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1. Introduction

Improving the bioavailability of active pharmaceutical ingredi-
ents (API), defined as the rate and extent of the API that reaches
systemic circulation is a major goal of pharmaceutical drug delivery.
Enhancements in bioavailability may increase patient compliance.
The effectiveness of poorly water-soluble APIs can be severely
limited when solubilities are too low to produce systemic thera-
peutic levels. Several strategies have been developed to improve the
aqueous dissolution properties of poorly water-soluble API formu-
lations, including the use of surfactants, emulsification processes,
solution based precipitation and solid state manipulation (Betageri
and Makarla, 1995; Mawson et al., 1997; Rogers et al., 2001; Sarkari
et al., 2002; Hu et al., 2004; Matteucci et al., 2007). Amorphous
particles may be designed to produce high levels of supersatura-
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orphous, high surface area, nanostructured aggregates of itraconazole
.2, w/w) yielded improved bioavailability in mice. The ultra-rapid freezing
ce the nanoparticles was found to molecularly disperse the ITZ with the
pon addition to water, ITZ formed a colloidal dispersion suitable for neb-
optimal aerodynamic properties for deep lung delivery and high lung and
mice. The ITZ nanoparticles produced supersaturation levels 27 times the
lution in simulated lung fluid. A dissolution/permeation model indicated
particles is limited by the dissolution rate (BCS Class II behavior), while

ed for more rapidly dissolving 230 nm particles. The predicted absorption
ITZ particles was only 15 min, as a result of the small particle size and high
ement with the in vivo results. Thus, bioavailability may be enhanced, by

accelerate dissolution and increasing permeation with (1) an amorphous
olubility, and (2) permeability enhancers.

© 2008 Elsevier B.V. All rights reserved.

tion relative to the solubility of the crystalline state (Hancock and
Parks, 2000). Cryogenic technologies have been used to produce

highly porous, amorphous, nanostructured particles with improved
dissolution rates and high supersaturation drug levels relative to
the solubility of the crystalline state for poorly water-soluble APIs
(Vaughn et al., 2005; McConville et al., 2006; Overhoff et al., 2007a).
The Spray Freezing into Liquid (SFL) process forms a solid disper-
sion or solid solution composed of drug domains within a polymer
matrix by spraying the drug/excipients solution directly into liq-
uid nitrogen (Vaughn et al., 2005). The URF particle engineering
process utilizes rapid freezing of a drug/excipient solution onto a
cryogenic substrate of desired thermal conductivity to obtain a solid
dispersion/solution (Overhoff et al., 2007a).

ITZ, a broad-spectrum antimycotic triazole has been used for
both prophylaxis and treatment of invasive fungal diseases for the
last two decades. ITZ is a poorly soluble weak base with a calculated
log P of 6.2. Its aqueous solubility is estimated at approximately
1 ng/mL at neutral pH and approximately 4 �g/mL at pH 1 (Peeters
et al., 2002). Given the high log P value, ITZ is classified as a class
II drug according to the Biopharmaceutical Classification System
(BCS) (Amidon et al., 1995). Sporanox® oral capsule and solution,
ITZ preparations for oral administration on the market, show
low oral absorption and considerably varied pharmacokinetics in

http://www.sciencedirect.com/science/journal/03785173
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immunocompromised patients (Smith et al., 1992; Barone et al.,
1993; Poirier et al., 1997). To treat invasive fungal infection, espe-
cially Aspergillus spp. infections in immunocompromised patients,
ITZ levels of greater than 0.5 �g/g of lung tissue, or 0.5 �g/mL of
blood (Sobel, 2000) is generally required.

The design of rapidly dissolving drug nanoparticles offers
potential improvements in therapeutic efficacy, stability, patient
compliance, and safety (Ebbesen and Jensen, 2006; Yang et al.,
2008). The route of administration is as important as the drug for-
mulation for achieving therapeutic success (Lin et al., 2001; Mehrad
et al., 2001; Clark and Hajjeh, 2002; Singh and Husain, 2003).
Pulmonary delivery of a wide spectrum of drug substances, includ-
ing proteins/peptides, nucleic acids, and antibiotics to the lungs
can be highly effective for localized treatment or prophylaxis of
pulmonary diseases, including lung infections, cystic fibrosis, and
asthma (Edwards and Dunbar, 2002). Pulmonary delivery is a non-
invasive route that facilitates deposition of large drug doses to the
lungs, and offers the potential for high systemic absorption. Effi-
cient systemic absorption is attributed to the lung’s large absorptive
surface area, very thin diffusion path to the blood stream, elevated
blood flow, relatively low metabolic activity and the avoidance
of hepatic first pass metabolism (Adje and Gupta, 1997). Particle
size distribution and morphology have pronounced effects on all
aspects of pulmonary drug delivery, including deposition in the
respiratory tract, dissolution in the lung lining fluid and the clear-
ance mechanism (Chow et al., 2007). The particle size of aerosols is
determined by the inhalation device and physicochemical proper-
ties of the drug formulation, such as viscosity and surface tension
(Mccallion et al., 1995).

Pulmonary drug delivery targeted to the alveoli is advantageous
and critical for systemic absorption (Courrier et al., 2002). The con-
cept of improving bioavailability of poorly water-soluble APIs by
pulmonary delivery of nanostructured aggregates has been recently
reported in mouse models. Inhalation of a nebulized ITZ nanopar-
ticle composition (ITZ:polysorbate 80:poloxamer 407 = 1:0.75:0.75
by weight ratio, prepared by SFL; namely SFL-ITZ) by mice for
20 min produced relatively high drug concentrations in lung tissue
and about one-third the drug level in systemic circulation com-
pared to Sporanox® solution administered orally at the same dose
(Vaughn et al., 2006). Nebulization of aqueous colloidal disper-
sions of amorphous cyclosporin A/polysorbate 80 nanoparticles
into mice produced therapeutic lung levels and systemic concen-
trations below toxic limits (Tam et al., 2008).

Inclusion of certain surface active excipients in pulmonary for-

mulations may enhance bioavailability, but may also interfere with
cell lipid bilayer membranes and thus raise long term safety con-
cerns (Patton et al., 1989). The objective of this study was to
develop an ITZ nanoparticle dispersion for pulmonary delivery
by nebulization that does not require the use of synthetic poly-
mers and surfactants to achieve high supersaturation values in
vitro and high bioavailability. Mannitol is a widely used excipient
approved by the Food and Drug Administration (FDA) for inhalation
purposes (Bosquillon et al., 2001, http://www.accessdata.fda.gov/
scripts/cder/iig/getiigWEB.cfm). Lecithin, currently FDA approved
for pulmonary formulations, contains mainly dipalmitoylphos-
phatidylcholine (DPPC), the primary component of endogenous
human lung surfactant (Goerke, 1998). We hypothesize that a high
surface area nanostructured ITZ composition encompassing solu-
ble, and/or biodegradable, and/or biocompatible materials such as
mannitol and lecithin, ITZ:mannitol:lecithin = 1:0.5:0.2 (by weight
ratio, namely URF-ITZ), can be inhaled by nebulization to produce
high supersaturation levels rapidly in the alveolar fluid. Pulmonary
delivery of the nanostructured ITZ composition may provide not
only local lung deposition, but possibly high systemic bioavailabil-
ity with low toxicity.
harmaceutics 361 (2008) 177–188

The URF-ITZ dry powder and its aqueous dispersion suitable for
nebulization were characterized by a wide variety of techniques.
A single-dose 24-h pharmacokinetic study was also performed in
mice to assess the bioavailability of nebulized URF-ITZ nanoparticle
dispersion by inhalation and to explore the factors influencing the
pharmacokinetic parameters. In order to better understand how
particle size and solubility (supersaturation) may be designed to
enhance absorption rates in the alveoli, a recently developed model
of Tam et al. (2008) was used to analyze the individual effects of
dissolution.

2. Materials and methods

2.1. Materials

The following materials were purchased: ITZ, micronized phar-
macopeial grade (Hawkins Chemical, Minneapolis, MN); mannitol
and polysorbate 80 (Spectrum Chemicals, Gardena, CA); lecithin,
1,4-dioxane (Fisher Scientific, Fair Lawn, NJ); diethanolamine (VWR
International, West Chester, PA); acetonitrile (EM Industries Inc.,
Gibbstown, NJ). All organic solvents used were HPLC grade. Other
reagents used were at least ACS grade.

2.2. Preparation of nanostructured aggregate powder of ITZ using
URF technology

For a standard batch of the formulation, lecithin (118 mg) was
dissolved in a mixture of 1,4-dioxane and purified water (65/35, v/v)
co-solvent system (200 mL) using a magnetic stirrer. ITZ (588 mg)
and mannitol (294 mg) were subsequently dissolved in the mix-
ture, this provided a dissolved solids ratio of ITZ:mannitol:lecithin
of 1:0.5:0.2 by weight. The solution was frozen using the URF appa-
ratus (Evans et al., 2006; Overhoff et al., 2007a). Briefly, the solution
was applied to the cryogenic solid substrate (which was previously
cooled to −70 ◦C), whereby the solution was frozen rapidly. The
resultant frozen solids were collected and lyophilized using a Vir-
Tis Advantage bench top tray lyophilizer (The VirTis Company, Inc.,
Gardiner, NY, USA). The dry powder was stored in a desiccator under
vacuum at room temperature.

2.3. Preparation of physical mixture

A physical mixture consisting of ITZ:mannitol:lecithin in the
weight ratio of 1:0.5:0.2 was mixed by geometric dilution and trit-

uration using a ceramic mortar and pestle.

2.4. Powder X-ray diffraction (XRD)

The URF-ITZ powder, the physical mixture, the bulk ITZ and
mannitol were examined by wide angle XRD. A Philips 1710 X-
ray diffractometer with a copper target (CuKa1, � = 1.54056 Å) and
nickel filter (Philips Electronic Instruments Inc., Mahwah, NJ) was
used to obtain the XRD patterns. The voltage was 40 kV and the cur-
rent was 40 mA. Samples were analyzed in the 2-theta range from
10 to 50◦ using a step size of 0.05 2-theta degree with a dwell time
of 2 s.

2.5. Scanning electron microscopy (SEM)

SEM was used to evaluate the morphology of the samples. The
samples were mounted onto an aluminum stage using conduc-
tive carbon tape. Samples were coated using a model K575 sputter
coater (Emitech Products, Inc., Houston, TX) with gold/palladium
for 20 s in a high vacuum evaporator. SEM was performed using
a Hitachi S-4500 field emission scanning electron microscope

http://www.accessdata.fda.gov/scripts/cder/iig/getiigWEB.cfm
http://www.accessdata.fda.gov/scripts/cder/iig/getiigWEB.cfm
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(Hitachi High-Technologies Corp., Tokyo, Japan) operating at an
accelerating voltage of 10–15 kV. Images were captured with
Quartz PCI software (Quartz Imaging Corporation, Vancouver, BC,
Canada).

2.6. Scanning transmission electron microscopy (STEM)

The URF-ITZ powder was further characterized using STEM,
by placing the dry powder on a Holey Carbon Support Film
with 200 Mesh Copper Grids (Jed Pella, Inc., Redding, CA)
and viewing on a JEOL 2010F transmission electron micro-
scope (JEOL USA, Inc., Peabody, MA) equipped with an energy
dispersive spectroscopy (EDS) detector for elemental characteri-
zation.

2.7. Thermal analysis

Differential Scanning Calorimetry (DSC) of the URF-ITZ powder
and each component was conducted using modulated tempera-
ture DSC (MTDSC), Model 2920 (TA Instruments, New Castle, DE),
equipped with a refrigerated cooling system. Dry nitrogen gas
was used as the purge gas through the DSC cell at a flow rate
of 40 mL/min. Samples were weighed to 10–15 mg in aluminum
crimped pans, Kit 0219-0041 (PerkinElmer Instruments, Norwalk,
CT). The mass of the empty sample pan was matched with that of
the empty reference pan within ±0.2 mg. Samples were heated at a
ramp rate of 10 ◦C/min from −30 to 200 ◦C with a modulation tem-
perature amplitude of 1 ◦C/60 s for all studies. Data was analyzed
using TA Universal Analysis 2000 software (TA Instruments, New
Castle, DE). Amorphous pure ITZ was prepared by the URF pro-
cess as described above. Amorphous mannitol and lecithin were
prepared by quench-cooling (Kim et al., 1998). In brief, accurately
weighed mannitol and lecithin powders were heated to 200 and
150 ◦C, respectively, in sealed aluminum DSC pans, the tempera-
ture was held for 15 min. The samples were then quench-cooled
in liquid nitrogen externally to the DSC instrument. DSC was con-
ducted by placing back the samples to pre-cooled sample chamber
(−50 ◦C), and thermograms were recorded the same as with the
other samples.

2.8. True density measurements
True density of ITZ, mannitol and lecithin was measured using
an AccuPyc 1330 helium pycnometer (Micrometrics; Norcross,
GA). The samples were dried overnight. Upon measurement, the
samples were purged 20 times with dry helium at 19.85 psi
followed by six analytical runs at 19.85 psi. The equilibration
rate was 0.0050 psi/min. Measurements were performed in trip-
licate.

2.9. Particle size analysis by laser diffraction

Particle size distribution, based on volume fraction, of the
URF-ITZ powder, the physical mixture and bulk ITZ was mea-
sured by laser diffraction with a Malvern Mastersizer-S (Malvern
Instruments, Ltd., Worcestershire, UK). To measure the particle
size distribution, powder aliquots were dispersed in 5 mL purified
water, sonicated, and the dispersions were added to the sample
reservoir to produce light obscuration in the range of 10–15%. Bulk
ITZ was dispersed in 5 mL of a 0.1% polysorbate 80 aqueous solu-
tion for pre-wetting due to its high hydrophobicity. Sonication
was used during the measurement to break up the agglomerated
particles. Values reported are the average of at least three determi-
nations.
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2.10. Brunauer–Emmett–Teller (BET) specific surface area
analysis

Specific surface area was measured using a Nova 2000 version
6.11 instrument (Quantachrome Instruments, Boynton Beach, FL).
An aliquot of powder was added to a 12-mm Quantachrome bulb
sample cell and degassed overnight prior to analysis. The data was
then analyzed using NOVA Enhanced Data Reduction Software (ver-
sion 2.13).

2.11. Dissolution testing at supersaturation conditions

Dissolution testing at supersaturated conditions was conducted
in a USP 25 dissolution apparatus model Vankel 7000 Dissolu-
tion Tester (Vankel Technology Group, Cary, NC) using 100 mL
glass dissolution vessels and stirred with small paddles at 100 rpm.
Simulated lung fluid containing 0.02% DPPC (Davies and Feddah,
2003; Cook et al., 2005) at 37 ◦C was used as the dissolution
medium. An equivalent of 100 �g ITZ in a colloidal dispersion
(equal to 100-times of equilibrium solubility of crystalline ITZ
(Ceq)) at 4 ◦C was added to the dissolution vessels (n = 6) within
one second immediately after sonication. Aliquots of 2 mL of the
dissolution media were taken at 5, 15, 30, 60, 120 and 180 min.
All samples were filtered through a 0.2 �m GHP Acrodisc filter
(Pall Corporation, East Hills, NY), and diluted with acetonitrile for
content analysis. The ITZ content was determined using a Shi-
madzu LC-10A high performance liquid chromatography (HPLC)
system (Shimadzu Corporation, Columbia, MD) equipped with an
Alltech InertsilTM ODS-2 5 �m, 150 mm × 4.6 mm, C-18 column
(Alltech Associates, Inc., Deerfield, IL). The mobile phase was ace-
tonitrile:water:diethanolamine (70:30:0.05) and it eluted the ITZ
peak at approximately 5.5 min at 25 ◦C with a flow rate of 1 mL/min.
The ITZ absorbance was measured at a wavelength �max of 263 nm.

2.12. In vitro aerosol performance

A colloidal dispersion of the URF-ITZ powder was prepared for
nebulization by dispersing the powder in purified water (equiv-
alent to 20 mg/mL ITZ) using ultrasonication in an ice bath. An
aliquot (5 mL) of the dispersion was nebulized using an Aeroneb®

Professional micropump nebulizer (Nektar Inc., Mountain View,
CA) for 10 min at an air flow rate of 28.3 L/min. The flow rate was
maintained by a vacuum pump (MFG Corp., Benton Harbor, MI)
and calibrated by a TSI mass flow meter, Model 4000 (TSI Inc., St.

Paul, MN). The in vitro deposition characteristics of the colloidal
dispersion of URF-ITZ for nebulization, was investigated using an
eight-stage Andersen cascade impactor (Thermo-Electron Corp.,
Symrna, GA). The cascade impactor was assembled and operated in
accordance with USP General Chapter 601 to assess the drug deliv-
ered. After deposition onto the stages of the impactor, the mass
deposited on each of the stages was collected and the total mass
of drug on each stage was analyzed by HPLC. The aerosolization
behavior was described in terms of total emitted dose (TED), mass
median aerodynamic diameter (MMAD), geometric standard devi-
ation (GSD), and percentage fine particle fraction (FPF; defined as
the percentage of droplets with an aerodynamic diameter less than
4.7 �m).

2.13. Stability study

The URF-ITZ powder was stored in desiccators under vacuum at
room temperature, and the physical stability was assessed by XRD
at 1, 3 and 12 months.

The physical stability of the colloidal dispersion of URF-ITZ
for nebulization was also investigated. The colloidal dispersion of
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URF-ITZ for nebulization was prepared as previously described. It
was allowed to equilibrate at 25 ◦C for 15 min, and then was quench
frozen using excess liquid nitrogen. The colloidal dispersion was
lyophilized, and the resultant powder was investigated by XRD.

2.14. In vivo pulmonary dosing of mice

Fourteen male ICR mice (Harlan Sprague Dawley, Inc., Indi-
anapolis, IN) were dosed by inhalation of the nebulized colloidal
dispersion of the URF-ITZ (equivalent to 20 mg/mL ITZ) for 10 min in
a whole-body dosing chamber as previously described (McConville
et al., 2005). This restraint-free chamber was designed to hold up
to 14 mice. An Aeroneb Professional micropump nebulizer was sit-
uated at the inlet of the chamber, and the colloidal dispersion of the
URF-ITZ was nebulized through the inlet into the chamber with an
air flow rate of 1 L/min. Following exposure to the aerosol cloud,
the mice were sacrificed by carbon dioxide asphyxiation at 0.5, 1,
2, 4, 6, 10, and 24 h time points post-dosing. Blood samples were
taken by cardiac puncture, and the lungs were harvested. The study
protocol was approved and conducted in accordance with the Insti-
tutional Animal Care and Use Committee (IACUC) guidelines at The
University of Texas at Austin.

2.15. Plasma and lung analysis

Serum was separated by centrifugation at 3000 × g for 10 min
in a 1.5 mL micro-centrifuge tube using a Microfuge® 18 centrifuge
(Beckman Coulter, Fullerton, CA). The serum and lung samples were
stored at −20 ◦C until analyzed. The homogenized lung samples
were prepared by adding 1 mL of normal saline to each of the
harvested lung and homogenized using tip sonication on an ice
bath. Drug levels in the calibration standards, serum and homoge-
nized lung samples were analyzed as previously indicated (Vaughn
et al., 2006). Briefly, to an aliquot of 250 �L serum or 250 �L of
lung homogenate, 50 �L of 0.3 N barium hydroxide and 50 �L of
0.4 N zinc sulfate heptahydrate solutions were added and vortex
mixed for 30 s to precipitate water-soluble proteins. Acetonitrile
(1 mL) containing 500 ng/mL ketoconazole as an internal reference
standard was added to each sample followed by vortex mixing for
1.5 min. Each sample was then centrifuged at 3000 × g for 15 min.
The supernatant was transferred to a clean 1.5 mL micro-centrifuge
tube and dried under a stream of nitrogen gas. Each sample was
reconstituted with 250 �L mobile phase (62% acetonitrile: 38%
0.05 M potassium phosphate monobasic buffer adjusted to pH 6.7

with NaOH) and analyzed by HPLC with an Alltech InertsilTM ODS-2
5 �m, 250 mm × 4.6 mm, C-18 column protected by a C-18 guard
column (5 �m, 7.5 mm × 4.6 mm) (Alltech Associates, Inc., Deer-
field, IL). The injection volume was 100 �L, and the wavelength of
absorption was 263 nm (�max). The limit of detection and quantita-
tion for ITZ was 10 and 30 ng/mL, respectively. The column was
maintained at 37 ◦C during the analysis. The ITZ peak eluted at
approximately 18 min and the ketoconazole peak eluted at 9.3 min
at a mobile phase flow rate of 1.0 mL/min.

2.16. Pharmacokinetic analysis

Pharmacokinetic parameters for lung and serum were derived
by non-compartmental and one-compartmental analysis, respec-
tively. Pharmacokinetic parameters were estimated by standard
methods. Cmax was the maximal concentration observed, Tmax was
the time to Cmax, and they were obtained from the individual
concentration–time curves. The K01 absorption and K10 elimination rate
constants were determined by linear regression of the points of
the log–linear plasma concentration versus time curve. The area
under the concentration–time curve from time zero to infinity
harmaceutics 361 (2008) 177–188

(AUC0–∞) was determined by use of the linear trapezoidal rule with
extrapolation to infinity by using the K10 elimination rate constant.
The t1/2 was defined as 0.693/rate constant K (Rowland and Tozer,
1995).

3. Results

3.1. Physicochemical properties of URF–ITZ powder

The URF process was employed to make the nanostructured
aggregate powder with an ITZ potency of 56%. ITZ is a highly crys-
talline hydrophobic molecule with a molecular weight of 705.64.
The degree of crystallinity in the ITZ/excipient mixture has been
shown to affect the solubility and dissolution rate of ITZ in the mix-
ture (Vaughn et al., 2005). The crystallinity of bulk ITZ, mannitol,
URF-ITZ and the physical mixture were examined by XRD and the
profiles are depicted in Fig. 1. The characteristic crystalline peaks
for ITZ were found at 14.5, 17.6, 20.3, and 23.45 2-theta degrees, as
seen in the bulk ITZ (purchased from the manufacturer) and physi-
cal mixture samples. The physical mixture of ITZ:mannitol:lecithin
(1:0.5:0.2 ratio by weight) showed a qualitative reduction in crys-
talline intensity for both ITZ and mannitol. The URF-ITZ powder
was amorphous as indicated by the absence of the characteristic
crystalline peaks of ITZ and mannitol.

From the SEM images, the bulk ITZ and the physical mixture
were composed of large, compact crystals at the micron-scale,
ranging up to about 5 �m in length (Fig. 2a and b). In contrast, a
highly porous structure with more regularly shaped particles of the
URF-ITZ powder was observed at higher magnifications in Fig. 2c
and d, displaying aggregated nanoparticles that formed a porous
matrix. Closer inspection of the morphology by STEM demonstrated
that the bridged, round shaped primary particles of the nanos-
tructured aggregates were about 30–50 nm in diameter, as seen in
Fig. 3a.

3.2. Energy dispersive spectroscopy (EDS)—elemental
characterization

The ITZ molecule (C35H38Cl2N8O4) may be distinguished from
other molecules present in the formulation due to the presence
of two chlorine atoms; whereas mannitol contains only carbon,
oxygen and hydrogen, and lecithin also contains phosphorus. Chlo-
rine may be used as a marker to determine the distribution of ITZ
molecules within the nanostructured aggregates. EDS was used

to map the compositional distribution of the elements, including:
carbon, oxygen and chlorine.

Elemental distribution mapping for carbon, oxygen and chlo-
rine contained in the nanoparticle aggregates of URF-ITZ scanned
by EDS are presented in Fig. 3c–e along with a STEM image of the
scanned nanostructured aggregates in Fig. 3b. Element distribution
images showed colored dots, representing the presence of a partic-
ular chemical element, in contrast to the black background. It can
be seen that the distribution of each element is consistent with
the shape and density of the aggregated nanoparticles scanned,
including the presence of the pores.

3.3. Thermal analysis

MTDSC was carried out to study the thermal properties of the
URF-ITZ powder and its individual components. The glass transition
temperature (Tg) of URF pure ITZ (no excipients; 100% potency),
quench-cooled mannitol and quench-cooled lecithin were 59.6 ◦C
(consistent with reports of Six et al., 2001 and Verreck et al., 2003),
16.8 and 5.1 ◦C, respectively, as shown in Fig. 4 thermograms. The
URF-ITZ powder (ITZ:mannitol:lecithin = 1:0.5:0.2 ratio by weight)



W. Yang et al. / International Journal of Pharmaceutics 361 (2008) 177–188 181
Fig. 1. X-ray powder diffraction patterns (from the top to bottom): micronized bulk manni
(URF processed ITZ:mannitol:lecithin = 1:0.5:0.2), URF processed lecithin, ITZ, mannitol,
respectively, re-lyophilized powder from a fast frozen colloidal dispersion of the URF-ITZ (
stored in desiccators under vacuum at room temperature for 1, 3 and 12 months, respecti

showed a single Tg at 44.5 ◦C. The corresponding physical mix-
ture only showed one endothermic melting peak at 166.2 ◦C. XRD
was conducted on powders of the following compositions, and
the results indicated that the URF pure ITZ (no excipients; 100%

Fig. 2. SEM images of (a) bulk ITZ at a magnification of 5 k (b) physical mixture of ITZ:
ITZ:mannitol:lecithin = 1:0.5:0.2) at a magnification of 5 k (d) URF-ITZ at a magnification
tol, physical mixture (physical mixture of ITZ:mannitol:lecithin = 1:0.5:0.2), URF-ITZ
ITZ:mannitol = 1:0.5 (ratio in weight), mannitol:lecithin = 0.5:0.2 (ratio in weight),
20 mg ITZ/mL) after sitting at room temperature for 15 min, URF-ITZ powders after
vely, micronized bulk ITZ.

potency) was amorphous, URF pure mannitol was crystalline, URF
pure lecithin was amorphous, URF ITZ:mannitol = 1:0.5 (ratio by
weight) was amorphous, and URF mannitol:lecithin = 0.5:0.2 (ratio
by weight) was partially crystalline (Fig. 1).

mannitol:lecithin = 1:0.5:0.2 at a magnification of 5 k (c) URF-ITZ (URF processed
of 30 k.
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Fig. 3. (a) STEM image of nanoparticles of URF-ITZ (URF processed ITZ:mannitol:lecithin
for elemental analysis by area scan using energy dispersive spectroscopy. The particles
distribution in the scanned nanoparticles. (d) Oxygen atoms distribution in the scanned n

3.4. Particle size distribution

The particle size distributions that measured by laser diffraction
are shown in Table 1. The URF-ITZ powder showed a narrow size

Fig. 4. DSC profiles of (a) URF processed pure ITZ, (b) quench-cooled mannitol, (c) quench
physical mixture of ITZ:mannitol:lecithin = 1:0.5:0.2 ratio in weight.
= 1:0.5:0.2). (b) STEM image of nanoparticles of URF-ITZ at a higher magnification
within the pink frame were scanned for elemental distribution. (c) Carbon atoms
anoparticles. (e) Chlorine atoms distribution in the scanned nanoparticles.

range with D50 and D90 (diameter at which the cumulative sample
volume was under 50 and 90%, respectively) are less than 230 and
540 nm, respectively, compared to the corresponding values of 2.75
and 5.10 �m in the corresponding physical mixture.

-cooled lecithin, (d) URF-ITZ (ITZ:mannitol:lecithin = 1:0.5:0.2 ratio in weight), (e)
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Table 1
Particle size distributions and specific surface areas (SSA) of URF-ITZ (URF processed
ITZ:mannitol:lecithin = 1:0.5:02) powders, physical mixture (physical mixture of
ITZ:mannitol:lecithin = 1:0.5:02) and bulk ITZ

Samples Particle size (�m) SSA (m2/g)

D(v, 0.1) D(v, 0.5) D(v, 0.9)

URF-ITZ 0.09 0.23 0.54 71.48
Physical mixture 1.45 2.75 5.1 1.80
Bulk ITZ 1.6 2.89 4.95 2.20

3.5. Specific surface area and true density

The specific surface area of the URF-ITZ powder was 71.48 m2/g,
in contrast to 2.20 m2/g for the unprocessed bulk ITZ and
1.80 m2/g for the physical mixture. The URF process rendered the
ITZ/excipients about 30–40 times greater surface area as com-
pared to that of the bulk ITZ and the physical mixture, as seen in
Table 1.

True density of ITZ, mannitol and lecithin were determined to
be 1.37, 1.50, 1.10 g/cm3, respectively, by helium pycnometry.

3.6. Supersaturation dissolution study

The maximum concentration of dissolved ITZ in simulated lung

fluid was determined under supersaturated conditions (100-times
Ceq). The results are shown in Fig. 5. The Ceq in simulated lung fluid
was about 10 ng/mL after shaking at 37 ◦C for 3 days with excess
ITZ present. The URF-ITZ powder showed a value of the measured
concentration of dissolved ITZ (C) versus Ceq (C/Ceq) of 22-times at
5 min in simulated lung fluid and the highest value of 27-times at
15 min. The supersaturated ITZ concentration gradually decreased
to about 7-times at 3 h. The physical mixture demonstrated about 2-
times the measured C/Ceq at 15 and 30 min, and gradually decreased
and reached a plateau at Ceq value after 2 h in the simulated lung
fluid. The cumulative extent of supersaturation was calculated as
the area under the supersaturation curve (AUSC), which was 25,000
and 2500 ng min/mL for URF-ITZ and the corresponding physical
mixture, respectively.

3.7. In vitro aerosol performance

The aerodynamic particle size of the colloidal dispersion of URF-
ITZ for nebulization, with an equivalent of 100 mg ITZ in 5 mL, is
summarized in Table 2. The TED was 52.97 mg out of 100 mg ITZ
available for nebulization. The FPF was 66.96% with a fine parti-

Fig. 5. Dissolution profiles of URF-ITZ (URF processed ITZ:mannitol:lecithin =
1:0.5:0.2) and physical mixture (ITZ:mannitol:lecithin = 1:0.5:0.2) in simulated lung
fluid (pH 7.4) at supersaturation conditions (e.g., 100-times equilibrium solubility
of crystalline ITZ was added) using 100-mL vessels and small paddle apparatus at
100 rpm and 37 ◦C.
harmaceutics 361 (2008) 177–188 183

Table 2
Cascade impaction data for URF-ITZ (URF processed ITZ:mannitol:lecithin =
1:0.5:02) powder, aerosolized using the Aeroneb Professional micropump nebulizer
at an air flow rate of 28.3 L/min for 10 min

Total emitted dose (mg) 52.97
Fine particle fraction (%) 66.96
Fine particle dose (mg/min) 3.55
Mass median aerodynamic diameter (MMAD) (�m) 2.38
Geometric standard deviation (GSD) 2.56

cle dose (amount of aerosol droplets entering the impactor less
than 4.7 �m, TED × FPF, indication of the dose delivered to the deep
lung) delivered at a rate of 3.55 mg/min. The MMAD of the atom-
ized droplets was 2.38 �m with a GSD of 2.56, which is suitable for
deep lung delivery.

3.8. Stability study

The crystallinity of the URF-ITZ powder was monitored using
XRD and the results are depicted in Fig. 1. There was no characteris-
tic crystalline peak of ITZ or mannitol detected by XRD after storage
for up to 12 months, indicating the powder retained its amorphous
morphology when stored at room temperature and protected from
Additionally as a simulation for the period of the URF-ITZ
powder dispersion to be nebulized, the absence of characteristic
crystalline peaks confirmed that the URF-ITZ in the colloidal dis-
persion remained amorphous over the nebulization time period.

3.9. Single-dose, 24-h pharmacokinetic study in mice

Mice inhaled the single-dose aerosols of the nebulized URF-ITZ
colloidal dispersion for 10 min. ITZ concentrations versus time in
the blood and lung samples of the single-dose 24-h pharmacoki-
netic study are presented in Fig. 6. The pharmacokinetic parameters
are listed in Table 3. In the lung samples, the Cmax was 21.19 �g/g
(wet lung tissue) at 0.5 h post-dosing. The t1/2 was 7.4 h and the
Kelimination rate constant was 0.093 h−1, which may explain the
ITZ lung level was maintained at 2.16 �g/g (wet lung weight) for
up to 24 h. In serum, based on a one-compartmental analysis,
the Cmax was 1.64 �g/mL at 2 h after dosing. The K01 absorption and
K10 elimination rate constants were 0.757 and 0.195 h−1, respectively.
The t1/2 k01 and t1/2 k10 were 0.92 and 3.55 h, respectively.

Table 3
Pharmacokinetic parameters for lung deposition and serum concentration in male
outbred ICR mice (25 g) after inhalation of nebulized URF-ITZ (URF processed
ITZ:mannitol:lecithin = 1:0.5:02) nanoparticles dispersion following single-dose
administration

Pharmacokinetic parameter SFL-ITZ* URF-ITZ

Lunga Serumb Lunga Serumb

Cmax (�g/g) 13.4 0.12 21.19 1.64
Tmax (h) 1 5.35 0.5 2
t1/2 K01 (h) 3.73 0.92
t1/2 K10 (h) 5.5 3.7 7.44 3.55
K01 absorption (h−1) 0.186 0.76
K10 elimination (h−1) 0.13 0.188 0.093 0.2
AUC0–24 (�g h/mL) 126.74 5.53
AUC0–∞ (�g h/mL) 85.8 1.69 149.94 5.60

* Data of SFL-ITZ were adapted from (Vaughn et al., 2006) for comparison pur-
poses.

a Based on non-compartmental analysis of the lung tissue concentrations versus
time.

b Calculated based on one-compartmental analysis of the serum concentrations
versus time for extravascular administration.
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Fig. 6. Serum concentration and lung deposition of ITZ in male outbred ICR mice
ratio by weight) colloidal dispersion by single-dose administration (an equivalent d
mean ± S.D.

4. Discussion

4.1. Characterization of URF-ITZ and comparison to SFL-ITZ

Pulmonary delivery of the nebulized colloidal dispersion of
nanostructured aggregates of URF-ITZ dramatically improved
bioavailability compared to the previously reported formulation
of SFL-ITZ, more specifically a faster absorption rate, shorter Tmax,
almost double the Cmax in lung tissue, and 10-times higher Cmax

in blood were observed (Vaughn et al., 2006). Both of the formula-
tions were tested in the same animal model according to identical
dosing apparatus and procedures. Further work would be needed
to characterize the in vitro properties of the SFL-ITZ dispersions in
order to understand these differences in bioavailability.

Both SFL and URF processes were able to create submicron parti-
cles of drug domains within a polymer matrix due to rapid freezing
of a co-dissolved drug and excipient mixture (Vaughn et al., 2005;
McConville et al., 2006; Overhoff et al., 2007b). Solid dispersions
are systems in which drug particles are homogeneously distributed
throughout a solid matrix. A solid solution results when the drug is
molecularly dispersed throughout a solid matrix (Kapsi and Ayres,

2001); here, the particle size of the drug has been reduced to its
absolute minimum without any crystalline drug domains (Leuner
and Dressman, 2000). Solid dispersions or solid solutions of poorly
water-soluble drugs have greatly enhanced extents and rates of dis-
solution, due to increased exposure area of drug to the dissolution
media and higher Gibbs free energy of the amorphous versus crys-
talline states (Martin, 1993; Matteucci et al., 2007). This leads to
significantly improved bioavailability, and therefore, is of interest
to pharmaceutical formulation scientists.

In this study, powder XRD, MTDSC and EDS were used to dif-
ferentiate between a solid dispersion and solid solution. Based on
the MTDSC results, a single Tg for the URF-ITZ powder was observed
between the Tgs of the amorphous pure ITZ and mannitol. The mod-
ified Gordon–Taylor equation for ternary systems (Van Den Mooter
et al., 2001) was used to predict the Tg of the URF-ITZ powder:

Tg = w1Tg1 + K1w2Tg2 + K2w3Tg3

w1 + K1w2 + K2w3
(1)

where w1, w2 and w3 are the weight fractions of lecithin, mannitol
and ITZ, respectively, and Tg1, Tg2 and Tg3 are the corresponding
inhalation of nebulized URF-ITZ (URF processed ITZ:mannitol:lecithin = 1:0.5:0.2,
xposure of 100 mg/kg by aerosolization over a 10 min period). Data is presented as

glass transition temperatures. K is a constant calculated by

K1 = �1Tg1

�2Tg2,
K2 = �2Tg2

�3Tg3
(2)

where �1, �2, and �3 are the corresponding true densities. The pre-
dicted Tg

′ of 42.3 ◦C, agrees closely with the measured Tg of 44.5 ◦C
for the URF-ITZ powder.

The XRD pattern indicated that URF processed pure man-
nitol was partially crystalline; whereas ITZ:mannitol = 1:0.5 and
ITZ:mannitol:lecithin = 1:0.5:0.2 (URF-ITZ) were completely amor-
phous. Absence of crystallinity of the drug or complete absence of
a drug peak (either in DSC or XRD) indicates that the composition
is a solid solution (Damian et al., 2000). The partial crystalliza-
tion of the mannitol by URF and lyophilization may be expected
from its low Tg of 16.8 ◦C. Kim et al. also reported similar results
and difficulty in obtaining amorphous mannitol freeze-dried pow-
der (Kim et al., 1998). ITZ may retard mannitol crystallization from
the glassy state, which is expected from a miscible polymer pair.
Lecithin itself is in amorphous form. Mannitol and lecithin may
plasticize the extremely hydrophobic ITZ in the URF-ITZ powder
leading to improved wettability, though also reduction of its Tg.
Moreover, EDS was performed to analyze the distribution of
ITZ in the drug/excipient matrix by mapping elemental distri-
butions. Theoretically, the ratios of the main elements (carbon,
oxygen, chlorine) at any given area should be constant if ITZ, man-
nitol and lecithin formed a solid solution. EDS is capable of highly
selective spatial resolution of chemistry, from volumes as small
as 1 �m3 (Sarver, 1996). The qualitative elemental distribution
images suggest a generally homogenous distribution of ITZ in the
scanned aggregated nanoparticles of URF-ITZ. Based on MTDSC,
XRD, and EDS results, the components of the URF-ITZ composi-
tion are fully miscible and dispersed in each other at the molecular
level. Thus, the URF-ITZ powder is primarily a solid solution formed
by the immobilization of molecularly dispersed ITZ and excipients
(mannitol, lecithin) on a timescale of milliseconds during the URF
process (Engstrom et al., 2008; Overhoff et al., 2007a).

4.2. Role of the surfactant and mannitol

In the URF-ITZ composition, the soy lecithin is an accepted excip-
ient for aerosol inhalation (http://www.accessdata.fda.gov/scripts/
cder/iig/getiigWEB.cfm). It is acceptable in the lung as the biocom-

http://www.accessdata.fda.gov/scripts/cder/iig/getiigWEB.cfm
http://www.accessdata.fda.gov/scripts/cder/iig/getiigWEB.cfm
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patible and biodegradable substance, i.e., phosphatidylcholine (PC)
comprises an estimated 70–80% of the naturally occurring pul-
monary surfactant pool (Myers et al., 1993). Besides playing an
important role in improving the wettability of the nanoparticles
containing ITZ, it may also enhance the absorption of ITZ in the
lung epithelium. Phospholipids are known to penetrate cell mem-
branes, decrease bilayer stability, and thereby induce changes in the
cytoskeleton that can affect tight junctions and accelerate para-
cellular passage of drugs (Ott et al., 1981; Roelofsen et al., 1989;
Lindmark et al., 1998). Codrons et al. (2004) reported that incor-
poration of DPPC into a dry powder formulation of parathyroid
hormone for pulmonary administration produced a high systemic
bioavailability of 34% in rats. DPPC has also been shown to increase
absorption of insulin via pulmonary delivery and enhance the hypo-
glycemic effect on rats relative to free insulin, when formulated as
an admixture or in liposomes (Liu et al., 1993; Mitra et al., 2001).
The addition of very small amounts of exogenous DPPC may tran-
siently alter local PC concentrations (Bernhard et al., 1997), and/or
accelerate the surfactant turnover process, leading to enhanced
penetration of the drug molecules through the lung alveolar cells
into the systemic circulation (Liu et al., 1993).

In the present study, the high systemic absorption of ITZ follow-
ing pulmonary dosing may be attributed partially to the inhaled
exogenous PC, as well as the small particle size. The PC from lecithin
may facilitate both dissolution and permeation, via dilated pul-
monary epithelial tight junctions. Thus, the selection of lecithin
as an excipient in the URF-ITZ composition offers the potential of
marked improvement in absorption, without adding toxicity to the
formulation. Moreover, the presence of the surfactant in the ITZ
nanoparticle formulations is important to stabilize the dispersion
and aid in wetting upon deposition in the lungs. Nanoparticles have
high surface energies, due to the high surface-to-volume ratio and
tend to agglomerate. Wettability of the URF-ITZ powder is critical
for forming dispersions in the aqueous medium prior to nebuliza-
tion. Mannitol was chosen as the second excipient in the URF-ITZ
composition, to improve wetting of the URF-ITZ powder by intro-
ducing water into the matrix to aid dissolution.

Once the drug is deposited in the aqueous lining fluid in the
lung, the mannitol may quickly dissolve, resulting in a porous drug
matrix. Lecithin will initially swell, causing stress relaxation of the
matrix and allowing water ingress before it dissolves. These pro-
cesses will help stabilize the ITZ from aggregation and precipitation
during dissolution.

The URF process dramatically increased the surface area of the

nanostructured aggregates of URF-ITZ to about 40 times that of
the corresponding physical mixture for dissolution. Additionally,
the thinner diffusion boundary layer for the smaller particle size
raises the dissolution rate (Tinke et al., 2005; Crisp et al., 2007).
Furthermore, the degree of crystallization of undissolved ITZ in
the particles upon exposure to the lung fluid is reduced by the
rapid dissolution of the high surface area nanoparticles relative to
microparticles, as examined in detail elsewhere (Matteucci et al.,
2007). A combination of increased intrinsic solubility and reduced
chance to crystallize of undissolved ITZ in the media may provide
an explanation for the URF-ITZ to produce supersaturation values
more than 20-times Ceq in simulated lung fluid.

4.3. Deposition of the nanoparticles containing ITZ

It is generally accepted that aerosol droplets with aerodynamic
diameters between 1 and 5 �m can be delivered into the alveolar
lumen after inhalation (Byron and Phillips, 1990). Furthermore, the
aerosol diameter of aqueous droplets produced by nebulizers may
readily be tuned to this optimal size range (Courrier et al., 2002).
Nanoparticles may be distributed more uniformly throughout the
harmaceutics 361 (2008) 177–188 185

nebulized droplets than microparticles (Chan and Gonda, 1988;
Rabinow, 2004). For instance, if the volume fraction, f, of particles
in the solvent is 0.01, then only about 1/100 of 3 �m carrier droplets
will contain a 3 �m particle. In contrast each carrier droplet would
contain about twenty-two 230 nm particles according to the rela-
tionship:

Nparticles

Ndrops
= f

r3
drop

r3
particle

(3)

Thus, the rate of drug absorption may be increased for nanopar-
ticle relative to microparticle colloidal dispersions, by promoting
more uniform drug distribution throughout the alveoli (Jacobs and
Muller, 2002; Ostrander et al., 1999). More specifically, for a 32.5 �g
drug/g lung dose (chosen based on the ITZ Cmax recovered from
lung tissue at t = 0.5 h and the corresponding blood concentration
given in Fig. 6) delivered as 3 �m drug particles, only 1 in 75 alve-
oli are estimated to receive a particle. However, approximately 30
drug particles are deposited in each alveolus when the same dose
is delivered as 230 nm drug particles.

4.4. Absorption of ITZ as a function of the composition and
particle morphology

A drug in an amorphous state will possess a higher intrinsic sol-
ubility than in its crystalline state (Chiou, 1977; Yamashita et al.,
2003; Van Drooge et al., 2004; Matteucci et al., 2007). The URF-ITZ
powder was shown to be an amorphous solid solution by DSC, XRD,
and elemental mapping analysis. Furthermore, the exposure of ITZ
molecules to the dissolution medium is maximized in the high sur-
face area particles, as the soluble mannitol and lecithin dissolve in
the lung lining fluid. The dispersed ITZ molecules are then available
as free molecules to form a supersaturated solution (Leuner and
Dressman, 2000). After deposition of the inhaled ITZ nanoparticles
in the lung lining fluid, the rate and extent of dissolution influence
the permeation rate of ITZ through the lung epithelium to reach
systemic circulation.

The effects of particle size, dissolution rate, extent of super-
saturation and permeability on absorption of poorly water-soluble
drugs in the lungs were examined with a model reported recently
(Tam et al., 2008). The Noyes–Whitney equation describes the
dissolution rate of ITZ spherical nanoparticles. The permeate con-
centration was assumed to be zero as the drug concentration in
the blood may be assumed to be insignificant compared to that in

the alveolar fluid and thus the permeation is irreversible (Patton
and Byron, 2007). The thickness of the human alveolar membrane
(100–200 nm) is small versus the diameter of the alveolus (300 �m)
(Patton, 1996; Courrier et al., 2002) and thus planar coordinates are
appropriate. Consider a material balance on the fluid surrounding
a drug particle in the alveolar fluid as shown in Fig. 7. The accumu-
lation of dissolved drug in the fluid of a single alveolus C is given
by the inlet flow from particle dissolution and the depletion by an
outlet flow from drug permeation through the epithelium (Tam et
al., 2008)

∂C

∂t
= NpD

2�r

V
(Csat − C) − AP

V
C (4)

where Np is the number of drug particles deposited in each alveo-
lus, D is the diffusion coefficient of the drug, P is the permeability,
and V and A are the volume and surface area, respectively, of
an annular layer of lung fluid in a single alveolus adjacent to
the epithelium (Fig. 7). Absorption half-lives were determined as
the time when Mpermeated/M0 = 0.5 or likewise, r3/r3

0 = 0.5. It is
instructive to consider the two boundary conditions for absorp-
tion: purely dissolution limited and purely permeation-limited. For
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Fig. 7. Schematic of material balance used in dissolution/permeation model. The c
inlet flow from particle dissolution and the depletion by an outlet flow from drug p

purely dissolution limited absorption (P = ∞ and C → 0), the absorp-
tion half-life becomes

t50 ≈ 0.37r2
0

DCsat
� (5)
and for purely permeation-limited absorption (dissolution
rate → ∞ and C = Csat)

t50 = 0.5M0

AAlvPCsat
(6)

where AAlv = A for planar geometry.
The Wilke–Chang equation was used to estimate a

D = 5.26 × 10−6 cm2/s (Mccabe et al., 2001) for ITZ. A P value
of 5.61 × 10−5 cm/s was chosen based on experimental ITZ perme-
abilities in intestinal membranes (Varma et al., 2005). Common
permeabilities of poorly water-soluble drugs with similar molec-
ular sizes in lung cell cultures range between 10−6 and 10−4 cm/s
(Forbes and Ehrhardt, 2005). The number of drug particles
deposited in the lungs was calculated from an estimated drug
dose and the average particle volume. The drug dose, or the
total mass of drug deposited in the lungs, was approximated to
be 5.8 �g (32.5 �g/g wet lung tissue) based on the lung tissue
Cmax (21.2 �g/g) and the corresponding blood concentration
(492 ng/mL) from the single-dose pharmacokinetic study. The
number of alveoli in a mouse was estimated to be ∼2.25 × 107,
calculated using an alveolar surface area of 680 cm2 (Geelhaar and

Fig. 8. Predicted absorption half-lives (time for 50% of drug to dissolve and permeate thro
shown for purely dissolution limited absorption (diamonds, infinite permeability) and pu
harmaceutics 361 (2008) 177–188

tration of dissolved drug in the alveolar fluid of a single alveolus, C, is given by the
tion through the epithelium.

Weibel, 1971) and alveolus diameter of 31 �m (Lum and Mitzner,
1987) for mice. Total alveolar fluid volume was estimated to be
8.3 �L, based on a human alveolar surface fluid volume of 15 mL
(Niven, 1992; Patton, 1996) and the ratio of human lung to mouse
lung weight.
Fig. 8 shows the predicted absorption half-lives for particles
ranging from 50 nm to 3 �m in diameter for a wide equilibrium sol-
ubility range, from 10 ng/mL to 10 �g/mL. Particle sizes between 50
and 230 nm are representative of URF-ITZ particles, as determined
by STEM images (Fig. 3a) and light scattering results (Table 1),
whereas a particle size of 3 �m is typical of particles traditionally
delivered to the lungs (Courrier et al., 2002). The t50 for a crys-
talline 3 �m ITZ particle (Csat = 10 ng/mL) was estimated to be 200 h
(Fig. 8G), far too slow to be appropriate for therapy. In contrast,
t50 values for the amorphous 230 nm particles were only 14.7 min,
which would be consistent with the kinetics for the studies with
mice in Fig. 6.

The t50 values are shown for purely dissolution limited absorp-
tion (diamonds, infinite permeability) and purely permeation-
limited absorption (asterisks, C = Csat). For permeation-limited
absorption, t50 does not change with particle size for the 50 and
230 nm particles as predicted from Eq. (6). However, it is much
larger for a 3 �m particle deposited in an alveolus because of the
larger M0. Based on in vivo lung and blood levels, only 1 in 67 alve-
oli would be estimated to receive a 3 �m drug particle compared to
about 30 particles per alveolus for a 230 nm particle. For the 230 nm

ugh lung epithelium) for various particle sizes and solubilities. The values are also
rely permeation-limited absorption (asterisks, C = Csat).
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particles, the smaller M0 resulting from the more uniform distribu-
tion of particles throughout all of the alveoli is a major benefit, as
it produces smaller t50 values relative to microparticles.

For all three Csat values with 3 �m particles, the absorption rate
is strongly limited by the dissolution rate as expected for a BCS Class
II drug. Thus, the t50 decreases orders of magnitude with an increase
in Csat by 1000-fold, which increases the driving force for parti-
cle dissolution. Interestingly, the absorption became much more
permeability limited than dissolution rate limited for the 230 nm
particles, no longer exhibiting BCS Class II behavior, for all three
Csat values. For the high surface area 50 nm particles, the dissolu-
tion rate limited t50 was about two orders of magnitude shorter
than the permeation-limited value. With the extremely rapid dis-
solution rates relative to permeation, absorption times remained
fairly constant versus particle diameter for sub-230 nm particles,
at a given equilibrium solubility (Fig. 8A–F).

Despite the high dissolution rate for the 230 nm crystalline
particles, the t50 value was still undesirably long because of the
effect of the low Csat on the permeability. The t50 was reduced
markedly by an increase in Csat for the amorphous URF-ITZ. Yet
a further improvement in permeation rates may be achieved by
incorporating permeability enhancers. In fact, the increased sys-
temic absorption rate of URF-ITZ over SFL-ITZ (Vaughn et al., 2006),
despite the similar particle sizes, may be explained by the incorpo-
ration of lecithin in the URF-ITZ formulation, a known permeation
enhancer. As a result, an order of magnitude increase in Cmax was
achieved in circulation (URF-ITZ: 1.64 �g/mL serum versus SFL-ITZ:
0.12 �g/mL) in a shorter time (Tmax of URF-ITZ: 2 h versus SFL-ITZ:
5.35 h) as well as a higher absorption rate of ITZ from lung to blood
compared to the SFL-ITZ formulation (URF–ITZ: 0.757 h−1 versus
SFL–ITZ: 0.186 h−1) (McConville et al., 2006).

5. Conclusions

Amorphous ITZ particles were made by the ultra-rapid freez-
ing process with FDA approved biodegradable and biocompatible
excipients to achieve a mean diameter of 230 nm, a large surface
area of 71 m2/g, and a wettable surface. The particles dissolved
rapidly in simulated lung fluid to produce supersaturation levels
up to 27-times of Ceq for the crystalline form. Nebulized aqueous
colloidal dispersions of the ITZ nanoparticles exhibited aerody-
namic characteristics suitable for deep lung delivery. An in vivo
single-dose 24-h pharmacokinetics study of the nebulized ITZ
nanoparticle dispersion demonstrated substantial lung deposition

and systemic absorption with blood levels reaching a peak of
1.6 �g/mL serum in 2 h.

To investigate the mechanism of drug absorption in the alveolar
epithelium, a dissolution/permeation model was used to elucidate
the effects of particle size and solubility. ITZ microparticles (3 �m)
exhibited BCS Class II behavior for poorly soluble drugs with high
permeabilities, where the absorption was influenced strongly by
the dissolution rate. However, for 230 nm particles, the dissolution
became sufficiently fast such that the concentration in the alveolar
fluid reached saturation, and consequently, the absorption became
permeation-limited. Therefore, a microparticle formulation with
BCS Class II behavior, may exhibit a completely different kind of
behavior when reformulated at the nanoscale.

Four strategies were used to raise the bioavailability. The aque-
ous nebulized droplets were optimized to deposit the drug in the
deep lungs. The decrease in particle size (increase in surface area)
enhanced the dissolution rate as well as the uniformity of the distri-
bution of drug dose among the alveoli. The increase in Csat with the
formation of an amorphous polymorph, raised the driving force for
permeation through the alveolar membrane. The fourth and final
approach was to raise the membrane flux with lecithin, a known
harmaceutics 361 (2008) 177–188 187

permeation enhancer. For the permeation-limited absorption of
the 50–230 nm URF-ITZ nanoparticles, the presence of lecithin
may have contributed to the enhanced systemic levels observed
in the in vivo results. Pulmonary delivery of the ITZ nanoparti-
cle aerosols offers the potential to treat invasive fungal infections
more effectively in patient populations that have poor progno-
sis.
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