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Abstract

Spray-freeze drying was utilized to manufacture a liposomal powder formulation containing ciprofloxacin as a model active
component. The powder forms liposomally encapsulated ciprofloxacin when wetted. Aerosol properties of this formulation were
assessed using a new passive inhaler, in which the powder was entrained at a flow rate of 60 l/min. A mass median aerodynamic
diameter (MMAD) of 2.8�m was achieved for this formulation. Using the experimental dispersion testing data, ciprofloxacin
concentration in the airway surface liquid (ASL) was calculated using a Lagrangian deposition model. The reconstitution of the
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owder in various aqueous media gave drug encapsulation efficiencies as follows: 50% in water, 93.5% in isotonic sa
n bovine mucin, 75% in porcine mucus and 73% in five-fold-diluted ex vivo human cystic fibrosis patient sputum.
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Inhalation drug delivery is an effective pathway to
reat many topical and some systemic illnesses (e.g.
inlay, 2001). Indeed, the interest in inhalation treat-
ent is increasing yearly; an example being the pep-

ides and proteins produced through biotechnology for
ulmonary delivery (Bosquillon et al., 2004; Steckel
t al., 2003; Adjei and Gupta, 1998). One particular
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type of drug delivery system that has been explo
with a number of antimicrobial and anticancer drug
liposomal encapsulation of the active component
Wong et al., 2003; Oh et al., 1995). In successful cir
cumstances, this could alter the pharmacokinetic
an extent that drug retention time is increased and
toxicity is reduced, thereby prolonging the half life
the drug in the body.

Typically, liposomal formulations have been de
ered by nebulization. Concerns arise from drug stab
and leakage perspectives when nebulizers are us
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deliver a liposomally encapsulated agent (Taylor et al.,
1990). To circumvent these issues, dry powder formula-
tions have been examined.Desai et al. (2002)examined
the effects of lyophilization and jet milling on the effi-
cacy of a liposomal formulation and found significant
leakage due to stresses induced in the separate dry-
ing and milling processes. They proposed a solution
that utilized spontaneous production of liposomes. It
is known that, due to electrostatic interactions, phos-
pholipids will spontaneously encapsulate a particle of
suitable charge in an ionic solution, thereby creating a
liposomal particle. This process generated promising
in vitro results, yet they encountered significant losses
in the milling process and observed suboptimal disper-
sion due to the auto-adhesive properties of the powder.

In this study, we have utilized a spray-freeze-dried
(SFD) process that addresses many of the problems
encountered by previous formulations and manufactur-
ing methods. We have developed a SFD ciprofloxacin
formulation that relies on the spontaneous formation
of liposomes. Ciprofloxacin was selected as the active
agent because it is a widely used, broad-spectrum
antibiotic. In addition,Wong et al. (2003)observed that
jet nebulized, liposomal ciprofloxacin provided full
protection in mice issued a lethal pulmonary infection
of Francisella tularensis, whereas free ciprofloxacin
was ineffective. SFD produces stable formulations
with highly porous particles, which leads to improved
aerosolization and dissolution properties compared to
other dry powder manufacturing methods (Maa et al.,
1
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Spray-freeze drying was performed with a two-
fluid nozzle (Spray System Co., Wheaton, IL, USA),
in which compressed nitrogen and a peristaltic pump
(ChemTech, Punta Gorda, FL, USA) were used to drive
the formulation. The suspension was atomized into a
flask containing liquid nitrogen. Following atomiza-
tion, the remaining liquid nitrogen was allowed to evap-
orate, and the resulting powder was dried for 48 h in a
freeze drier (Labconco Corp., Kansas City, MO, USA).
The collector was held at−52◦C while the vacuum was
0.004 mbar. To prevent the powder from melting, the
vesicle containing the powder was held at subzero tem-
perature for 7 h. The vesicle was kept at 21◦C for the
remainder of the 48 h. The powder was subsequently
collected and stored in a sealed vial without desiccant
at 4◦C.

The ability of the phospholipids to encapsulate
ciprofloxacin before and after SFD was tested by
exposure to various liquid media. Prior to SFD, the
suspension of lactose, DMPG and ciprofloxacin was
tested for leaking. The suspension was centrifuged
at 4◦C and 14,000 rpm for 1 h (Allegra 21R, Beck-
man Coulter, Fullerton, CA, USA). The supernatant
and pellet were collected and dissolved separately
in methanol. The resulting solutions were analyzed
for ciprofloxacin content using UV spectroscopy (UV
absorbance atλ = 278 nm, Diode Array Spectropho-
tometer, model 8452A, Hewlet Packard, Tulsa, OK,
USA). Subsequent to SFD, the powder was reconsti-
tuted in various liquid media, including distilled water,
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In this paper we present a SFD manufactu

ethod for a ciprofloxacin formulation, the results
reconstitution study, and the dispersion propertie

he powder using a passive inhaler.
The formulation utilized in this study contai

imyristoyl phosphatidylglycerol (DMPG, Genzym
harmaceuticals, Cambridge, MA, USA), lact

Pharmatose 325M, DMV International, Vegh
he Netherlands) and ciprofloxacin (US Biologic
wampscott, MA, USA) in a weight percent ra
:17:1, respectively. The formulation forms a smo
uspension upon vortexing (2× 30 s to 4× 30 s in
h) and remains stable at 4◦C for several days
esai et al. (2002, 2003)utilized a formulation

or lyophilization and jet milling with an identica
hospholipid-to-ciprofloxacin ration and a sligh
ifferent lactose-to-lipid ratio.
sotonic saline solution, bovine mucin type 1 fr
ubmaxillary glands (Sigma–Aldrich, St. Louis, M
SA), porcine mucin (extracted post-mortem us

ung lavage) and ex vivo human cystic fibrosis pat
putum (spontaneous expectoration with dental co
acking between cheeks and gums to minimize ad

ure with saliva) diluted five-fold with isotonic salin
he suspensions were vortexed 2× 30 s and were le

o stand at room temperature for 15 min. The proce
tilized to examine ciprofloxacin encapsulation in
rug suspension prior to SFD was also used to eva
ncapsulation efficiency for the powder in the vari

iquid media. Leaking was also examined for the rec
tituted powder in the aforementioned liquids dilu
ve-fold with distilled water.

The fine particle fraction (FPF), defined as p
icles with an aerodynamic diameter <5.6�m and
ass median aerodynamic diameter (MMAD) of
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powder were measured using a Mark II Anderson
Cascade Impactor (Graseby Anderson, Smyma, GA,
USA) with effective cut-off points recalibrated at
60 l/min. Deagglomeration and powder delivery were
achieved with a proprietary passive dry powder inhaler
that utilizes cyclonic action as well as mechanical
impaction to disperse powder particles (Finlay and
Wang, 2003). The flow rate was monitored with a
pneumotachometer (PT 4719, Hans Rudolph Inc.,
Kansas City, MO, USA). Prior to testing, the impactor
plates were sprayed with a release agent (316 Silicone
Release Spray, Dow Corning, Midland, MI, USA). Fol-
lowing impaction, each impactor plate was washed
with 5 ml of CHCl3/MeOH/H2O in a volume ratio of
1.3/2.6/1.1. The lactose was separated from the remain-
ing ingredients using the method described inBligh and
Dyer (1959). The preseparator was washed with 10 ml
MeOH and the inhaler with 10 ml MeOH/H2O, in a
volume ratio of 4:1. The resulting solutions were ana-
lyzed for ciprofloxacin content using UV spectroscopy
following the previously stated procedure and equip-
ment. Five measurements were made using samples
from a single powder. To measure liposome particle
size, the powder was reconstituted in isotonic saline,
vortexed 2× 30 s, and equilibrated at room temper-
ature for 15 min, followed by liposome particle size
measurement using photon correlation spectroscopy
(Malvern Zetasizer 3000, Malvern Instruments, UK).
Powder morphology was analyzed with scanning elec-
tron microscope (S2500 SEM, Hitachi, Tokyo, Japan;
s put-
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The reconstituted encapsulation efficiency of the
model drug in water was the lowest of all the fluids
tested. This is readily explained through the results
of Crowell and Macdonald (1999)and Meyer et al.
(2001), who found that DMPG formulations require
an ionic solution for auto-assembly of lipids.

The highest reconstituted encapsulation efficiency
was observed in isotonic saline. Drawing comparison
to the three pulmonary liquids, it is possible that the
presence of one or more pulmonary surfactants slightly
decreases the amount of encapsulation. Dilution of
the liquid samples five-fold also caused a reduction in
encapsulation efficiency, as shown inTable 1. This is
a known and expected result as encapsulation depends
on concentration of lipoplexes, ionic strength and the
presence of surfactants.

The particles of the powder formulation demon-
strated high specific surface area characteristics,
indicative of high porosity. A representative SEM
image of the powder is shown inFig. 1. Edwards et al.
(1997)examined highly porous particles and acknowl-
edged the benefits as efficient aerosolization of the
powder from inhalers, deep lung penetration due to
reduced particle mass and a lower likelihood of phy-
glomatic clearance upon lung deposition due to particle
size.

The improved aerodynamic characteristics of the
powder relative to the jet-milled powder examined by
Desai et al. (2002, 2003), most importantly MMAD,
were apparent in deposition testing. The average
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S.D. (

M 9.8
D 4.3
I 6.3
B NA
P 3.6
C 6.3
ample coated with gold sputter using a S150B S
er Coater, BOC Edwards, Crawley, West Sus
K).
Bovine mucin, porcine lung lavage and fiv

old-diluted cystic fibrosis sputum demonstra
ncapsulation efficiencies >70% as shown inTable 1.

able 1
ncapsulation efficiency of the powder reconstituted into vario

Ciprofloxacin encaps

Average (%)

odel suspension (prior to SFD) 86.9
istilled water 51.0

sotonic saline 86.3
ovine mucin 80.1
orcine lavage 75.7
F patient sputum 68.3
MAD was found to be 2.8�m (standard deviatio
.D. = 1.0�m, n = 5), while the FPF was calculated
e 60.6% (S.D. = 12.2%,n = 5). A similar jet-milled
iprofloxacin formulation produced byDesai et al
2002, 2003)had a FPF of 45%. The average m
f ciprofloxacin in the fine particle fraction per mass

s, both undiluted and diluted five-fold with distilled water

Ciprofloxacin encapsulated after five-fold dilu

%) Average (%) S.D. (%)

NA NA
NA NA
42.1 NA

29.2 NA
62.5 11.3
NA NA
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Fig. 1. A representative SEM image showing the morphology of a
particle from the model powder.

power was determined to be 20.6�g ciprofloxacin per
mg of powder (S.D. = 5.6�g/mg,n = 5).

Liposome particle size was measured after powder
reconstitution in the saline solution. A mean volume
analysis showed that 91% of the particles had a diam-
eter <600 nm. The liposome particle distribution is
shown inFig. 2.

The electrostatic properties of DMPG and
ciprofloxacin allow the spontaneous production of

Fig. 2. Volume distribution of lipsome particles upon powder recon-
stitution in isotonic saline.

liposomally encapsulated ciprofloxacin particles in an
ionic aqueous media. Ciprofloxacin is also known for
electrostatic interactions with phosphatidylglycerols
and zwitterionic phospholipids (Vazquez et al., 2001).
Indeed, in vitro evidence suggests that these particles
will auto-assemble in various liquid media, with
encapsulation efficiency depending on surfactant,
lipid concentration and ionic strength. Utilizing this
property in a powder formulation circumvents many
of the problems associated with delivering liposomal
particles to the respiratory tract. Droplets created in
nebulizers experience shear, as well as shock waves
and kinematic discontinuities (Rein, 1993; Yarin and
Weiss, 1995) that could impose destructive forces on
the liposomes.Finlay and Wong (1998)examined
nebulized liposomal ciprofloxacin and found the level
of liposome disruption to be dependent on nebulizer
design. A model 86111 Sonix 2000 did not disrupt
the liposomal particles, but the Permaneb model 700
nebulizer retained only 8% of the ciprofloxacin as
encapsulated. Lyophilization and jet milling also lead
to harmful effects on the particles, as shown inDesai
et al. (2002). Utilizing a dry powder aerosol that relies
on lipid formation in the airway surface liquid (ASL)
is beneficial because it removes the sensitive liposomal
particles from the manufacturing and delivery stages
of aerosol delivery.

Reconstitution of the model powder in various rep-
resentative pulmonary fluids demonstrated promising
liposomal encapsulation. The results suggest that in
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ivo encapsulation will occur; however, direct evide
as not yet been generated. An experiment simil
ong et al. (2003)with a suitably chosen bacter

nfection would examine the powder efficacy in viv
A numerical lung deposition model (Finlay et

l., 2000) coupled with an airway surface li
id model (Lange et al., 2001) was utilized to
redict ciprofloxacin concentration in the trach
ronchial generations of normal lungs. The lung de
ition model utilizes a one-dimensional, Lagrang
pproach, with equations from the literature use
redict particle deposition due to diffusion, sedim

ation and inertial impaction. In normal subjects,
odel matches in vivo data gathered using gam

cintigraphy (Finlay et al., 2000a). The volume of ASL
n each generation is predicted using a mass cons
ion model, with mucous velocity and production ra
s independent variables and mucociliary clearan
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modeled as a series of escalators ascending through
the tracheobronchial region. Drug concentration in the
ASL is calculated utilizing the regional deposition
results in conjunction with the regional ASL volume.
The aerosol particles are assumed to be homogeneously
distributed in the ASL. The model utilized an inhalation
flow rate of 60 l/min with a mucous production rate of
10 ml/day and a clearance rate of 10 mm/min, average
values used in a previous study (Finlay et al., 2000), as
well as the MMAD and geometric standard deviation of
the powder measured in this study. Upon administration
of a 20 mg powder dosage, the minimum ciprofloxacin
concentration is 5 mg/l and occurs in the most dis-
tal tracheobronchial generation. This concentration is
above the minimum inhibitory concentration (MIC) of
many bacteria causing respiratory infection, including
Pseudomonas aeruginosa (MIC90 4 mg/l),Streptococ-
cus pyogenes (MIC90 1 mg/l), Neisseria gonorrhoeae
(MIC90 0.004 mg/l),Bacillus anthracis (MIC 1.6 mg/l)
and many other aerobes (Zhanel et al., 2002; Brook,
2002).

The model provides an instantaneous, maximum
prediction of ciprofloxacin concentration in the ASL
upon inhalation of a given dose. It assumes instan-
taneous dissolution of the powder and liposome for-
mation. Since the powder contains >70% lactose by
weight, and due to the prompt dissolution of lactose in
isotonic saline, it is plausible that the powder will dis-
solve rapidly in the respiratory tract. Further, liposome
formation was observed as complete in isotonic saline
a it is
r me
f des
a n in
t oso-
m way
f

s of
a ing
a on-
s es
i nic
s ula-
t ids
a al
g cess
p dian
a om-

pared to a previously jet-milled, similar ciprofloxacin
powder.
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