therefore monitoring of drug loading into the membrane bilayer, where it

fluoresces intensely, did not require separation of liposomes from unincorporated drug.

Furthermore, spectral characteristics provided insight into the environment in which the

drug was localized in the membrane bilayer as drug concentration and membrane

composition were varied. Overall, the fluorescence properties of gefitinib enabled facile

evaluation of liposome compositional effects upon drug encapsulation, investigation of drug

interactions with serum proteins, and evaluation of drug release from the carrier in the
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presence of serum proteins. Preliminary data also suggest the possibility of evaluating intra-

tumor drug disposition based upon fluorescence.

The solvent dependence of gefitinib fluorescence suggested superior incorporation of

gefitinib by fluid bilayers, and revealed a maximum bilayer capacity to incorporate drug of

only 4–6 mol%. Temporal changes in fluorescence intensity also informed as to stability of

formulations during storage, and demonstrated that compositions providing the highest

initial drug:lipid ratios displayed kinetically-delayed instability.

Given the low amount of gefitinib incorporated stably in the membrane bilayer, alternative

encapsulation strategies were explored. Poor aqueous solubility precluded passive

encapsulation of drug. Therefore, a remote-loading strategy was developed that selected the

pH so as to provide sufficient drug solubility to permit loading, yet maintain the

electrochemical gradient necessary for loading. High phase-transition lipids and a PEG

surface coating were selected based on abundant work showing improved circulating half-

life and retention of encapsulated contents at both 4°C and 37°C 40–42. The numerous key

variables that determine the efficiency of drug incorporation, including drug:lipid ratio,

nature of the multivalent trapping ion, drug solubility, loading pH, and liposome

composition were expeditiously explored based upon the drug’s fluorescence properties.

Poor gefitinib solubility presented a significant challenge to establishing sufficient external

concentrations to permit loading. Solubility at pH 5 is approximately 60-fold higher than at

pH 7.0 21; pH 6.2 was chosen for the loading pH as a compromise among higher aqueous

solubility, acceptable chemical stability of the phospholipids, and maintenance of an

electrochemical gradient to drive loading. Divalent anionic complexing agents inside the

liposome, such as citrate and sulfate 33,35,37 were compared, and ammonium sulfate

appeared to be superior for trapping gefitinib. The upper limit of drug incorporation was

approx. 50–60 mol% gefitinib encapsulated at an efficiency of 75–100%. Transmission

electron microscopy showed that many nanoparticles contained an electron-dense core,

suggesting that the drug resided in a semi-precipitated state.

The spectral characteristics of gefitinib also permitted investigation of drug leakage and

protein binding in serum-containing media, which is a significant challenge. Protein-

associated gefitinib fluoresced at 385–395 nm, and a direct relationship was observed

between the concentration of drug and the emission intensity in serum. It was observed that

gefitinib could participate in resonance energy transfer with protein Trp residues, resulting

in Trp fluorescence quenching and enhanced gefitinib (acceptor) fluorescence at 385–395

nm. RET analysis could potentially discriminate between bilayer-inserted drug and protein-

bound drug. However, this approach was not necessary to achieve the experimental

objectives; it was observed that gefitinib within the core of remote-loaded liposomes

displays a unique spectral signature that is distinct from the emission peak of protein-bound-

or membrane-inserted drug. Therefore, temporal changes in these two fluorescence bands

provided insights into events leading to drug leakage in the presence and absence of serum.

The release of drug from remote-loaded liposomes was low in serum-containing medium for

the first 24h of incubation at 37°C and increased to nearly 100% over 72h. Thus formulation

stability would be sufficient to achieve nanoparticle deposition in tumor prior to leakage of

liposome contents. Simultaneous comparison of dual fluorescence bands provided the
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insight that over the first 24h of incubation at 37°C in saline, spectral changes in the 465 nm

band suggested alterations in the physical state of gefitinib occurred within in the liposome

core prior to efflux. Drug within remote-loaded liposomes reportedly can exist in a gelled or

semi-crystalline state 33,35, and the observed spectral changes could result from hydration of

the drug core, a change in intra-liposomal pH during incubation, or dissolution of the drug.

The eventual decrease in the 465 nm fluorescence band resulted from drug leakage, because

the intensity of serum-bound drug (394 nm band) underwent an increase in parallel. Overall,

it appeared that similar processes were occurring in the liposome core during incubation in

the presence or absence of serum, but that the process was accelerated by leakage induced

by serum proteins.

In conclusion, a liposome formulation was developed that contains a high payload of the

EGFR inhibitor gefitinib. Remote-loading of erlotinib was also feasible (not shown), and

suggests that many RTK inhibitors may be encapsulated by this approach, given their

structural and physicochemical similarities. The amount of gefitinib incorporated per mole

of phospholipid carrier was high enough to suggest the feasibility to achieve therapeutic

levels in humans. The PEG-coated nanoparticulate carrier would be expected to have higher

tumor:skin and tumor:bone marrow deposition ratios, and thus could reduce toxicity alone or

in combination with other cytotoxic anticancer agents. Finally, the fluorescence properties of

gefitinib, which are shared by the clinically-approved EGFR inhibitor erlotinib (Fig. 1B,

2B), not only can be exploited for developing and analyzing the properties of liposomal

formulations containing EGFR inhibitors, but also enable the investigation of drug

deposition in cells and tissues. Given the structural similarities among diverse RTK

inhibitors, fluorescence may be a widely-useful tool to study biophysical behavior as well as

biodistributional and intracellular disposition. Overall, the formulations developed and tools

to analyze them thus mutually support each other as a means to improve the efficacy of

therapies based upon this and potentially other RTK inhibitors.
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Abbreviations

BSA Bovine serum albumin

Chol Cholesterol

DMSO Dimethylsulfoxide

DSPC Distearoylphosphatidylcholine

DSPG Distearoylphosphatidylglycerol

EGF Epidermal growth factor

Trummer et al. Page 13

J Pharm Sci. Author manuscript; available in PMC 2014 August 13.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



EGFR Epidermal growth factor receptor

ePC Egg phosphatidylcholine

EPR Enhanced permeability and retention phenomenon

MAPK Mitogen-activated protein kinase

MDR Multi-drug resistance

MLV Multilamellar vesicle

PEG-DSPE distereoylphosphatidylethanolamine covalently linked to 2000 KDa

polyethylene glycol

RET Resonance energy transfer

RTK Receptor tyrosine kinase

SUV Small unilamellar vesicle

TEM Transmission electron microscopy

Trp Tryptophan
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Figure 1. Molecular structures and excitation spectra of gefitinib and erlotinib
The molecular structures of (A) gefitinib (entry CID 123631) and (B) erlotinib (entry CID

176870) obtained from the PubChem compound database (http://www.ncbi.nlm.nih.gov/

pccompound/). Normalized excitation spectra in n-hexanes of 15 µM (C) gefitinib and (D)

erlotinib. Emission wavelength was 500 nm.
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Figure 2. Solvent-dependent fluorescence emission spectra of gefitinib and erlotinib
Gefitinib or erlotinib were suspended at 15 µM in a variety of solvents, and fluorescence

emission spectra were acquired. Excitation was at 340 nm. Spectra are uncorrected for the

concentration of drug in solution. (A) Spectra of gefitinib in chloroform (triangles) or

acetonitrile (filled squares); left ordinate indicates intensity scale. Scale on right ordinate for

gefitinib in ethanol (filled circles) or n-hexanes (inverted triangles) is expanded to

demonstrate red- and blue shifts. No detectable emission peak was observed for gefitinib in

Tris-buffered saline (not shown). (B) Emission spectra of erlotinib in various solvents;

symbols, axis scales are the same as in (A). No detectable emission peak was observed for

erlotinib in Tris-buffered saline. (C) Normalized emission spectra of gefitinib. Filled

squares: 20 µM drug in Tris-buffered saline with 10% newborn calf serum; the peak was 390

nm. Filled triangles: spectrum of 15 µM gefitinib incorporated in bilayer of liposomes

composed of DSPC:PEG-DSPE (9:1 mol:mol); peak was 380 nm. No emission was

observed for blank liposomes (not shown). Filled circles: fluorescence of 15 µM gefitinib

encapsulated in the liposome core by remote loading in DSPC:PEG-DSPE:Chol (9:1:5

mol:mol:mol) liposomes immediately after dilution into TBS or (open circles) 1d after

incubation at 37°C in TBS; the emission peak was 460 nm. The day-1 spectrum (open cirles)
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was normalized to the emission peak. The day-0 spectrum (filled circles) is shown in its

original intensity relative to the day-1 spectrum.
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Figure 3. Drug accumulation in 9L tumor spheroids imaged by dual-photon excitation confocal
microscopy
Confocal laser scanning microscopy with multi-photon excitation was used to image cell-

associated gefitinib, irradiating with a 700 nm laser line (350 nm excitation) and an emission

band of 390–465 nm. (A) MCF7 human breast cancer cells incubated in monolayer culture

for 18 h with 2 µM free gefitinib. (B) Spheroids of rat 9L brain tumor cells grown in a

serum-free Neural Stem Cell medium supplemented with EGF and other components 22 and

incubated for 18 h with 10 µM free gefitinib, which approximates its IC50. The images are

false-colored to represent gefitinib as green. Bar: 20 micrometers.
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Figure 4. Fluorescence emission intensity as a function of gefitinib mole fraction added to
liposomes of various composition
Fluid (low phase transition) or solid (high phase transition) liposomes, with or without 50

mol% cholesterol (9:1:5 mol:mol:mol), were prepared with varying mole fractions of

gefitinib incorporated into the bilayer during liposome preparation (Methods). A portion of

each MLV preparation was extruded through 80 nm polycarbonate filters to produce SUV.

The fluorescence intensity was measured at the peak emission wavelength either

immediately after preparation (A) or after 12 days of incubation at 4°C (B). The excitation

wavelength was 320 nm to reduce light scattering contributions. (A) Fluorescence intensity

of gefitinib in fluid (filled symbols) or solid (open symbols) liposome formulations as a

function of the initial drug:lipid mole ratio, measured immediately after preparation. Filled

circles: MLV of ePC:PEG-DSPE (9:1 mol:mol); filled squares: MLV of ePC:PEG-

DSPE:Chol (9:1:5 mol:mol:mol); filled triangles: SUV of ePC:PEG-DSPE; filled inverted

triangles: SUV of ePC:PEG-DSPE:Chol. Open circles: MLV of DSPC:PEG-DSPE (9:1

mol:mol); open squares: MLV of DSPC:PEG-DSPE:Chol (9:1:5 mol:mol:mol); open

triangles: SUV of DSPC:PEG-DSPE; open inverted triangles: SUV of DSPC:PEG-

DSPE:Chol. (B) Fluorescence intensity of gefitinib in fluid (filled symbols) or solid (open

symbols) liposome formulations after 12 days of incubation at 4°C; symbols are the same as

in (A). Light scattering contributed somewhat to the signal for formulations prepared with 8

mol% drug , which were highly aggregated.
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Figure 5. Maximum capture of gefitinib in remote-loaded liposomes
The efficiency, maximum capacity, and reproducibility of gefitinib encapsulation in

DSPC:PEG-DSPE:Chol (9:1:5 mol:mol:mol) liposomes by remote loading was evaluated

for 4 sets of formulations differing in initial drug:lipid ratio (0.20–1.30 mol:mol) that were

prepared over a period of 5 mos. Ammonium sulfate was the intra-luminal trapping ion.

After loading, free drug was removed by dialysis and brief centrifugation (6 min, 7500g) to

ensure formulations were free of precipitated drug. Gefitinib was quantified based on

absorbance values at 345 nm by comparison to a standard curve after dissolution of the

liposomes in 1:1 (v/v) chloroform:methanol. Phospholipid concentrations were determined

by inorganic phosphate assay after digestion in sulfuric acid 20. Symbols represent the final

drug:lipid ratio achieved (ordinate) at different initial drug:lipid loading ratios (abscissa).

The solid line shows fitting of the data using a Hill function (WinNonlin®, Pharsight Inc.,

St. Louis, MO). The curve fitting indicated that the liposome capacity for drug

asymptotically approached a maximum of 57 mol% (drug:lipid), with a standard error of

9%.
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Figure 6. Transmission electron microscopy of remote-loaded liposomes
Remote-loaded liposomes of DSPC:PEG-DSPE:Chol (9:1:5 mol:mol:mol) were dialyzed

and centrifuged for 6 min at 7500g. The final drug:lipid ratio was 0.60 mol:mol. Liposomes

remaining in the supernatant were diluted in buffered saline and examined by TEM after

negative staining in uranyl acetate. (A) Examination of multiple fields showed that the

preparation was free of precipitated drug. Bar: 100 nm. (B) Higher-magnification image of

the liposome formulation from panel (A), showing apparent electron-dense material

associated with structures that appear to be liposomes. Bar: 50 nm.
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Figure 7. Release of gefitinib from remote-loaded liposomes
Gefitinib fluorescence from remote-loaded liposomes of DSPC:PEG-DSPE:Chol (9:1:5

mol:mol:mol) during incubation 37°C in the presence or absence of serum was monitored at

intervals over several days. The excitation wavelengths were 465 nm (A), a spectral band

unique to drug precipitated in the liposome core, and 320 nm (B) the spectral band in which

protein-bound drug fluoresces. On day 0, freshly-prepared liposomes were diluted to a final

concentration of 20 µM in TBS or in TBS containing 10% newborn calf serum, and

incubated at 37°C. An equivalent amount of free crystalline free drug was also incubated

under the same conditions in order to estimate effect of drug dissolution rate on the rate of

fluorescence signal change if 100% of the drug were present as a precipitate in the liposome

formulations. (A) Gefitinib intensity at 465 nm, the peak wavelength characteristic of drug

within the aqueous core of remote-loaded liposomes. Squares: crystalline free gefitinib in

Tris-buffered saline; triangles: liposomal gefitinib in Tris-buffered saline; diamonds:

crystalline gefitinib in serum-containing buffer; circles: liposomal gefitinib in serum-

containing buffer; inverted triangles: serum-containing buffer without drug. The

progressively increasing intensity from crystalline gefitinib in serum-containing buffer

represents a spectral shoulder of the serum-bound drug emission peak at 394 nm, which was
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intense by day 2–3. (B) Gefitinib intensity at 394 nm, which is the peak wavelength of

protein-bound drug. Symbols are the same as in (A). For experiments in which drug

fluorescence was measured in serum-containing buffer, a standard curve consisting of

known amounts of gefitinib added from a concentrated DMSO stock to the identical buffer

was prepared, to ensure that fluorescence varied linearly with the concentration of released

(free) gefitinib.
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