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1,2-Distigmasterylhemisuccinoyl-sn-glycero-3-phosphocholine (DSHemsPC) is a new lipid in which two
molecules of stigmasterol (an inexpensive plant sterol) are covalently linked via a succinic acid to glyc-
erophosphocholine. Since amphotericin B (AmB) interacts with sterols, we postulated that DSHemsPC
could be used in AmB liposome formulations. Thirty-two DSHemsPC-AmB formulations were prepared
using various mole ratios of DSHemsPC, phosphatidylcholine and phosphatidylglycerol at different pH.
Most formulations had physical properties similar to AmBisome™: a particle diameter of about 100 nm,

Zz;vlfgg;icin B a monomodal distribution and a negative zeta potential. The red blood cell potassium release (RBCPR)
Cholesterol IC50s for formulations spanned a range, with some being comparable to or greater than the IC50

observed using AmBisome™. A number of formulations had superior in vitro antifungal activity com-
pared to AmBisome™ against all of the tested pathogenic yeasts and molds. The IC50s of formulations
against Leishmania major promastigotes and amastigotes for certain formulations were comparable with
AmBisome™ and Fungizone™. Most formulations had maximum tolerated intravenous doses (MTD)
of less than 10 mg/kg. However the formulation consisting of DSHemsPC/DMPC/DMPG/AmB mole ratio
1.25/5.0/1.5/1.0 (prepared at pH 5.5) had excellent colloidal properties, a high IC50 for RBCPR, antifun-
gal and antileishmanial activity similar to AmBisome™ and an MTD of 60 mg/kg. The characteristics
of this DSHemsPC/DMPC/DMPG/AmB formulation make it suitable for further investigation to treat
AmB-responsive pathogens.

Distigmasteryl-modified phospholipid
Drug carrier

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Amphotericin B (AmB), a polyene antibiotic produced from the
natural fermentation of Streptomyces nodosus (Ellis, 2002), is one
of the more effective drugs for the treatment of invasive fungal
infections and visceral leishmaniasis (Groll and Walsh, 2002; Croft
and Coombs, 2003). AmB is insoluble in aqueous media and the
traditional formulation of AmB is provided as a mixed micelle
with deoxycholate as a surfactant (Fungizone™). The severe toxic
adverse effects, including the acute infusion related toxicities and
the chronic nephrotoxicity, limit the clinical use of the traditional
micelle AmB dosage form (Deray, 2002). In order to reduce the
adverse effects and increase the therapeutic index of AmB, three
different lipid-based formulations of AmB have been developed
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and commercialized in United States and Europe. Amphotec™
(Three Rivers Pharmaceuticals, LLC, Cranberry Township, PA) is
an AmB stable disk-like colloidal dispersion with a diameter of
approximately 100 nm and a thickness of <10nm in which AmB
is complexed with cholesteryl sulfate in a molar ratio of 1:1 (Guo
et al., 1991). Abelcet™ (Enzon Pharmaceuticals, Inc., Bridgewa-
ter, NJ) is an AmB lipid complex with a micron sized ribbon-like
structure and a final particle diameter of 1-6 M in which AmB
is complexed with dimyristoyl phosphatidylcholine (DMPC) and
dimyristoyl phosphatidylglycerol (DMPG) in a molar ratio of 3:10:7
(Janoff et al., 1998). AmBisome™ (Gilead Sciences, Inc., Foster City,
CA)isaunilamellar liposomal formulation of AmB with particle size
diameter of <100 nm and is composed of hydrogenated soy phos-
phatidylcholine (HSPC), cholesterol, disteroylphosphatidylglycerol
(DSPG) and AmB in a molar ratio of 2:1:0.8:0.4 (Adler-Moore
and Proffitt, 2002). These commercial lipid-based formulations
reduce the toxicity of AmB to varying degrees and have differ-
ent pharmacokinetic profiles (Andes et al., 2006; Bellmann et al.,
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2009; Walsh et al., 1999; Herbrecht et al., 2003; Wingard et al.,
2000).

Among these formulations, AmBisome™ has significantly lower
toxicity compared to the other formulations (Bellmann et al., 2009;
Boswell et al., 1998; Walsh et al., 1999; Moen et al., 2009; Leenders
et al., 1997; Dupont, 2002; Herbrecht et al., 2003; Wingard et al.,
2000). The reason for the lower toxicity of AmB in AmBisome™ is
that AmB is very tightly integrated within the liposomal membrane
bilayer through (1) electrostatic interaction between the positive
charge of the mycosamine group in AmB and the negative charge
on the DSPG, (2) a favorable chain-packing arrangement between
the AmB and the aliphatic acyl chains and (3) the hydrophobic
interaction between AmB and cholesterol in the liposome bilayer.
Due to these characteristics, AmB in AmBisome™ is firmly asso-
ciated with the liposome bilayer and is not readily released while
it is in blood circulation (Adler-Moore and Proffitt, 2008). Further-
more, AmBisome™ due its small diameter and rigid bilayer (phase
transition temperature of approximately 55 °C) has a long circula-
tion time in the bloodstream which promotes its distribution into
sites of inflammation (Adler-Moore and Proffitt, 2002; Walsh et al.,
1999).

Liposomes containing a high percentage of cholesterol (up to
50%) are generally more stable and less leaky than those without
cholesterol (Torchilin, 2005). However, when some types of lipo-
somes composed of free cholesterol and phospholipids are placed in
a biological milieu, free cholesterol rapidly transfers from the lipo-
some into the biomembranes and serum lipoproteins (Fahr et al.,
2005; Kan et al., 1992; Phillips et al., 2003). This transfer of free
cholesterol from the liposome bilayer results in a decrease in lipo-
some stability and the loss of the encapsulated contents.

We have designed and synthesized a family of chimeric sterol-
modified glycerophospholipids (SMLs) in which either the sn-1 or
sn-2 position or both are covalently attached to cholesterol and the
remaining position contains an aliphatic chain (Huang and Szoka,
2008; Huang et al., 2009). SMLs form liposomes by themselves
and in mixtures with diacylglycerophospholipids. SMLs stabilize
the liposome bilayer but are not released from the liposomes in
the biological milieu of serum at 37°C (Huang and Szoka, 2008;
Huang et al., 2009). Hence SMLs can be used in place of the current
phospholipids to improve liposomal drug delivery for drugs whose
premature release is not desired (Huang and Szoka, 2008; Huang
et al.,, 2009).

One of the mechanisms of stabilization of AmB in the
AmBisome™ formulation is through the hydrophobic interac-
tions between AmB and cholesterol in the liposome bilayer
(Jensen et al., 1999; Ellis, 2002; Guo et al, 1991). Thus,
we hypothesized that SMLs could provide an alternative;
possibly improved liposomal formulations of AmB because
cholesterol would be further anchored into the liposome
bilayer via the SMLs. 1,2-Distigmasterylhemisuccinoyl-sn-glycero-
3-phosphocholine (DSHemsPC) is a new lipid in which two
molecules of stigmasterol are covalently linked via a succinic acid to
glycerophosphocholine. DSHemsPC is prepared from an inexpen-
sive plant sterol that provides liposomes with excellent stability in
biological fluids because stigmasterol in DSHemsPC does not trans-
fer from the liposome into lipoproteins and biomembranes (Fig. 1)
(Huang et al., 2009). Stigmasterol is an unsaturated plant sterol
that is chemically similar to animal sterol (cholesterol) (Mora et al.,
1999; Sriti et al., 2009). Since one of the main drawbacks in using
AmBisome™ is its considerable cost, using stigmasterol instead
of cholesterol might decrease overall cost of the AmB prepara-
tion.

Herein we describe the preparation of thirty-two different
DSHemsPC-AmB formulations, their colloidal, red blood cell potas-
sium release properties, in vitro antifungal, and antileishmanial
activity. In order to compare directly the acute toxicity of the

DSHemsPC-AmB formulations, maximum tolerated dose (MTD)
was also determined in BALB/c mice after intravenous administra-
tion of the formulations for selected formulations.

2. Materials and methods
2.1. Materials
The DSHemsPC was synthesized, purified and its struc-

ture confirmed as described previously by Huang et al.
(2009). The phospholipids used in this study were con-

sisted of hydrogenated soy phosphatidylcholine (HSPC),
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-
dimyristoyl-sn-glycero-3-[Phospho-rac-(1-glycerol)] (Sodium

Salt) (DMPG), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), 1,2-dipalmitoyl-sn-glycero-3-[Phospho-rac-(1-glycerol)]
(Sodium Salt) (DPPG), 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC),  1,2-distearoyl-sn-glycero-3-[Phospho-rac-(1-glycerol)]
(Sodium Salt) (DSPG), Cholesterol (Chol.) which were purchased
from Avanti Polar Lipids (Birmingham, USA). AmB, HEPES [4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid], disodium
succinate hexahydrate (DSSH) and MOPS were purchased from
Sigma (St. Louis, MO). Fungizone™ (Bristol-Myers Squibb Com-
pany, Princeton, NJ) and AmBisome™ (Gilead Sciences, Inc.,
Foster City, CA) were purchased and reconstituted according to
the manufacturer’s package insert instructions. Chloroform and
methanol were purchased from Merck (Germany). Alamar Blue
was purchased from Biosource (International, Inc., USA).

All other chemicals were of reagent grade and were used as
received.

2.2. Animals

Female BALB/c mice, 6-8 weeks old, were obtained from the
Pasteur Institute (Tehran, Iran). The mice were housed in a stan-
dard environment at a constant temperature of 25°C under a 12-h
light/dark cycle with free access to food and drinking water.

2.3. Parasite propagation and maintenance

The virulence of Leishmania major strain MRHO/IR/75/ER was
maintained by passing in BALB/c mice. The amastigotes were iso-
lated from the spleen of an infected mouse and were cultured on
Novy-MacNeal-Nicolle (NNN) medium and subcultured in RPMI
1640 (Sigma) containing 10% (v/v) heat-inactivated fetal calf serum
(FCS), 2mM glutamine, 100U/ml of penicillin, and 100 p.g/ml of
streptomycin sulfate (RPMI-FCS) at 2541 °C.

2.4. Macrophage culture conditions

J774 A.1 mouse macrophage cell lines were purchased from
Pasteur Institute of Iran (Tehran, Iran) and maintained in DMEM
containing 10% FBS at 37 °C in 5% CO, atmosphere.

2.5. Liposome preparation

DSHemsPC-liposomes intercalated with AmB (DSHemsPC-AmB
liposomes) were prepared by hydration of a thin lipid film followed
by sonication (Szoka et al., 1987; Tremblay et al., 1984). Briefly, the
lipid components were weighed and dissolved in chloroform. AmB
was dissolved in methanol at 0.2 mg/ml. The lipid and AmB solu-
tions were mixed in a round-bottom flask at the desired amount
according to the molar ratio for each formulation presented in
Tables 1 and 2. A thin-lipid film was formed by removing the sol-
vent on a rotary evaporator under reduced pressure. Liposomes
were prepared by rehydrating the lipid film with HEPES buffer
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Fig. 1. Structure of DSHemsPC, DMPC, DMPG and amphotericin B.

(10mM, pH 7.4) or succinate-buffered solution with 9% sucrose
(pH 5.5 or 6.5) followed by mixing on a vortex mixer for 10-15 min,
sonication at 65 °C for 60 min in a bath type sonicator (Laboratory
Supplies Company Inc., Hicksville, NY) under argon. The final total
lipid concentration of all formulations was adjusted to 70 mM.

2.6. Liposome characterization

The particle diameter of each sample was measured in triplicate
using Dynamic Light Scattering Instrument (Nano-ZS; Malvern,
UK). The zeta potential of liposomes was determined on the same
machine using the zeta potential mode as the average of 20 mea-
surements.

2.7. Drug analysis for DSHemsPC-AmB liposome formulations

The amphotericin B concentration of the final formulation
was measured by diluting the sample 1/1000 in methanol,
measuring the absorbance at 406 nm, and comparing the absorp-
tion to a standard curve prepared from solid amphotericin
B diluted in methanol (Tremblay et al., 1984). The standard
curve was linear up to 6 wm amphotericin B per ml methanol.
The intra- and inter-day variation for AmB was performed
and there was no significant difference between day-to-day
analysis. The validation results were established for three
repeats per concentration and 5 concentrations (Tremblay et al.,
1984).
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Physical and potassium release properties of liposomal AmB formulations prepared from DSHemsPC using HEPES buffer pH 7.2.

AmB formulation Molar ratio Zeta average Distribution Polydispersity+SD  Zeta potential IC50 for potassium release
size (nm)+SD (mV)+SD (pg/ml, lower and upper
95% limit)
F1-DSHemsPC/DSPC/DSPG/AmB 1.25/5.0/0.5/1.0 100.6 £ 0.2 Monomodal 0.209 + 0.04 -36.1 £ 7.8 6.19(1.31-29.24)
F2-DSHemsPC/DSPC/DSPG/AmB 1.25/5.0/1.0/1.0 112.8 £ 0.6 Bimodal 0.171 £+ 0.04 —44.5 + 5.97 1.79(0.21-15.5)
F3-DSHemsPC/DSPC/DSPG/AmB 1.25/5.0/1.5/1.0 1273 £ 09 Bimodal 0.173 + 0.03 -50.5 + 7.96 0.95(0.27-3.4)
F4-DSHemsPC/DSPC/DSPG/AmB 1.25/5.0/2.0/1.0 115.2 £ 0.3 Monomodal 0.209 + 0.02 —54.1 £ 6.27 3.7(0.11-0.12)
F5-DSHemsPC/DPPC/DPPG/AmB 1.25/5.0/0.5/1.0 141.6 £ 2.3 Bimodal 0.183 £+ 0.03 -41.8 £ 94 335(24-4495)
F6-DSHemsPC/DPPC/DPPG/AmB 1.25/5.0/1.0/1.0  343.2 + 21.0 Bimodal 0.456 + 0.12 —45.7 £ 7.72 9279 (3333-25,836)
F7-DSHemsPC/DPPC/DPPG/AmB 1.25/5.0/1.5/1.0 122.6 £ 0.7 Monomodal 0.205 + 0.03 -60.5 + 11.3 55 (0.93-3243)
F8-DSHemsPC/DPPC/DPPG/AmB 1.25/5.0/2.0/1.0 1179 £ 2.3 Monomodal 0.209 £ 0.14 -60.7 £ 10.7 171 (12-2450)
F9-DSHemsPC/DMPC/DMPG/AmB 1.25/5.0/0.5/1.0 103.2 £ 0.6 Monomodal 0.246 + 0.03 —53.6 + 5.82 28,590 (5233-156,215)
F10-DSHemsPC/DMPC/DMPG/AmB  1.25/5.0/1.0/1.0 107.8 + 19.8 Monomodal 0.212 + 0.02 -62.2 +5.15 3,105,329
(151,955-63,460,000)
F11-DSHemsPC/DMPC/DMPG/AmB  1.25/5.0/1.5/1.0 1102 £ 2.1 Monomodal 0.292 + 0.01 —68.9 + 5.04 585,515 (42-822,038)
F12-DSHemsPC/DMPC/DMPG/AmB  1.25/5.0/2.0/1.0  76.89 + 0.2 Monomodal 0.254 + 0.01 —69.1 + 5.92 67,571 (2069-2,207,288)
F13-DSHemsPC/HSPC/DSPG/AmB 1.25/5.0/0.5/1.0 1492 £ 48 Bimodal 0.393 £+ 0.12 -25.6 + 4.08 110 (38-313)
F14-DSHemsPC/HSPC/DSPG/AmB 1.25/5.0/1.0/1.0 1342 £ 14 Bimodal 0.268 + 0.12 -45.1 + 8.8 33(8.7-124)
F15-DSHemsPC/HSPC/DSPG/AmB 1.25/5.0/1.5/1.0 115.8 £ 0.6 Bimodal 0.178 + 0.04 —46.2 + 4.63 1.59(0.018-140)
F16-DSHemsPC/HSPC/DSPG/AmB 1.25/5.0/2.0/1.0 78.11 £ 0.6 Monomodal 0.198 + 0.03 -56.9 + 8.92 35(0.93-1285)
F17-DSHemsPC/HSPC/DSPG/AmB 1.75/5.0/0.5/1.0 108.4 £ 0.8 Monomodal 0.226 + 0.05 -29.1 £4.35 2.71(0.26-28.3)
F18-DSHemsPC/HSPC/DSPG/AmB  1.75/5.0/1.0/1.0  112.1 + 2.6 Monomodal 0.292 + 0.0 —469 +11.6 3.7 (0.54-25)
F19-DSHemsPC/HSPC/DSPG/AmB 1.75/5.0/1.5/1.0 9091 + 1.3 Monomodal 0.176 + 0.26 —61.4 +9.78 8.4(2.3-31)
F20-DSHemsPC/HSPC/DSPG/AmB 1.75/5.0/2.0/1.0  99.08 + 0.7 Monomodal 0.152 + 0.16 —53.6 + 6.88 2.9(0.27-31)
AmBisome™ 1203 £ 1.5 Monomodal 02 +0.2 —54.5 + 1.1 529.97 (326.6-1101.7)

Fungizone™

0.76 (0.41-1.4)

The IC50 of F5-F13 and AmBisome™ was significantly (P<0.001) higher than Fungizone™. The IC50 among F1-F4, F14-F20 and Fungizone™ was not significantly different
(P>0.05). The IC50 of AmBisome™ was significantly (P<0.001) greater than F5, F7, F8, and F13. The IC50 of F9-F12 was significantly (P<0.001) greater than AmBisome™.

2.8. Analysis of potassium release from red blood cells

Whole blood was collected in tube containing heparin as anti-
coagulant from rabbit and stored at 2-8 °C for up to 48 h. Just prior
to use, the blood cells washed three times in a buffer consisting
of 147 mM NacCl, 3 mM KCl and 10 mM dibasic sodium phosphate
(Farhoudi-Moghaddam et al., 1990), by centrifugation at 3000 x g
for 12 min at 4 °C. The DSHemsPC-AmB formulations were diluted
with dextrose water 5% to adjust different concentrations of AmB
from 4 mg/ml to 0.0001 mg/ml. In eppendorf tubes 50 .l of each
concentrations of DSHemsPC-AmB formulations, blank (HEPES
10mM, pH 7.2), positive control (1% TritonX-100 in water) and
negative control (dextrose water 5%) were mixed with 450 wl of
washed blood as triplicates. The tubes were gently rotated to mix
the samples and incubated at 37 °Cfor 3 h, mixing the samples every
30min. After incubation, the eppendorf tubes were centrifuged
at 1000 x g for 10 min at 4 °C. The supernatant was evaluated for
[k*] using flame atomic absorption (Seac, SP20, Radim Company,
Italy) (Jensen et al., 1999). The IC50 for potassium release (the con-
centration of AmB required to cause a 50% release of potassium
from red blood cells of each DSHemsPC-AmB formulation (based
on AmB concentration), AmBisome™ and Fungizone™ were cal-

Table 2

culated using CalcuSyn Software, Version 2.1 (Biosoft, Cambridge,
UK).

2.9. Antifungal in vitro assay to determine drug MICs

A microtiter dilution assay was used to determine the MICs
for the yeasts Candida albicans (PTCC 5027) and Candida glabrata
(PTCC 5297), and the molds Aspergillus fumigatus (PTCC 5009),
Aspergillus terreus (PTCC 5021), and Aspergillus flavus (PTCC 5006).
The yeast cells were prepared by daily subculturing in Sabouraud’s
dextrose broth for 2 days, pelleting, and rinsing twice with 0.01 M
phosphate-buffered saline (PBS), pH 7.2. The final pellets were
resuspended in PBS, cells were counted with a hemocytometer,
and blastospore suspensions were adjusted with RPMI-MOPS to
give 6 x 10* blastospores/ml. The Aspergillus species were cul-
tured on plates with inhibitory mold agar, available as a premixed
powder (BBL Microbiology Systems), at 35°C for 9-10 days. Coni-
dia were dislodged from the hyphal mats by dispersal in 0.9%
saline with 0.05% Tween 80 (Sigma, St. Louis, MO) and stored at
4°C. The conidial count for each species was determined with
a hemocytometer, and the conidial suspension was adjusted to
6 x 10* conidia/ml of RPMI-MOPS. The viability of the blastospores

Physical and potassium release properties of liposomal AmB formulations prepared from DSHemsPC using DSSH buffer pH 6.5.

AmB formulation Molar ratio Zeta average Distribution Polydispersity +SD Zeta potential IC50 for potassium
size (nm)+SD (mV)+£SD release (pg/ml,

lower and upper

95% limit)
F21-DSHemsPC/DSPC/DSPG/AmB 1.25/5.0/2.0/1.0 1433 £ 1.0 Bimodal 0.254 + 0.01 -334+438 81(22-310)
F22-DSHemsPC/DPPC/DPPG/AmB 1.25/5.0/2.0/1.0 99.36 + 2.5 Bimodal 021 +£0.13 —40.9 + 9.6 22,360(1500-33,700)
F23-DSHemsPC/DMPC/DMPG/AmB 1.25/5.0/1.5/1.0 121.1 £ 4.5 Monomodal 0.183 + 0.01 —422 +£55 6000(290-125,510)
F24-DSHemsPC/DMPC/DMPG/AmB 1.25/5.0/2.0/1.0 78.22 +£ 04 Monomodal 0.23 £+ 0.02 -249 + 115 1970(465-8340)
F25-DSHemsPC/HSPC/DSPG/AmB 1.25/5.0/2.0/1.0 97.07 + 0.7 Monomodal 0.187 + 0.03 -31+71 55(8-355)
F26-DSHemsPC/HSPC/DSPG/AmB 1.75/5.0/1.5/1.0 169.3 + 0.4 Monomodal 0.288 + 0.04 -37.5+6.1 119(34-420)
AmBisome™ 1203 £ 1.5 Monomodal 02 +0.2 —545+ 1.1 529.97 (326.6-1101.7)

Fungizone™

0.76 (0.41-1.4)

The 1C50 of F21-F24, F26 and AmBisome™ was significantly (P<0.01) higher than Fungizone™. The I1C50 among F25 and Fungizone™ was not significantly different
(P>0.05). The IC50 of AmBisome™ was significantly (P<0.001) greater than F21, F25, and F26. The IC50 of F22, F23, and F24 were significantly (P<0.05-0.001) greater than

AmBisome™.
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or conidia was assessed by plating 200 .l of a given suspension
onto inhibitory mold agar plates, followed by incubation at 35°C
for 24-48 h. A series of two-fold dilutions of each AmB formula-
tion (0.156-80 pg/ml) in RPMI-MOPS were prepared, and 100-.1
aliquots of each drug dilution were dispensed into triplicate wells of
a 96-well flat-bottom microtiter plate. Final AmB concentrations in
the wells ranged from 0.078 to 40 p.g/ml. Aliquots (100 pl/well) of
each test organism were then dispensed into the appropriate wells.
Alamar blue (20 wl/well) was added to all wells, and the plate was
incubated at 35 °C for 48 h. Negative control wells contained 100 .1
of RPMI-MOPS and 100 .1 of the drug at 80 pg/ml; positive control
wells were made up of 100 .l of RPMI-MOPS and 100 .l of the test
organism. The MIC was defined as the lowest concentration of the
drug preventing the development of a red color (Olson et al., 2006).

2.10. In vitro cytotoxicity assay using promastigotes

Measurement of Alamar blue reduction was used to deter-
mine the effects of the formulations on the viability of Leishmania
promastigotes. The effects of the formulations on the viability
of Leishmania promastigotes were assessed by monitoring the
absorbance of Alamar blue at two wavelengths after a 48-h culture
period in the presence of the formulations. Parasites were har-
vested at stationary phase of culture, and 2.5 x 10® promastigotes
were added to each well of 96-well flat-bottom plates contain-
ing different concentrations of the DSHemsPC-AmB formulations;
triplicate wells were used for each concentration, Alamar blue
(20 pl/well) was added to all wells, and the plate was incubated
at 25°C for 48 h. Negative control wells contained 100 .1 of RPMI-
MOPS and 100 .l of the drug at 80 wg/ml; positive control wells
were made up of 100 pl of RPMI-MOPS and 100 .l of the test
organism. The relative absorbance was correlated to the number of
promastigotes per well by calculating percent of reduction when
the samples were read at 570 nm and 600 nm. The 50% effective
dose (ED50) for each formulation was calculated by the CalcuSyn
software Version 2.1 (Biosoft, Cambridge, UK) (Dutta et al., 2005;
Yardley and Croft, 2000; Chou and Talalay, 1984).

2.11. Invitro cytotoxicity assay using amastigotes

Cells of the J774 A.1 mouse macrophage cell line were dispensed
at a concentration of 50,000 macrophages/well into eight-well Lab-
Tek (Nunc) chamber slides and maintained at 37°C in 5% CO, for
24 h to allow attachment of the cells. The cells were then infected
with L. major promastigotes at a ratio of five promastigotes per
macrophage and incubated at 37°C in 5% CO, for 24h to allow
internalization of the parasites in the cells. The excess amount of
promastigotes was removed by gently washing the cells with PBS
three times, and the infected cells were incubated for an addi-
tional 24 h to allow the establishment of the infection. The cells
were then exposed to different concentrations of DSHemsPC-AmB
formulations in triplicate for 2 days. The experiment was termi-
nated by methanol fixation of the slides. The slides were then
stained with Giemsa and evaluated microscopically to calculate the
percentage of infected cells. The ED50 for each formulation was cal-
culated by the CalcuSyn software Version 2.1 (Biosoft, Cambridge,
UK) (Yardley and Croft, 2000; Dutta et al., 2005; Chou and Talalay,
1984; Jaafari et al., 2009).

2.12. Maximum tolerated dose of determination of
DSHemsPC-AmB formulations in healthy BALB/c mice

To determine the maximum tolerated dose (MTD), healthy
female BALB/c mice were injected via the tail vein with the
DSHemsPC-AmB formulations diluted in 5% dextrose. The dose was
adjusted for each animal on the basis of body weight. The mice were

administered employing rising doses of selected DSHemsPC-AmB
formulations at concentrations of 10, 20, 40, and 60 mg/kg AmB.
Deaths occurring within 1 h after dosing were considered immedi-
ate deaths. The DSHemsPC-AmB formulations, which killed mice at
concentrations of 10 mg/kg AmB, were injected at lower doses until
mice were survived. Mice that survived for 96 h invariably lived
until sacrifice at 30 days (Reed and Muench, 1938; Walsh et al.,
2001; Lee et al., 2006).

2.13. Statistical analysis

The one-way ANOVA statistical test was used to assess the sig-
nificance of the differences among the various groups. In the case
of a significant F value, multiple comparison Tukey test was used
to compare the means of different treatment groups. Results with
P<0.05 were considered to be statistically significant.

3. Results
3.1. Liposome characterization

DSHemsPC-AmB liposomes were prepared by thin lipid film
hydration followed by sonication. Thirty-two different formula-
tions were prepared using DSHemsPC, phosphatidylcholine (PC)
and phosphatidylglycerol (PG) with different aliphatic chain
lengths (14, 16 and 18) at different molar ratios and various pH (7.4,
6.5 and 5.5). The zeta average size, size distribution and polydisper-
sity index (PDI) of the DSHemsPC-AmB formulations are shown in
Tables 1-3. A monomodal distribution indicates presence of only
one peak in the particle size distribution of vesicle population. A
lower PDI for a formulation presents a narrower particle size dis-
tribution for the vesicle population.

The colloidal properties of DSHemsPC-AmB liposomes prepared
in HEPES buffer pH 7.4 are in Table 1. The starting point for the
selection of molar ratio for each aliphatic chain length was the for-
mulation of AmBisome™ (Cholesterol/HSPC/DSPG/AmB in a molar
ratio of 2.5/5/2.0/1.0). Indeed formulations F4, F8, F12 and F16 in
Table 1 have the same molar ratio of lipids as in AmBisome™
(each mole of DSHemsPC provides two mole of stigmasterol, the
plant sterol). In the remaining formulations (F1-F3, F5-F7, F9-F11,
F13-F15), the molar ratio of DSHemsPC, PC and AmB was kept con-
stant and only the molar ratio of PG was altered. In formulations
F17-F20 the molar ratio of DSHemsPC was increased from 1.25 to
1.75 to evaluate the effect of higher molar ratio of stigmasterol in
the formulations.

Most formulations had physical properties like AmBisome™,
zeta average diameter of about 100 nm (except F6), a monomodal
distribution (except F2, F3, F5, F6 and F13-F15) and polydispersity
index of around 0.2 (Table 1). The zeta potential of all the formula-
tions was negative due to the presence of PG and the zeta potential
increased as the molar ratio of PGs in the formulations increased.
Among the formulations, F4, F8, F9-F12, F16, F19, and F20 have
a better colloidal stability than the others. During storage at 4°C
these liposomal suspensions were completely clear and showed no
evidence for sedimentation.

One of the mechanisms of stabilization of AmB in the liposomal
bilayer is through electrostatic interaction between the positive
charge of the mycosamine group in AmB and the negative charge on
the PG (Jensen et al., 1999; Ellis, 2002; Guo et al., 1991). Therefore,
we hypothesized that decreasing the pH of formulations would pro-
tonate the amino group in amphotericin B. This would increase the
electrostatic interaction between the amphotericin B and phos-
phatidylglycerol. Based on their colloidal properties, potassium
release and MTD results; F4, F8, F11, F12, F16 and F19 formulations
were selected and prepared in DSSH buffer pH 6.5 (Table 2) and pH
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Table 3

Physical and potassium release properties of liposomal AmB formulations prepared from DSHemsPC using DSSH buffer pH 5.5.

AmB formulation Molar ratio Zeta average Distribution Polydispersity Zeta potential IC50 for potassium release
size (nm)+SD +SD (mV)+SD (pg/ml, lower and upper
95% limit)
F27-DSHemsPC/DSPC/DSPG/AmB 1.25/5.0/2.0/1.0 84.7 £ 0.8 Monomodal 0.198 + 0.03 -23.3 £ 6.07 130 (16.7-990)
F28-DSHemsPC/DPPC/DPPG/AmB 1.25/5.0/2.0/1.0 202.4 + 20 Monomodal 0.5 £ 0.03 -14.8 £ 4.16 14,710 (599-361,070)
F29-DSHemsPC/DMPC/DMPG/AmB 1.25/5.0/1.5/1.0 111.6 £ 1.0 Monomodal 0.21 + 0.02 —25.3 £ 9.05 1,342,000
(307,000-5,8729,000)
F30-DSHemsPC/DMPC/DMPG/AmB 1.25/5.0/2.0/1.0 112.8 £3.2 Monomodal 0.207 + 0.01 -253+13 114,510 (29,560-443,580)
F31-DSHemsPC/HSPC/DSPG/AmB 1.25/5.0/2.0/1.0 99.53 + 2.8 Monomodal 0.237 +£ 0.03 -213 +£797 50 (6.6-380)
F32-DSHemsPC/HSPC/DSPG/AmB 1.75/5.0/1.5/1.0 130.1 £ 2.0 Monomodal 0.384 + 0.01 -24+513 217 (56-840)
F33-DSHemsPC/DMPC/DMPG 1.25/5.0/1.5 76.98 £+ 0.39 Monomodal 0.21 £ 0.056 —42.7 £ 0.5 Inactive
AmBisome™ 1203 £ 1.5 Monomodal 02 +0.2 -545+1.1 529.97 (326.6-1101.7)
Fungizone™ 0.76 (0.41-1.4)

The IC50 of F27-F30, F32 and AmBisome™ was significantly (P<0.01) higher than Fungizone™. The IC50 among F31 and Fungizone™ was not significantly different (P> 0.05).
The IC50 of AmBisome™ was significantly (P<0.001) greater than F27 and F32. The IC50 of F29 was significantly (P<0.001) greater than AmBisome™,

5.5 (Table 3). Most of these formulations (F21-26 and F27-F32) had
physical properties similar to AmBisome™ at pH 5.5, zeta average
diameter of about 100 nm (except F28), a monomodal distribution
(except F21 and F22) and polydispersity index of around 0.2.

A non-drug containing liposome was prepared using DSHem-
sPC, DMPC and DMPG with the same molar ratio as F29 (F33,
Table 3). This formulation had one of the smallest diameters and PDI
among all the formulations. The diameter of F33 was significantly
less than F29 and AmBisome™ which indicates that incorporation
of AmB in this formulation increases the particle diameter.

3.2. Invitro toxicity of DSHemsPC-AmB formulations as
measured by potassium release from red blood cells

The red blood cell potassium release (RBCPR) assay was used to
assess the membrane toxicity of the DSHemsPC-AmB formulations
(Tables 1-3). A higher RBCPR IC50 value indicates lower toxicity
of the formulation for the RBCs. Fungizone™ was the most toxic
(RBCPR IC50 0.76 p.g/ml) which is due to the loose attachment of
AmB to the deoxycholate in the micelle form. Furthermore, deoxy-
cholate itself is a surface-active agent that destabilizes bilayers.
The RBCPR IC50 for AmBisome™ was 529.97 pg/ml. The IC50s of
F5-F13,F21-F24,F26-F30,F32 and AmBisome™ were significantly
(P<0.001) greater than Fungizone™. The IC50s among F1-F4,
F14-F20, F25, and F31 and Fungizone™ were not significantly
different (P>0.05). The IC50 of AmBisome™ was significantly
(P<0.001) greater than F5, F7, F8, F13, F21-F27 and F32. How-
ever the IC50 of F29 was significantly (P<0.001) greater than
AmBisome™,

Certain formulations (F5-F7 and F13) had a relatively high IC50
due to their large particle diameter and multilamellar structure, but
other formulations (F9-F12 and F29) had IC50 much greater than
AmBisome™ but also good vesicle colloidal characteristics. The
control liposome (F33) did not release potassium from red blood
cells hence had no RBCPR activity.

3.3. Invitro antifungal activity of DSHemsPC-AmB formulations

The in vitro cytotoxic activities of the formulations against a vari-
ety of pathogenic yeasts and molds were determined (Table 4). The
MICs of all the DSHemsPC-AmB formulations for C. albicans (except
F21-F32), C. glabrata (except F27, F28, F30 and F31), and A. fumiga-
tus (except F1-F6, F9, F10, F13, F14, F17,F18, F21, F22, F24, F30 and
F31) were similar to or less than the MICs of the AmBisome™. The
MICs of all the formulations for A. flavus (except F9, F22, F26, F28
and F32), and A. terrus (except F21-F26 and F28-F32) were more
than MICs of the AmBisome™. The control liposome (F33) has no
cytotoxic activity in all the tested yeasts and molds.

3.4. Effects of DSHemsPC-AmB formulations on L. major
promastigotes in vitro

The ED50s of most of DSHemsPC-AmB formulations against
L. major promastigotes were almost the same as AmBisome™
(Table 5). Fungizone™ had the lowest ED50. The ED50s of F1-F8,
F13-F20, F22, F23 and F31 were significantly (P<0.001) greater
than AmBisome™ and Fungizone™. There were no significant
(P>0.05) differences in the ED50s of F21, F24-F30, F32 and
AmBisome™; and also among F24, F27 and Fungizone™. The con-
trol liposome (F33) was inactive against L. major promastigotes.

3.5. Cytotoxicity of DSHemsPC-AmB formulations on L. major
amastigotes in vitro

The ED50s of DSHemsPC-AmB formulations against intra-
cellular amastigotes were compared with Fungizone™ and
AmBisome™ (Table 5). Fungizone™ had the lowest ED50. There
were no significant (P>0.05) differences in the activities of the
F1-F4, F9-F14, F19, F20, F22 and F23 formulations against L. major
amastigotes compared to AmBisome™, The ED50s of F5-F8, and
F15-F18 were significantly (P<0.001) greater than AmBisome™
and Fungizone™, The ED50s of F21, F24-F30 and F32 were similar
(P>0.05) to Fungizone™, The control liposome (F33) was inactive
against L. major amastigotes.

3.6. Maximum tolerated dose of DSHemsPC-AmB formulations in
healthy BALB/c mice

To compare the in vivo toxicities of DSHemsPC-AmB formu-
lations with AmBisome™ and Fungizone™, formulations were
selected based upon their vesicle colloidal characteristics and
RBCPR IC50 for the determination of maximum tolerated dose in
mice (Table 6).

There were no deaths observed in the mice administered
AmBisome™ at 140 mg/kg and MTD for Fungizone™ was 2 mg/kg
which is comparable with the published results (Takemoto et al.,
2004).

The MTD of F8, F15, F16 and F20 was almost the same as
Fungizone™ (Table 6); however, the MTD of F4, F11 and F19 were
greater than Fungizone™, When these formulations were prepared
in DSSH buffer pH 6.5 and 5.5 only the MTD of F11 increased
dramatically from 10 mg/kg to 20 mg/kg at pH 6.5 (F23) and to
60 mg/kg at pH 5.5 (F29). F29 formulation was also tried at 70 and
75 mg/kg, the mice injected with 70 mg/kg survived; however, the
mice injected with 75 mg/kg died after 15 min.
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Table 4
Minimum inhibitory concentrations (MIC, p.g/ml) of liposomal AmB formulations prepared from DSHemsPC against selected fungal and mold pathogens.

AmB formulations C. albicans C. glabrata A. fumigatus A. terreus A. flavus
F1-DSHemsPC/DSPC/DSPG/AmB 0.07 0.28 0.14 9.1 455
F2-DSHemsPC/DSPC/DSPG/AmB 0.036 0.28 0.14 9.1 4.55
F3-DSHemsPC/DSPC/DSPG/AmB 0.07 0.28 0.14 9.1 4.55
F4-DSHemsPC/DSPC/DSPG/AmB 0.0089 0.28 0.14 9.1 23
F5-DSHemsPC/DPPC/DPPG/AmB 0.018 0.28 0.14 9.1 455
F6-DSHemsPC/DPPC/DPPG/AmB 0.018 0.28 0.14 9.1 4.55
F7-DSHemsPC/DPPC/DPPG/AmB 0.036 0.14 0.07 9.1 4.55
F8-DSHemsPC/DPPC/DPPG/AmB 0.036 0.14 0.07 455 455
F9-DSHemsPC/DMPC/DMPG/AmB 0.036 0.14 0.14 4.55 0.28
F10-DSHemsPC/DMPC/DMPG/AmB 0.07 0.28 0.14 4.55 4.55
F11-DSHemsPC/DMPC/DMPG/AmB 0.036 0.28 0.07 4.55 23
F12-DSHemsPC/DMPC/DMPG/AmB 0.036 0.28 0.07 4.55 23
F13-DSHemsPC/HSPC/DSPG/AmB 0.07 0.28 0.14 9.1 2.3
F14-DSHemsPC/HSPC/DSPG/AmB 0.07 0.28 0.14 9.1 4.55
F15-DSHemsPC/HSPC/DSPG/AmB 0.036 0.28 0.07 9.1 23
F16-DSHemsPC/HSPC/DSPG/AmB 0.07 0.28 0.07 4.55 1.14
F17-DSHemsPC/HSPC/DSPG/AmB 0.036 0.14 0.14 9.1 4.55
F18-DSHemsPC/HSPC/DSPG/AmB 0.07 0.14 0.14 4.55 23
F19-DSHemsPC/HSPC/DSPG/AmB 0.036 0.14 0.07 4.55 23
F20-DSHemsPC/HSPC/DSPG/AmB 0.036 0.14 0.07 4.55 1.14
F21-DSHemsPC/DSPC/DSPG/AmB 0.28 0.14 0.14 23 1.14
F22-DSHemsPC/DPPC/DPPG/AmB 0.57 0.14 0.14 2.3 0.57
F23-DSHemsPC/DMPC/DMPG/AmB 4.51 0.07 0.07 1.14 1.14
F24-DSHemsPC/DMPC/DMPG/AmB 4.51 0.14 0.14 1.14 1.14
F25-DSHemsPC/HSPC/DSPG/AmB 2.3 0.14 0.07 0.57 1.14
F26-DSHemsPC/HSPC/DSPG/AmB 0.14 0.14 0.07 1.14 0.57
F27-DSHemsPC/DSPC/DSPG/AmB 0.57 0.57 0.14 4.55 1.14
F28-DSHemsPC/DPPC/DPPG/AmB 0.14 0.57 0.14 2.3 0.28
F29-DSHemsPC/DMPC/DMPG/AmB 0.14 0.28 0.07 0.57 23
F30-DSHemsPC/DMPC/DMPG/AmB 0.28 1.14 0.28 0.57 23
F31-DSHemsPC/HSPC/DSPG/AmB 0.28 0.57 0.28 1.14 2.3
F32-DSHemsPC/HSPC/DSPG/AmB 0.57 0.14 0.07 1.14 0.57
F33-DSHemsPC/DMPC/DMPG Inactive Inactive Inactive Inactive Inactive
AmBisome™ 0.07 0.28 0.07 23 0.57
Fungizone™ 0.07 0.57 0.28 1.14 0.57

4. Discussion

One of the main problems impeding the widespread use
of AmBisome™ is its considerable cost. A contributing factor
to its high cost is the use of cholesterol that is purified from
animal sources. The animal source of cholesterol raises the con-
cern of viral or prior contamination (http://avantilipids.com/index.
php?view=items&cid=3&id=4&option=com_quickfaq&Itemid=385)
and makes the cost of pyrogen-free injectable grade cholesterol
very high. Recently new phospholipids termed sterol-modified
lipids have been synthesized in which the sterol is covalently
attached to the glycerol backbone (Huang and Szoka, 2008; Huang
et al., 2009). Liposomes prepared from SML have greater bilayer
stability and the sterol in a SML liposomes does not exchange
(Huang and Szoka, 2008; Huang et al., 2009). In the synthesis of
DSHemsPC, stigmasterol a plant sterol is used. Using stigmasterol,
instead of cholesterol, might decrease the overall cost of the AmB
preparation. Therefore, we used DSHemsPC liposomes to formulate
AmB and evaluated if the SML liposomes provided a more stable
AmB preparation with lower toxicity and better efficacy than
currently available formulations (Fig. 1).

We systematically altered the mole ratios of DSHemsPC, phos-
phatidylcholine and phosphatidylglycerol with different aliphatic
chain lengths (14, 16, 18 and mixed chain lengths HSPC) to pre-
pare the liposomal formulation of AmB. HSPC provides a mixture
of C16 and C18 aliphatic chain length (Matsumori et al., 2002) and
HSPC is used in the formulation of many of the available com-
mercial liposomal formulations (e.g. AmBisome™ and Doxil™)
and has a very good safety profile (Torchilin, 2005). The starting
point for the selection of molar ratio for each aliphatic chain length
and HSPC was the formulation of AmBisome™ which is composed

of Cholesterol/HSPC/DSPG/AmB in a molar ratio of 2.5/5/2.0/1.0
(Adler-Moore and Proffitt, 2002; Dupont, 2002). The lipid molar
ratios of F4, F8, F12 and F16 formulations in Table 1 is the same
as molar ratio of lipids in AmBisome™ (each mole of DSHemsPC
provides two mole of stigmasterol, the plant sterol). In the other
formulations (F1-F3, F5-F7, F9-F11, F13-F15), the molar ratio of
DSHemsPC, PC and AmB was kept constant and only the molar ratio
of PGs was decreased to determine the effect of different molar ratio
of negative charge in the formulations. In formulations F17-F20
the molar ratio of DSHemsPC was increased from 1.25 to 1.75 to
evaluate the effect of higher molar ratio of stigmasterol in the for-
mulations. Most of the formulations had colloidal properties like
AmBisome™ (Table 1).

One of the mechanisms of stabilization of AmB in the liposomal
bilayer is through electrostatic interaction between the positive
charge of the mycosamine group in AmB and the negative charge
on the PG (Jensen et al., 1999; Ellis, 2002; Guo et al., 1991). There-
fore, we hypothesized decreasing the pH of formulations would
strengthen this electrostatic interaction and result to a better for-
mulation of AmB. Based on their physical properties, potassium
release properties and MTD results; F4, F8, F11, F12, F16 and F19
formulations were selected and prepared in DSSH buffer pH 6.5
(Table 2) and pH 5.5 (Table 3). Most of these formulations had
colloidal properties like AmBisome™,

The particle diameter of control empty liposome (F33) was less
than F29 and most of the other DSHemsPC-AmB formulations. The
reason behind this could be the absence of AmB in liposome bilayer
in this formulation. AmB intercalates in the liposome bilayer and it
is usually hard to decrease the size of AmB-liposomes.

There are a few methods for the determination of toxicity of
AmB formulations. Animal lethality test in mice and in vitro incu-
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Table 5
In vitro activities of liposomal AmB formulations prepared from DSHemsPC against
L. major promastigotes and amastigotes.

Table 6
Maximum tolerated dose (MTD, mg/kg) following intravenous injection of liposomal
AmB formulations prepared from DSHemsPC in BALB/c mice.

AmB formulations ED50 for L. major (jg/ml, lower

and upper 95% limit)

Promastigotes Amastigote

F1-DSHemsPC/DSPC/DSPG/AmB 8(1.7-38.3) 5.55(2.5-12.5)
F2-DSHemsPC/DSPC/DSPG/AmB 6.8 (1-46) 5046 (2.3-11.2)
F3-DSHemsPC/DSPC/DSPG/AmB 11.3 (6.4-19.9) 5.64 (4.4-7.3)
F4-DSHemsPC/DSPC/DSPG/AmB 6.51(1.3-31.9) 4.03(2.1-7.9)
F5-DSHemsPC/DPPC/DPPG/AmB 12.4(1.5-1033) 9.8 (4.5-21.6)
F6-DSHemsPC/DPPC/DPPG/AmB 19.6 (3.1-127) 9.6 (5.4-17.1)
F7-DSHemsPC/DPPC/DPPG/AmB 7.7 (1.1-54) 6.59 (4.9-8.8)
F8-DSHemsPC/DPPC/DPPG/AmB 7.9(2.9-21.1) 6.47 (4-10.5)
F9-DSHemsPC/DMPC/DMPG/AmB 3.6 (0.4-332) 2,97 (2.3-3.9)
F10-DSHemsPC/DMPC/DMPG/AmB 4.8 (2.2-10.4) 428(3.2-5.8)
F11-DSHemsPC/DMPC/DMPG/AmB 3.1 (0.8-12.3) 2.8 (2.3-3.6)
F12-DSHemsPC/DMPC/DMPG/AmB 4.9 (0.6-40.3) 2.14(1.7-2.7)
F13-DSHemsPC/HSPC/DSPG/AmB 7.4(1-56.2) 46(3.4-6.2)
F14-DSHemsPC/HSPC/DSPG/AmB 8.5 (1.8-40.1) 4.85(3.2-7.5)
F15-DSHemsPC/HSPC/DSPG/AmB 11.8 (2.1-66.5) 11.1 (6.1-20.2)
F16-DSHemsPC/HSPC/DSPG/AmB 8.9(2.1-37.5) 6.3 (4.3-9.3)
F17-DSHemsPC/HSPC/DSPG/AmB 15.6 (5.1-47.0) 14.88 (7.8-28.3)
F18-DSHemsPC/HSPC/DSPG/AmB 12.8 (2.7-60.8) 9.5(7.4-12.3)
F19-DSHemsPC/HSPC/DSPG/AmB 6.8 (3.1-14.5) 4.15(3.1-5.6)
F20-DSHemsPC/HSPC/DSPG/AmB 6.5(2.65-16) 41(2.8-6.1)
F21-DSHemsPC/DSPC/DSPG/AmB 1.2(0.8-2) 0.185 (0.13-0.3)
F22-DSHemsPC/DPPC/DPPG/AmB 5.6 (4.9-7.7) 0.732(0.5-1.2)
F23-DSHemsPC/DMPC/DMPG/AmB 3.5 (2.1-6.8) 0.76 (0.5-1.1)
F24-DSHemsPC/DMPC/DMPG/AmB  0.875 (0.7-2.1) 0.24 (0.058-1.08)
F25-DSHemsPC/HSPC/DSPG/AmB 13(0.7-2.1) 0.21(0.1-0.34)

F26-DSHemsPC/HSPC/DSPG/AmB 0.7-2.1) 0.16 (0.1-0.3)

F27-DSHemsPC/DSPC/DSPG/AmB 0.7-2.1) 0.163 (0.1-0.3)

1.3

13

1.8(
F29-DSHemsPC/DMPC/DMPG/AmB 1.4 (0.7-4.9)

1.5(

42(

F28-DSHemsPC/DPPC/DPPG/AmB 1.4-2.8) 0.218(0.1-0.4)
0.14(0.1-0.2)
F30-DSHemsPC/DMPC/DMPG/AmB 0.7-2.8) 0.168 (0.1-0.3)
F31-DSHemsPC/HSPC/DSPG/AmB 3.5-5.6) 0.56 (0.4-0.7)
F32-DSHemsPC/HSPC/DSPG/AmB 2(1.4-3.5) 0.208 (0.2-0.3)
F33-DSHemsPC/DMPC/DMPG Inactive Inactive
AmBisome™ 1.4(0.8-2.7) 0.86 (0.6-1.2)
Fungizone™ 0.24(0.1-0.9) 0.108 (0.16-0.7)

Promastigotes assay: The ED50 of F1-F8, F13-F20, F22, F23, and F31 were signif-
icantly (P<0.001) greater than AmBisome™ and Fungizone™. The ED50 of F21,
F24-F30, and F32 were similar (P>0.05) to AmBisome™. The ED50 of F24 and F27
were similar (P>0.05) to Fungizone™,

Amastigote assay: The ED50 of F5-F8, and F15-F18 was significantly (P<0.01)
greater than AmBisome™ and Fungizone™. There were no significant (P>0.05)
differences in the activities of the F1-F4, F9-F14, F19, F20, F22 and F23 formula-
tions against L. major amastigotes compare to AmBisome™., The ED50 of F5-F8, and
F15-F18 was significantly (P<0.001) greater than AmBisome™ and Fungizone™.
The ED50 of F21, F24-F30, and F32 were similar (P> 0.05) to Fungizone™.

bations of formulations with red blood cells are the most commonly
used methods (Jensen et al., 1999; Espada et al., 2008; Szoka et al.,
1987). The red blood cell tests are based on the effect of AmB
increases the leakage of intracellular constituents such as potas-
sium or hemoglobin from RBC (Butler and Cotlove, 1971). In this
study the potassium release assay was used to assess the toxicity
of formulations since potassium release has a good correlation with
the animal lethality test (Jensen et al., 1999).

Among commercially available AmB formulations, Fungizone™
is the most toxic and AmBisome™ is the least toxic (Espada et al.,
2008; Larabi et al., 2004). The RBCPR studies herein also showed
that Fungizone™ was much more toxic than AmBisome™ and
the results obtained in this study for these two AmB commer-
cial products was almost the same as previously reported (Jensen
etal.,, 1999). Among the DSHemsPC-AmB formulations prepared in
HEPES buffer pH 7.4, F9-F12 formulations, which also had good
vesicle properties (near 100 nm with a monomodal distribution
and a low polydispersity index), showed higher IC50 for RBCPR
compared to AmBisome™ (Table 1). The higher IC50 indicates less
potassium leakage, hence lower toxicity of AmB for RBCs. The lower

AmB formulation No. of Maximum
animals tolerated dose
(mg/kg)

F4-DSHemsPC/DSPC/DSPG/AmB 3 12.5
F8-DSHemsPC/DPPC/DPPG/AmB 1 25
F11-DSHemsPC/DMPC/DMPG/AmB 3 10
F12-DSHemsPC/DMPC/DMPG/AmB 3 5
F15-DSHemsPC/HSPC/DSPG/AmB 1 25
F16-DSHemsPC/HSPC/DSPG/AmB 1 2.5
F19-DSHemsPC/HSPC/DSPG/AmB 3 20
F20-DSHemsPC/HSPC/DSPG/AmB 1 2.5
F21-DSHemsPC/DSPC/DSPG/AmB 1 5
F22-DSHemsPC/DPPC/DPPG/AmB 1 <2.5
F23-DSHemsPC/DMPC/DMPG/AmB 3 20
F24-DSHemsPC/DMPC/DMPG/AmB 1 5
F25-DSHemsPC/HSPC/DSPG/AmB 1 5
F26-DSHemsPC/HSPC/DSPG/AmB 1 5
F27-DSHemsPC/DSPC/DSPG/AmB 3 10
F28-DSHemsPC/DPPC/DPPG/AmB 1 5
F29-DSHemsPC/DMPC/DMPG/AmB 4 60
F30-DSHemsPC/DMPC/DMPG/AmB 3 10
F31-DSHemsPC/HSPC/DSPG/AmB 3 10
F32-DSHemsPC/HSPC/DSPG/AmB 1 7.5
AmBisome™ 2 >140
Fungizone™ 1 2

toxicity may indicate higher affinity of AmB for the lipid bilayer
in the DSHemsPC-AmB formulations than for the lipid bilayer of
AmBisome™. F5, F6 and F13 had also high IC50 for RBCPR but in
these formulations the lesser toxicity is probably due to the multil-
amellar structures of formulations. Since AmB in the MLV structure
has to pass several aqueous phases and bilayers of liposomes to
reach the RBCs for its membrane disturbing activity and the drug
is not readily available to interact with RBCs, the RBCPR activity of
Formulation F5, F6 and F13 is low.

For F4, F8, F11, F12, F16 and F19, when the pH of formu-
lations decreased to 6.5 and 5.5 the IC50 for RBCPR increased
(Tables 2 and 3). The reason for higher RBCPR IC50 and lower tox-
icity of formulations could be the higher affinity of AmB for PGs in
liposome bilayer at the lower pH.

The results of in vitro antifungal activity of DSHemsPC-AmB
formulations showed that most of formulations have compara-
ble antifungal efficacy compared to AmBisome™ and Fungizone™
(Table 4). The leishmanicidal activities of the DSHemsPC-AmB for-
mulations were tested against both the extracellular promastigote
and the intracellular amastigote forms of the parasite. The ED50
of DSHemsPC-AmB formulations, AmBisome™ and Fungizone™
against promastigotes were greater than when tested versus the
amastigotes. In general, intramacrophage amastigotes are more
susceptible to AmB than promastigotes (Croft, 2001; Yardley and
Croft, 1997). The ED50s of certain formulations (F9-F12) were com-
parable with the commercial liposomal AmB (AmBisome™). There
were no significant (P>0.05) differences in the activities of the
F1-F4, F9-F14, F19, F20, F22 and F23 formulations against L. major
amastigotes compared to AmBisome™., The ED50s of F5-F8, and
F15-F18 were significantly (P<0.001) greater than AmBisome™
and Fungizone™. The ED50 of F21, F24-F30, and F32 was similar
(P>0.05) to Fungizone™. The assays with promastigotes, amastig-
otes and antifungal also demonstrated that the processes used for
the preparation of DSHemsPC formulation do not affect on the
activity of the AmB.

In order to directly compare the in vivo toxicities
of DSHemsPC-AmB formulations with AmBisome™ and
Fungizone™, MTD was estimated in mice for formulations with
favorable vesicle characteristics and RBCPR IC50 results (Table 6).
After a single i.v. injection, the MTD observed for Fungizone™
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was 2 mg/kg. Formulations F8, F15, F16 and F22 behaved in the
MTD response like the micelle formulations of AmB and were
as toxic as Fungizone™. Mice that received these formulations
died in less than a minute. The reason for high toxicity of these
formulations could either be due to the weak attachment of AmB to
the liposomes bilayer with the consequence that AmB is released
very fast when the formulation is in circulation. Alternatively the
formulations might have aggregated when injected and resulted
in hemostasis.

Interestingly the F11 formulation, which was prepared at pH 7.4
had an MTD of 10 mg/kg, when prepared in pH 6.5 (F23) the same
formulation had an LD50 of 20 mg/kg and when prepared in pH 5.5
(F29), the MTD was increased to 60 mg/kg.

The decrease in toxicity of this composition prepared at lower
pH was correlated with a decrease in the zeta potential of the for-
mulations F11=69mV, F23=42mV and F29=25mV (Tables 1-3).
Of the three different commercialized lipid-based formulations,
Amphotec™ and Abelcet™ have LD50 about 30-32 mg/kg and
AmBisome™ has an LD50 about 160 mg/kg (Jensen et al., 1999).
Formulation F29 has less acute toxicity when compared to
Amphotec™ and Abelcet™; however, its MTD is less than
AmBisome™,

5. Conclusions

In summary, DSHemsPC provides a novel, stable matrix for sol-
ubilizing and delivering AmB in liposomes. The selection of an
optimized liposome formulation requires characterization of the
colloidal, in vitro and in vivo toxicity, antifungal and antileishmanial
properties of the preparation. Minor changes in lipid compo-
sition can markedly alter some or all of these characteristics.
Among the DSHemsPC formulations, the F29 formulation (DSHem-
sPC/DMPC/DMPG/AmB mole ratio 1.25/5.0/1.5/1.0, prepared at pH
5.5) had excellent colloidal properties, a high IC50 for RBCPR, anti-
fungal and antileishmanial activity similar to AmBisome™ and
an MTD of 60 mg/kg. F29 merits further investigation in murine
models of fungal and leishmania infections to determine if F29
can provide a successful and economical formulation to treat such
infections.
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