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ABSTRACT: Mupirocin was identified by quantitative structure property relationship models as a good candidate for remote liposomal
loading. Mupirocin is an antibiotic that is currently restricted to topical administration because of rapid hydrolysis in vivo to its inactive
metabolite. Formulating mupirocin in PEGylated nanoliposomes may potentially expand its use to parenteral administration by protecting
it from degradation in the circulation and target it (by the enhanced permeability effect) to the infected tissue. Mupirocin is slightly soluble
in aqueous medium and its solubility can be increased using solubilizing agents. The effect of the solubilizing agents on mupirocin
remote loading was studied when the solubilizing agents were added to the drug loading solution. Propylene glycol was found to increase
mupirocin loading, whereas polyethylene glycol 400 showed no effect. Hydroxypropyl-�-cyclodextrin (HPCD) showed a concentration-
dependent effect on mupirocin loading; using the optimal HPCD concentration increased loading, but higher concentrations inhibited it.
The inclusion of HPCD in the liposome aqueous phase while forming the liposomes resulted in increased drug loading and substantially
inhibited drug release in serum. C© 2014 Wiley Periodicals, Inc. and the American Pharmacists Association J Pharm Sci
Keywords: liposomes; formulation; solubility; nanoparticles; excipients; computer-aided drug design

INTRODUCTION

Liposomes as a drug delivery system have many advantages;
they are biocompatible, nontoxic, and in the form of PEGylated
nanoliposomes; the prolonged circulation time and nanosize al-
low them to benefit from the enhanced permeability (EP) effect
of blood vessels in inflamed tissues and from the enhanced per-
meability and retention (EPR) effect in tumors. This explains
why liposomes are the drug delivery system of choice for many
drugs. So far, more than 10 liposomal drugs are US Food and
Drug Administration approved, and many more are at various
stages of clinical trials.1 In order for a liposomal drug to be
used clinically, it should be loaded at high concentration per
liposome. This is an obligatory requirement to provide a ther-
apeutic dose. In most cases, because of the extremely small
volume (∼1 × 10−19 L) of nanoliposomes, remote (active) load-
ing of drugs is the only approach to achieve the desired drug
concentration. Remote loading uses an ion gradient as the driv-
ing force for getting drugs into preformed liposomes, and it
is suitable only for amphipathic weak acids or bases.2–5 The
vast amount of data gathered about remote loading has led
to the development of models characterizing the effect of both
molecular characteristics and experimental conditions on drug
remote loading.4,5 The quantitative structure property relation-
ship (QSPR) models built5 allowed drug database screening for
identifying good candidates for remote liposomal loading.6 The
antibiotic mupirocin was identified, among other molecules,
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as a good candidate using these models.6 Mupirocin is a
relatively new antibiotic.7,8 Its structure is different from that
of most antibiotics and its mode of action, the inhibition of
isoleucyl tRNA synthetase, is not shared by any other ther-
apeutically available antibiotic, so that cross-resistance with
other antibiotics is not encountered. It is active in vitro against
gram-positive bacteria, including methicillin-resistant Staphy-
lococcus aureus and has limited activity against gram-negative
bacteria. When absorbed into the blood stream or administered
parenterally, mupirocin is rapidly degraded to form the inactive
monic acid. Therapy with mupirocin is therefore confined to top-
ical application.7–9 Loading of mupirocin to PEGylated nanoli-
posomes may protect it from deactivation and passively target
it to the infected tissue by the EP effect,10,11 thus enabling effec-
tive administration of mupirocin by the parenteral route. This
approach may selectively increase antibacterial drug concen-
trations at the target location, with the intention to increase
the therapeutic efficacy of the antimicrobial treatment.

Many antibiotic drugs when encapsulated in liposomes
showed better antibacterial effect then the free drug. For ex-
ample, amikacin and streptomycin encapsulated in liposomes
showed much higher therapeutic efficacy when injected i.v. to
mice infected with Mycobacterium avium–intracellulare com-
plex compared with the injections of the free drugs.12 The in
vivo efficacy of liposomal ciprofloxacin has been evaluated in a
murine model of Salmonella dublin infection. A single injection
of liposomal ciproflaxin was10 times more effective in prevent-
ing mortality than a single i.v. injection of free drug.12 Gen-
tamicin administered in liposomes to a rat model infected with
Klebsiella pneumoniae pneumonia showed enhanced therapeu-
tic efficacy compared with administration of the free drug.13
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Liposomal amikacin (Arikace R©) for inhalation has currently
completed successfully a phase III study with chronic Pseu-
domonas aeruginosa infections in cystic fibrosis patients.14

Many more cases of antibiotics encapsulated in liposomes and
their in vivo activity may be found in the literature.15–18

There are many prerequisites to achieve a viable formulation
based on nanoliposomes. In this paper, we will focus on two
of them: the first one is to achieve a sufficient level of remote
loading (see above); the second is that the nanoliposomes retain
most of the drug while circulating in the blood and release
the drug at the disease site at a rate and level that may be
sufficient to result in therapeutic efficacy, similar to what was
demonstrated for Doxil R©.19

Drug remote loading requires sufficient drug solubility, and
in this respect, mupirocin is only slightly soluble in aqueous
medium and the solubility is pH dependent. In phosphate
buffer pH 6.3, mupirocin has a solubility of approximately
28 mM and this concentration is achieved by vigorous stir-
ring and sonication. We found that solubility was increased
with the cosolvents polyethylene glycol (PEG) 400, propylene
glycol (PG), and the cyclodextrin hydroxypropyl-$-cyclodextrin
(HPCD) as solubilizers. The present study investigated the ef-
fect of these solubilizers on remote liposomal loading and on
release. The solubilizers were added to the incubation solution
used for loading. However, the liposomal formulations obtained
showed a very fast drug release in the serum, which makes
them unsuitable for clinical use. To overcome this major ob-
stacle, we decided to include HPCD in the intraliposome aque-
ous phase and study its effect on the release from remotely
loaded nanoliposomes, with the expectation that it will slow
down drug release rate in serum. So far, the use of cyclodex-
trins for the enhancement of liposome loading and release has
been studied mainly for drugs loaded by passive loading.20 A
work was published recently (while we were working on this
paper) showing the advantages of HPCD in terms of loading
and release by adding it to the intraliposome aqueous phase
of liposomes remotely (actively) loaded with Gefitinib.21 Re-
garding remote loading of mupirocin, HPCD when added in the
extraliposome aqueous medium during remote loading, showed
a concentration-dependent effect. At low concentrations, it in-
creased loading, but higher HPCD concentrations inhibited
remote loading. When present in the intraliposome aqueous
phase, it increased loading and, more importantly, it slowed
down significantly the release profile in serum. HPCD was very
different from the classical solubilizers: PEG 400 did not alter
mupirocin loading; PG increased mupirocin loading, but it did
not affect its release.

MATERIALS AND METHODS

Materials

Mupirocin (Teva) was a gift from Foamix Ltd. (Rehovot, Is-
rael). HPCD and Dowex 1×8–200 were obtained from Sigma–
Aldrich(St.Louis, MO). Hydrogenated soy phosphatidylcholine
(HSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(PEG)-2000] (mPEG DSPE), and cholesterol were
obtained from Lipoid GmbH (Ludwigshafen, Germany).
Sepharose CL-4B was obtained from GE Healthcare (Little
Chalfont, UK). Adult bovine serum was obtained from Biologi-
cal Industries (Beit Haemek, Israel). The solvents used for the
analysis were of HPLC grade. All other chemicals were com-
mercial products of reagent grade.

Methods

Preparation of PEGylated Liposomal Mupirocin

Liposomes were prepared using the calcium acetate gradient
method.3 Lipids in a mole ratio of 55:40:5 HSPC–cholesterol–
mPEG DSPE were mechanically hydrated by stirring at 65◦C
with 200 mM calcium acetate pH 5.5, at a weight ratio of 1:9.
The liposomal dispersion was downsized by stepwise extrusion
by the Northern Lipids (Burnaby, British Columbia, Canada)
extruder using polycarbonate filters starting with three times
extrusion through a 400-nm pore size membrane, then three
times through a 100-nm pore size membrane, and finally 10
times through a 50-nm pore size membrane. Liposomes were
then dialyzed, using a Cellu Sep regenerated cellulose mem-
brane (Membrane Filtration Products, Seguin, TX), against a
10% sucrose solution. In the case of HPCD-containing lipo-
somes, lipids were hydrated by 200 mM calcium acetate pH 5.5
containing 15% (w/w) HPCD. Control HPCD liposomes were
prepared by hydrating lipids with 15% (w/w) HPCD in phos-
phate buffer 200 mM pH 6.3. All other preparation steps (down-
sizing and dialysis) were the same as described above. Remote
loading was performed by incubating a solution of the drug at
65◦C for 10 min with the liposome dispersion at a volume ratio
of 1:1. Liposomes used for loading were freshly prepared and
used within 1 week. Drug loading solutions were prepared in
200 mM phosphate buffer pH 6.3. High mupirocin concentra-
tions in phosphate buffer pH 6.3 (28 mM) were achieved by
vigorous stirring and 10 min sonication in a bath sonicator.
Loading was also tested from 1% to 10% (w/w) HPCD solutions
in phosphate buffer pH 6.3. High mupirocin concentration (28
mM) in 1% HPCD solution was achieved by vigorous stirring
and sonication as described for phosphate buffer. Mupirocin so-
lutions in higher HPCD concentrations (2.5%–10%) were pre-
pared by stirring only. Loading was also performed from PG
and from PEG 400 solutions. In these cases, a stock solution of
100 mM mupirocin was prepared and diluted to the desired con-
centration with 200 mM phosphate buffer pH 6.3. Phospholipid
concentrations in the liposome dispersions used for loading ex-
periments were in the range of 24–60 mM.

Phospholipid Determination

Phospholipid concentration was determined in the blank lipo-
somes as organic phosphorus by a modified Bartlett method.22

Control HPCD liposomes (containing phosphate buffer) were
tested for their phospholipid content by HPLC method that was
based on a procedure for assay of lipid blends, received from
Lipoid GmbH. It uses a LiChrospher 100 Diol 5 :m, 250 × 4.0
mm2 column, gradient elution with hexane–2-propanol–water,
and evaporative light-scattering detection with an Alltech 3300
ELSD detector (Grace, Deerfield, IL).

Mupirocin Quantification

Drug concentrations were quantified using an HPLC/UV
method (HPLC system; Hewlett Packard Series II 1090, Wald-
bronn, Germany). The column used was a Waters, XBridge C18
column, 5 :m, 4.6 x 150 mm2. The chromatographic condi-
tions were based on a published method.23 A resolution so-
lution for the acid hydrolysis products was prepared according
to instructions.23 The resolution between mupirocin hydroly-
sis products and mupirocin was not less than 2.0. Total (free
plus liposomal) drug concentration was determined by a HPLC
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assay of the liposomal dispersion diluted with methanol. Lipo-
somal drug concentration was determined after removing the
free drug by mixing the dispersion with Dowex 1 × 8–200 anion
exchanger, which binds the free drug.24–26

Drug to Lipid Mole Ratio

The initial drug to lipid (D/L) ratio refers to the initial mole
ratio used for the remote loading. The initial D/L ratio in the
incubation was determined as the mole ratio of total amount
of drug used for remote loading to total liposomal phospholipid
used for remote loading. The loaded D/L ratio refers to the mole
ratio between the liposomal drug and the liposomal phospho-
lipid concentration.

Particle Size Distribution Analysis

Particle size was determined using the well-established dy-
namic light scattering method, performed with a Zetasizer
Nano Series ZEN3600F (Malvern Instruments, Malvern, UK).
Mean diameter was based on the volume mean. (For more de-
tails, see Barenholz and Amselem27)

Cryogenic Temperature Transmission Electron Microscopy Images

Transmission electron microscopy at cryogenic temperature
was used for direct imaging of solutions and dispersions. Vit-
rified specimens were prepared on a copper grid coated with a
perforated lacy carbon, 300 mesh (Ted Pella, Inc. Redding, CA).
A 4-:L drop of the solution was applied to the grid and blotted
with filter paper to form a thin liquid film of solution. The blot-
ted samples were immediately plunged into liquid ethane at its
freezing point (−183◦C). The procedure was performed auto-
matically in the Plunger (Leica, Wetzlar, Germany). The vitri-
fied specimens were transferred into liquid nitrogen for storage.
The samples were studied using an FEI Tecnai 12 G2 TEM, at
120 kV with a Gatan cryo-holder maintained at −180◦C, and
images were recorded on a slow-scan, cooled, charge-coupled
device Gatan camera. Images were recorded with the Digital
Micrograph software package, at low-dose conditions to mini-
mize electron beam radiation damage.

Release Kinetics of Mupirocin from PEGylated Liposomal
Mupirocin

PEGylated liposomal mupirocin was incubated following dilu-
tion of 1:20 at 37◦C in either 50% adult bovine serum or in
saline. Aliquots were taken from these samples at the desired
time points and analyzed for level of drug release by gel perme-
ation chromatography, using a Sepharose CL-4B column, which
separates liposomal mupirocin from free mupirocin. The col-
umn was equilibrated with saline solution and, following sam-
ple loading on column, fractions of 0.5 mL were collected and
analyzed for mupirocin content. Mupirocin concentration ob-
tained by HPLC at each fraction was plotted against the volume
eluted to obtain an elution profile for each sample. The elution
profile contained two peaks, the first corresponded to mupirocin
in liposomes and the second to free mupirocin. The area un-
der the curve for liposomal mupirocin and free mupirocin was
calculated by the trapezoidal method. At each time point, the
percent drug retained in liposomes (% retained) was calculated
by the following equation:

Retained(%) = liposomal mupirocin AUC at t = x × 100
liposomal mupirocin AUC at t = 0

RESULTS

Effect of Solubilizing Agents on the Remote Loading of Mupirocin
into PEGylated Nanoliposomes

Calcium Acetate Liposomes

Mupirocin loading into PEGylated nanoliposomes exhibiting a
transmembrane gradient of calcium acetate (calcium acetate
liposomes, CA-lip) was evaluated using different loading solu-
tion compositions. Mupirocin is not freely soluble in aqueous
medium. Being a weak acid, its solubility increases with pH.
Mupirocin was soluble in phosphate buffer 200 mM pH 6.3
up to a concentration of 15 mM. Higher concentrations were
achieved with vigorous stirring and sonication. Improved solu-
bility (∼100 mM) was achieved with PEG 400 and PG. HPCD
solutions of 1%–10% (w/w) in phosphate buffer pH 6.3 also
resulted in increased solubility (>34 mM). However, high con-
centrations (≥28 mM) in 1% HPCD required 10 min sonica-
tion to achieve a clear solution. It should be noted that the
chromatographic profile of mupirocin in the different solutions
tested was similar to that of a standard solution. In an attempt
to test the effect of solubility enhancers on mupirocin loading,
mupirocin was loaded into the liposomes (exhibiting transmem-
brane calcium acetate gradient) from incubation solutions con-
taining phosphate buffer pH 6.3 with and without PEG 400,
PG, and 1%–10% HPCD. Figure 1 presents loaded D/L ratios
as a function of the initial D/L ratios for the different incubation
solutions tested. Incubations from phosphate buffer and PEG
400 showed a similar pattern of bell-shaped curves: loaded D/L
reached a maximal ratio of 0.23–0.25 D/L and decreased with
increase in initial D/L ratios. Loading from PG was high at all
initial ratios tested (0.14–0.59) and showed constant increase in
loaded D/L, which reached a value of 0.48 for the highest initial
ratio tested (0.59). This high loading with PG compared with
phosphate buffer and PEG 400 solutions may be a result of PG
permeation enhancement characteristics. The loading profile
from HPCD solutions was dependent on HPCD concentrations.
HPCD (1%) showed slightly higher loaded ratios but a similar
bell-shaped loading curve for phosphate buffer. Higher HPCD
concentrations (2.5%–10%) showed constant increase in loaded
ratio with increase in the initial ratio, and as for PG, loading
from these solutions did not result in a bell-shaped pattern.
However, the loaded ratios were higher for 2.5% HPCD and de-
creased with increasing concentrations of HPCD (5% and 10%);
high HPCD concentrations seemed to inhibit loading.

CA-lip-Containing HPCD

The effect of HPCD on loading was also determined for CA-lip-
containing HPCD (CA-HPCD-lip) in their interior volume. PE-
Gylated liposomes were prepared with calcium acetate buffer
containing 15% (w/w) HPCD. The HPCD concentration in the
liposome interior volume was above the concentration that in-
hibited loading (10%; see Fig. 1). This concentration, inside
liposomes, was therefore assumed to aid loading by trapping
mupirocin in inclusion complexes inside the liposomes and
inhibiting its permeation to the outside medium. Figure 2
presents loaded D/L ratio in CA-HPCD liposomes as a function
of the initial D/L ratio used and incubation solution composi-
tion. In addition, control HPCD liposomes (CTRL-HPCD-lip)
containing 15% HPCD without using a calcium acetate gradi-
ent were also tested for their mupirocin loading from phosphate
buffer solution. As presented in Figure 2, none of the loading
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Figure 1. Mupirocin loading into CA-lip as a function of the initial D/L mole ratio and the incubation solution composition. (Mean ± SE, n = 2).

Figure 2. Mupirocin loading into CA-HPCD-lip as a function of the initial D/L mole ratio and incubation solution composition. (Mean ± SE,
n = 2).

solutions to CA-HPCD-lip showed a bell-shaped curve. Loading
to CA-HPCD-lip was similar to loading to CA-lip from incuba-
tion solutions that did not show bell-shaped curves for CA-lip
(PG and 2.5%–10% HPCD). However, a significant difference
was found for loading from phosphate buffer, 1% HPCD, and
PEG 400. By loading to these CA-HPCD-lip, the bell-shaped
loading obtained for CA-lip disappeared. As shown for CA-lip

(Fig. 1), loading to CA-HPCD-lip from HPCD solutions was
dependent on HPCD concentration; loading decreased with
increase in HPCD concentration in the incubation solution.
Figure 2 shows that for loading to CA-HPCD-lip, no solubilizer
was required for the incubation solution; phosphate buffer was
as good as PG, PEG 400, and 1% HPCD. However, higher HPCD
concentrations in the incubation solution (5%–10%) decreased
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Figure 3. Mupirocin loading from phosphate buffer to liposomes hav-
ing three different intraliposome aqueous phases, as a function of the
initial D/L mole ratio used. (Mean ± SE, n = 2).

loading. Figure 3 shows comparisons of mupirocin loading from
phosphate buffer solution to CA-lip, CA-HPCD-lip, and CTRL-
HPCD-lip. The comparisons demonstrate the influence of the
intraliposome medium on loading pattern. CA-lip showed the
bell-shaped loading curve, whereas this pattern was not ob-
served in HPCD-containing liposomes. However, without a CA
gradient, the loading was very low.

Mupirocin Release

The release of mupirocin was tested from CA-lip, CA-HPCD
liposomes, and control-HPCD liposomes. The release was eval-
uated in either saline or 50% serum. Figure 4 shows the per-
centage of mupirocin retained in the liposomes with different
intraliposome media after 1 h of incubation at 37◦C in either
saline or serum. CA-lip containing mupirocin were stable in
saline but released drug very fast in the presence of 50% serum

Figure 4. Percent retained liposomal mupirocin following 1 h of incu-
bation at 37◦C of different liposomes. Note that the data for CA-HPCD-
lip release in saline are an interpolation from the release data at 3 and
24 h (see Fig. 5).

Figure 5. Percent retained liposomal mupirocin in saline and serum
over time from CA-HPCD-lip. Each time point represents the liposo-
mal area ratio obtained by the collection of 23 fractions on Sepharose
column, as described in the Methods section. (p = 0.04, calculated by
ANOVA: two factor without replication).

(82% released within 1 h). There was no effect of the loading
solution composition on the release rate; CA-lip-loaded from
PG solution showed a similar value of release in serum com-
pared with liposomes loaded from phosphate buffer (data not
shown). However, the release in serum was significantly re-
duced in CA-HPCD-lip. Following 1 h of incubation, only 22%
was released, and again, no influence was found for loading so-
lution composition (data not shown). Control HPCD liposomes
containing mupirocin showed rapid release (73%) after 1 h of in-
cubation. The substantial difference between mupirocin release
from CA-lip in saline and serum was postulated to be attributed
to the high protein binding affinity of mupirocin (96.5%9). To
test this assumption, CA-lip containing mupirocin were incu-
bated in serum, which was preincubated with free mupirocin
to a concentration of 12.5 :M. The release from CA-lip in this
case was reduced substantially to 35%, supporting our working
hypothesis on the involvement of serum protein as a released
drug sink.

The release profile following 48 h of incubation was tested
for CA-HPCD-lip containing mupirocin in the presence of saline
and serum (Fig. 5). The release in saline was relatively slow,
with 37% release after 48 h of incubation. The release in serum
was more rapid, having 47% and 72% release after 3 and 24 h of
incubation, respectively. The release in serum from CA-HPCD-
lip was substantially lower than the release from CA-lip (82%
release after 1 h of incubation; Fig. 4).

Characterization of Liposomal Mupirocin

Cryogenic temperature transmission electron microscopy im-
ages of CA-lip and CA-HPCD-lip with and without mupirocin
are presented in Figure 6. The images show spherical SUV
particles with no observable drug crystals inside them or in the
liposome medium. Liposomes were also tested for their size
using the Malvern particle size analyzer. The size obtained
was small, 77 ± 1.5 nm. The polydispersity index was lower
than 0.05 for all samples. No difference in size distribution
was found between calcium acetate and calcium acetate–HPCD
liposomes.

DOI 10.1002/jps.24037 Cern et al., JOURNAL OF PHARMACEUTICAL SCIENCES



6 RESEARCH ARTICLE – Pharmaceutics, Drug Delivery and Pharmaceutical Technology

Figure 6. Cryogenic temperature transmission electron microscopy images of calcium acetate and calcium acetate–HPCD liposomes containing
mupirocin (a and b, respectively) versus those containing no drug (c and d, respectively).

DISCUSSION

Mupirocin was identified by QSPR screening as a good candi-
date for remote liposomal loading.6 Mupirocin administration
as a liposomal drug may protect it from degradation to the in-
active metabolite monic acid in the circulation, and passively
target it to infected tissues, thereby expanding its use from top-
ical to parenteral administration. Mupirocin is slightly soluble
in aqueous medium; water-soluble organic solvents (PEG 400
and PG) as well as HPCD were found to increase its solubility.
We wanted to investigate whether the solubility enhancements
achieved by the solubilizers also affect mupirocin remote load-
ing. Mupirocin was therefore loaded to CA-lip from phosphate
buffer pH 6.3, and PEG 400, PG, and 1%–10% HPCD solutions
of mupirocin in the same phosphate buffer. Mupirocin load-
ing from phosphate buffer solution showed a bell-shaped curve
(Fig. 1); the final D/L mole ratio obtained increased with the ini-
tial D/L ratio up to a maximal ratio and decreased thereafter.
This behavior was also obtained for PEG 400 solutions and indi-
cated that high mupirocin concentrations outside liposomes in-
hibited loading. This may be explained by the amphipathic na-
ture of mupirocin, which may form small micelles that above a
certain concentration may damage the membrane. We encoun-
tered a similar effect with methylprednisolone hemisuccinate.28

However, the loading pattern from PG solution was different.
The final D/L ratio increased with the initial D/L ratio used. It
was high at all initial ratios tested and reached a maximal final
D/L ratio of 0.48. PG is known to enhance drug permeability
through membranes.29 It is able to penetrate membranes and

thereby can transport lipophilic substances via solvent drag.29

These properties may explain its favorable loading profile. The
effect of HPCD on loading was concentration dependent; 1%
HPCD in the loading solution resulted in a slight increase com-
pared with phosphate buffer, but the loading pattern of a bell
shape was similar. Concentrations of 2.5%–10% did not show
the bell-shaped curve, but the maximal loading was obtained
for 2.5% HPCD and decreased with increased HPCD concentra-
tions (Fig. 1). Too low (1%) HPCD concentration (a concentra-
tion that for complete mupirocin solubilization required soni-
cation and therefore complete solubilization was probably not
achieved by forming inclusion complexes) did not alter load-
ing significantly, but too high concentrations (5%–10%), more
than was required for solubilizing mupirocin (2.5%), inhibited
loading. These findings correlate well with the suggested effect
of cyclodextrins on biological membrane permeation of water-
insoluble drugs.30 Cyclodextrins and their complexes cannot
permeate biological membranes, and their effect on membrane
permeation of water-insoluble drugs is considered to be a re-
sult of increasing the availability of dissolved drug molecules
in the aqueous layer in proximity to the membrane surface.
In addition, excess cyclodextrin (more than is needed to dis-
solve the drug) will hamper this effect.30 The liposomes used
for mupirocin loading are PEGylated nanoliposomes and, as
such, have a large aqueous layer surrounding them.31 Low
HPCD concentrations increased permeation (in our case, load-
ing), whereas higher HPCD concentrations (5%-10%), more
than was required for mupirocin solubilization, decreased load-
ing. To further test the effect of HPCD on loading, liposomes
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containing HPCD in their interior volume were prepared. These
liposomes were prepared with 15% HPCD in calcium acetate.
The HPCD concentration used inside the liposomes was cho-
sen to be high so that it will inhibit drug permeation from
liposomes (as described above) and thus it aimed to increase
drug loading and inhibit drug release. The results showed that
loading to CA-HPCD liposomes was indeed higher than loading
to CA-lip (Fig. 3). Moreover, when using CA-HPCD liposomes,
the bell-shaped pattern obtained for loading from phosphate
buffer, PEG 400, and 1% HPCD disappeared; loading from phos-
phate buffer, 1% HPCD, PEG 400, and PG solutions was simi-
lar and increased constantly with increase in initial D/L ratio
(Fig. 2). Higher HPCD concentrations (2.5%–10%) decreased
loading. To assess that loading was not driven by the HPCD
alone, control HPCD liposomes without calcium acetate gradi-
ent were prepared. Loading to these liposomes was much lower
and reached a maximal loaded D/L value of 0.1.

The release of mupirocin from liposomes was tested in saline
and in 50% bovine serum. CA-lip containing mupirocin were
relatively stable in saline with respect to drug leakage. How-
ever, in 50% serum, mupirocin was rapidly released (84% re-
lease after 1 h; Fig. 4). It was postulated that the rapid re-
lease in serum compared with saline is a result of the high
protein binding affinity of mupirocin (96.5%9,32) that enables
the serum proteins (or lipoproteins) to act as a highly efficient
sink. To test this assumption, mupirocin release from the same
liposomes was evaluated in serum that was preincubated with
12.5 :M free mupirocin (which probably saturated serum pro-
teins with the drug). In this case, the release was substantially
lower (35% after 1 h), supporting our assumption on the involve-
ment of serum proteins. Although the slow release in this case
may also be explained by uptake of the drug by the liposomes
that have large residual CA gradient. CA-HPCD liposomes re-
leased the drug much more slowly in serum (17%–22% after
1 h). The release probably was inhibited by the protection of
the drug in inclusion complexes that was achieved by using a
high HPCD concentration inside liposomes. However, the re-
lease from control-HPCD liposomes was more rapid than from
calcium acetate–HPCD liposomes (73% after 1 h in serum), in-
dicating that the combination of HPCD and calcium acetate
gradient is important for this purpose. Liposomes prepared
from incubation medium containing PG resulted in a release
profile similar to those prepared from phosphate buffer solu-
tions, indicating that in this respect the history of loading has
no effect on the release rate.

Cryogenic temperature transmission electron microscopy
images of CA-lip and CA-HPCD liposomes showed spherical
SUV particles with no observable drug crystals inside them.
No observable difference was found between empty liposomes
and liposomes containing drug.

Antimicrobial agents formulated in nanoliposomes have al-
ready been shown to have improved therapeutic effect and
reduced toxicity compared with the free antimicrobial agent,
probably because of the EP effect.10–12 Mupirocin has a specific
antimicrobial activity,7,33 with favorable toxicologic profile.9 Its
administration is currently limited to topical administration
because of rapid degradation to its inactive metabolite. Deliv-
ery of mupirocin in nanoliposomes may enable its use as a
parenteral antibiotic. The liposomal formulation may protect
it from degradation in the circulation and passively target it
to the infected tissue taking advantage of the EP effect. The
CA-HPCD liposomes containing mupirocin presented in this

paper are now ready for in vivo evaluation in relevant animal
models.
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