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Efficient drug delivery to lung epithelial lining fluid by
aerosolization of ciprofloxacin incorporated into PEGylated
liposomes for treatment of respiratory infections
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Abstract

Purpose: The efficacy of aerosolization of ciprofloxacin (CPFX) incorporated into PEGylated liposomes
(PEGylated CPFX-liposomes) for the treatment of respiratory infections was evaluated. Method: PEGylated
CPFX-liposomes with 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-n-[methoxy(polyethylene glycol)-
2000] (particle size: 100 nm) were prepared, and the drug distribution characteristics in lung epithelial
lining fluid (ELF) following aerosolization of PEGylated CPFX-liposomes were examined in rats. Furthermore,
the antibacterial effects of PEGylated CPFX-liposomes in ELF were evaluated by pharmacokinetic/pharma-
codynamic analysis. Results: The elimination rate of CPFX from ELF following aerosolization of PEGylated
CPFX-liposomes was significantly slower than that of CPFX incorporated into unmodified liposomes
(unmodified CPFX-liposomes; particle size: 100 nm). According to pharmacokinetic/pharmacodynamic
analysis, the PEGylated CPFX-liposomes exhibited potent antibacterial effects against pathogenic microor-
ganisms in ELF. Conclusion: This study shows that PEGylated CPFX-liposomes are a useful aerosol-based
pulmonary drug delivery system for the treatment of respiratory infections.
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Introduction

In the alveolus, the epithelial lining fluid (ELF) is a
mucous layer with a pulmonary surfactant covering the
apical surface of alveolar epithelial cells and alveolar
macrophages (AMs) associated with biophylaxis in the
ELF'2, Several pathogenic microorganisms, such as
Pseudomonas aeruginosa, Haemophilus influenzae, and
Streptococcus pneumoniae, avoid uptake and digestion
by AMs, and survive or multiply in the ELF3~’. Thus,
respiratory infections are frequently induced by these
pathogenic microorganisms. For sterilization of these
pathogenic microorganisms in ELF, the antibiotic
concentration in ELF must be higher than the minimum
inhibitory concentration for as long as possible. Conse-
quently, direct and sustained delivery of antibiotics to
the ELF is required to produce a significant antimicro-
bial effect. Clinically, antibiotics are generally given

orally for the treatment of respiratory infections induced
by pathogenic microorganisms as described above.
However, because antibiotics distribute to many different
tissues through the blood after oral administration, sys-
temic side effects are frequently induced®. In contrast,
an aerosol-based pulmonary drug delivery system
(pDDS) is an efficient method for delivering antibiotics
directly to the ELF. Thus, a reduction in the dose and
avoidance of systemic side effects could be achieved by
aerosol-based pDDS. Again, the use of drug carriers in
pDDS may produce sustained distribution of antibiotics
in the ELF.

PEGylated liposomes, which are able to circulate for a
long time in the blood, have been widely used as a drug
carrier to improve the blood circulation lifetime of
entrapped therapeutic agents’. It is believed that the
PEG on the surface of liposomes, providing a steric barrier
against the attachment of plasma proteins such as
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opsonins and recognition by the cells of the mononu-
clear phagocyte system, in turn, results in a decrease in
the rate of clearance of the liposomes from the blood
circulation!®. Surfactant proteins in ELF opsonize for-
eign substances, and these are recognized and digested
by AMs!!"!, Thus, aerosol-based PEGylated liposomes
may deliver antibiotics efficiently to the ELF by avoiding
opsonization by surfactant proteins and reducing recog-
nition by AMs.

We and other groups have reported that inhalation
of antibiotics solution compared with oral admini-
stration is more useful for treatment of respiratory
infections!®"1”. However, antibiotics generally give rise
to resistant bacteria depending on the concentration-
time pattern'®. Thus, if the mutant prevention effect is
considered as well as the antimicrobial effect, a sus-
tained high concentration for a long time must be
obtained by designing pulmonary administration sys-
tems using drug carriers. We have also reported that
aerosolized surface-nonmodified liposomes efficiently
deliver antibiotic to ELF'?. However, a sustained high
concentration of antibiotic in ELF was not obtained
because liposomes encapsulating antibiotic was phago-
cytosed by AMs. Hence, the development of aerosolized
liposomes that produce sustained distribution of antibi-
otics in the ELF is expected.

In this study, ciprofloxacin (CPFX), used as a model
fluoroquinolone antibiotic, was incorporated into PEGy-
lated liposomes (PEGylated CPFX-liposomes; particle
sizes: 100 nm), and then the drug distribution characteris-
tics to the ELF following aerosolization were investigated
in rats. Furthermore, the antibacterial effects against
pathogenic microorganisms in ELF following aerosoliza-
tion of PEGylated CPFX-liposomes (dose: 200 ug/kg as
CPFX) were evaluated using pharmacokinetic/pharma-
codynamic (PK/PD) analysis.

Materials and methods

Materials and animals

CPFX was purchased from Sigma Chemical Co.
(St. Louis, MO, USA). Hydrogenated egg phosphatidyl-
choline and 1,2-distearoyl-sn-glycero-3-phosphoetha-
nolamine-n-[methoxy(polyethylene glycol)-2000] were
purchased from NOF Co. (Tokyo, Japan), cholesterol
was obtained from Wako Pure Chemicals Co., Ltd.
(Osaka, Japan), and dicetylphosphate was obtained
from Sigma Chemical Co. [*H]Cholesterylhexadecylether
([*H]CHE) was purchased from NEN Life Science Prod-
ucts, Inc. (Boston, MA, USA) and all other regents were
commercially available and of analytical grade. Male SD
rats (190-220 g) were used for the in vivo animal experi-
ments. The animal experimental plan was approved by
the Committee of Laboratory Animal Center (No. 09-009),
and conforms to the Guiding Principles for the Care and
Use of Experimental Animals in Hokkaido Pharmaceuti-
cal University.

Preparation of unmodified and PEGylated
CPFX-liposomes

Preparation of unmodified and PEGylated CPFX-lipo-
somes was performed by the lipid thin film hydration
method?®?!, Briefly, hydrogenated egg phosphati-
dylcholine, cholesterol, dicetylphosphate, and 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-z-[methoxy
(polyethylene glycol)-2000] for PEG modification in a
lipid molar ratio of 7/2/1/0 or 7/2/1/1 were dissolved in
chloroform/methanol (9/1), followed by evaporation to
obtain a thin film. The film was completely hydrated
using CPFX solution (pH 5.5) to obtain the liposomes.
CPFX solution was prepared by dissolution of CPFX in
50 mM phosphate buffer (pH 5.5). The liposomes were
then extruded through polycarbonate filters with a pore
size of 1000, 400, 200, and 100 nm (Nuclepore, Whatman,
Piscataway, NJ, USA) five times. The particle sizes of the
liposomes were determined by photon correlation spec-
troscopy using a Coulter N4 plus a submicron particle
analyzer (Coulter Co., Miami, FL, USA). The particle size
distribution of unmodified and PEGylated CPFX-lipo-
somes after extrusion (means + SD) was 101.5 + 11.4 and
98.5+10.1 nm, respectively. [°H]CHE was used as a non-
exchangeable lipid phase marker?>? to label the lipo-
somes. The concentration of CPFX was measured using
high-performance liquid chromatography (HPLC) as
reported previously'®. The CPEX concentration and
CPFX/lipid molar ratio in both types of liposomes were
2.07 umol CPFX/mL and 0.114 mol CPFX/mol total
lipids, respectively.

Animal experiments and analysis

For the in vivo pharmacokinetic analysis and evaluation
of antibacterial effects, unmodified or PEGylated CPFX-
liposomes labeled with or without [PH]CHE (200 ug
CPFX/250 uL/kg) were aerosolized into the rat lungs
using a Liquid MicroSprayer™ (Model IA-1C, PennCen-
tury, Inc., Wyndmoor, PA, USA) under pentobarbital
anesthesia. The dosage volume was 250 uL/kg with a
dose corresponding to 0.518 umol CPFX/kg (200 pg
CPFX/kg) and 4.55 umol total lipid/kg. The dose of CPFX
(200 ng/kg) used in this study was approximately 1/50th
of the clinical oral dose. At the indicated time-points
after aerosolization, the trachea was immediately can-
nulated under pentobarbital anesthesia and the lungs
were lavaged three times with 5 mL ice-cold phosphate
buffered saline (PBS, pH 7.4)**. The bronchoalveolar lav-
age fluid was immediately centrifuged at 4°C (650x g for
10 minutes) to separate AMs from the diluted ELF. Then,
the AMs were extracted with 1 mL 0.1 M NaOH solution
for scintillation analysis. To calculate the concentrations
of CPEX in ELF, the apparent volume of ELF was esti-
mated using urea as an endogenous marker of ELF
dilution?®. The mean value estimated in this study was
395 uL/225 g rat. The concentrations of CPFX in the
diluted ELF were measured using HPLC as reported
previously'®. The concentrations of CPFX in ELF (ug/mL)
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were calculated by normalization with the apparent vol-
ume of ELF. The area under the concentration of CPFX-
time curve in ELF (AUC) and the mean residence time
(MRT) of CPFX in ELF were obtained using the moment
analysis program, MOMENT?®, The protein concentra-
tion in the AMs extract was determined using Coomassie
Protein Assay reagent (Pierce Chemical Company,
Rockford, IL, USA) with bovine serum albumin as a
standard?’. The [*H]CHE content of the AM extract was
assayed as follows: About 700 uL of each AMs extract and
6.3 mL Hionic-Fluor (Packard BioSci. Co., Meriden, CT,
USA) were mixed and stored overnight. The [°*H]CHE
radioactivity was determined using scintillation counting.
The uptake of liposomes by AMs was expressed as an
uptake percentage versus the total administered radio-
activity per milligram cellular protein (% uptake/mg cell
protein). The antibacterial effects in ELF following aero-
solization of unmodified and PEGylated CPFX-liposomes
were evaluated by PK/PD analysis. The ratio of the AUC
of CPFX in ELF/minimum inhibitory concentration of
CPEX at which 90% of isolates (MICgy,) was calculated as
the PK/PD parameter of an antibacterial effect?®?°. The
effective values of AUC/MICy, were greater than 125
(h)3°-35, The MIC values against pathogenic microorgan-
isms were taken from the literature. Also, the required
dose (RD) of CPFX for effective therapy (a dose required
for winning 125 (h) that is the effective AUC/MICy,
value) was calculated by the following Equation (1).

200 (ugrkg)
RD (ng/ke) = 56 /MIC) 125 (W
For the cytotoxic testing, aerosol-based unmodified
or PEGylated CPFX-liposomes (200 ug CPFX/250 uL/kg)
were aerosolized into the rat lungs as described above.
PBS and 0.25% Triton-X 100 solution were also used as
negative and positive controls, respectively: the dosage
volume was 250 uL/kg in each case. At 24 hours after
aerosolization, the diluted ELF was collected as described
above. The lactate dehydrogenase (LDH) level in the
diluted ELF was determined by the LDH-Cytotoxic Test
wako (Wako Pure Chemicals Co., Ltd., Osaka, Japan)
using LDH from chicken heart as a standard®®. The LDH
levels in ELF (IU/mL) were calculated by normalization
with the apparent volume of ELF as described above.

Statistics

Statistical analysis was performed by the Mann-Whitney
U test and Dunnett’s test using Stat View software
(Abacus Concepts Inc., Berkeley, CA, USA). P-values of
<0.05 were considered statistically significant.

Results and discussion

In this study, the drug delivery to the ELF following aero-
solization of PEGylated CPFX-liposomes was investigated

© 2011 Informa Healthcare USA, Inc.
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in rats and their antibacterial effects against the patho-
genic microorganisms in ELF were estimated.

The time-courses of the concentration of CPFX in ELF
after aerosolization of CPFX-liposomes in rats are shown
in Figure 1 and the pharmacokinetic parameters are
summarized in Table 1. The elimination rate of CPFX
from ELF following aerosolization of PEGylated CPFX-
liposomes was significantly slower than that of unmodi-
fied CPFX-liposomes (Figure 1). The AUC and MRT of
CPFX in ELF following aerosolization of PEGylated
CPFX-liposomes were 5.3- and 3.5-fold greater than
those of unmodified CPFX-liposomes, respectively
(Table 1). These results indicate that PEGylated CPFX-
liposomes induce sustained distribution of CPFX in the
ELF. The uptake of liposomes by AMs after aerosoliza-
tion of CPFX-liposomes is shown in Figure 2. The uptake
of liposomes by AMs following aerosolization of PEGy-
lated CPFX-liposomes was significantly lower than that
of unmodified CPFX-liposomes (Figure 2). This suggests
that PEGylated CPFX-liposomes deliver CPFX efficiently
to ELF by avoiding opsonization by surfactant proteins
and reduced recognition by AMs.

400 -

Concentration of CPFX (ug/mL)

0 T T T T

Time (h)

Figure 1. Time-courses of the concentration of CPFX in ELF after
aerosolization of CPFX-liposomes. Unmodified (O) or PEGylated (M)
CPFX-liposomes (200 pg CPFX/250 pL/kg) were aerosolized into rat
lungs. At each time-point after aerosolization, diluted ELF was col-
lected and concentrations of CPFX in ELF were determined. A signifi-
cant difference (*P < 0.05) was found using the Mann-Whitney U test.
Each value represents the mean + SD (n = 3-5).

Table 1. The pharmacokinetic parameters of CPFX in ELF following
aerosolization of CPFX-liposomes in rats.

CPFX-liposomes AUC? (ugh/mL) MRT® (hours)
Unmodified 264 0.79
PEGylated 1401 2.80

Pharmacokinetic parameters were obtained from data shown in
Figure 1. *AUC from time 0 to final time. PMRT from time 0 to final
time. AUC and MRT are represented as mean value.
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Figure 2. Uptake of liposomes by AMs after aerosolization of CPFX-
liposomes. Unmodified (open column) or PEGylated (closed column)
CPFX-liposomes labeled with [*H]CHE (200 ug CPFX/250 uL/kg) were
aerosolized into rat lungs. At each time-point after administration,
AMs were collected and radioactivity in AMs was determined. A
significant difference (*P < 0.05) was found using the Mann-Whitney
U test. Each value represents the mean + SD (n = 3).

The PK/PD parameters for estimating the antibacterial
effects in ELF following aerosolization of CPFX-liposomes
are summarized in Table 2. Recently, there has been
increasing interest in the relationship between the PK
and PD of antibiotics and, therefore, the use of PK/PD
parameters is now widespread®®?, It is proposed that
the PK/PD analysis of antibiotic treatments is important
for selecting suitable doses and optimizing the treatment
of individual patients. The antibacterial effects of antibi-
otics are concentration- and/or time-dependent and the
PK/PD parameters used generally are the peak concen-
tration/MICy, ratio, AUC/MICy, and the time above the
MICg,. Because the antibacterial effects of fluoroquino-
lones such as CPFX depend on the AUC/MICqy, or peak
concentration/MIC ratio®*3®, the values of AUC/MICy,
in ELF following the aerosolization of CPFX-liposomes
were calculated for several pathogenic microorganisms
in this study. The AUC/MICy, of PEGylated CPFX-
liposomes was greater than the effective value (125 h)
against all pathogenic microorganisms in spite of the use
of 1/50th of the clinical oral dose (Table 2). Again, the
values of RD indicate that it is possible to greatly reduce
the dose of PEGylated CPFX-liposomes (Table 2). The
AUC/MICy, of unmodified CPFX-liposomes was also
higher than the effective values (Table 2). However,
unmodified CPFX-liposomes may not be efficient, com-
pared with PEGylated CPFX-liposomes, if a reduction in
the dose and antibacterial effects more potent than
those of PEGylated CPFX-liposomes are required. This
study indicates that efficient antibacterial effects of
PEGylated CPFX-liposomes are obtained by aerosoliza-
tion of a dose lower than that used clinically. These

Table 2. The estimated antibacterial effects of CPFX-liposomes
against the pathogenic microorganisms in ELF.

Microorganisms AUC/MICy, RD
CPFX-liposomes (MICq)*” (hours) (ng/kg)
Unmodified P. aeruginosa 264 75.8
(1 nug/mL)
H. influenzae 8800 2.3
(0.03 ug/mL)
S. pneumoniae 132 151.5
(2 pg/mlL)
PEGylated P. aeruginosa 1401 14.3
(1 pug/mL)
H. influenzae 46,700 0.4
(0.03 ug/mL)
S. pneumoniae 701 28.6
(2 ug/mL)

AUC in ELF as described in Table 1 were used for calculation of PK/
PD parameter. The MICy, values were taken from the literature.

effects following aerosolization of PEGylated CPFX-
liposomes in an animal model of respiratory infection
should be investigated in more detail in future studies.

Also, cytotoxicity following aerosolization of PEGy-
lated CPFX-liposomes was examined in rats. The LDH
levels in ELF at 24 hours after aerosolization of CPFX-
liposomes, PBS as a negative control or Triton-X100
solution as a positive control, are shown in Figure 3. The
LDH level in ELF after aerosolization of PEGylated
CPFX-liposomes was similar to that of PBS. This indi-
cates that the aerosolization of PEGylated CPFX-lipo-
somes does not injure lung tissues, at least at the dose
used in this study.
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Figure 3. LDH levels in ELF after aerosolization of CPFX-liposomes.
CPFX-liposomes, PBS, or 0.25% Triton-X 100 solution was aero-
solized into rat lungs. At 24 hours after aerosolization, diluted ELF
was collected and LDH levels in ELF were determined. *P < 0.01,
significant difference compared with the treatment with PBS in
Dunnett’s test.
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Conclusion

This study was carried out based on a hypothesis that
sustained drug distribution in ELF is obtained by surface
PEG modification of liposomes. We have shown that effi-
cient drug delivery to ELF is possible by aerosolization of
PEGylated CPFX-liposomes. Furthermore, it was shown
that efficient antibacterial effects of PEGylated CPFX-
liposomes against pathogenic microorganisms in ELF
could be obtained at a lower dose than that used in clini-
cal situations. This study indicates that the PEGylated
CPFX-liposomes are an efficient aerosol-based pDDS for
the treatment of respiratory infections.
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