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Invasive fungal infections in immunocompromised patients have high mortality rates despite current
treatment modalities. This study was designed to evaluate the suitability of an aqueous solution of voric-
onazole solubilized with sulfobutyl ether-b-cyclodextrin for targeted drug delivery to the lungs via neb-
ulization. A solution was prepared such that the inspired aerosol dose was isotonic with an acceptable
mass median aerodynamic diameter of 2.98 lm and a fine particle fraction of 71.7%. Following single
and multiple inhaled doses, high voriconazole concentrations were observed within 30 min in the lung
tissue and plasma. Drug solubilization with sulfobutyl ether-b-cyclodextrin contributed to the rapid
and high drug concentrations in plasma following inhalation. Maximal concentrations in the lung and
plasma were 11.0 ± 1.6 lg/g wet lung weight and 7.9 ± 0.68 lg/mL, respectively, following a single
inhaled dose with a corresponding tissue/plasma concentration ratio of 1.4 to 1. Following multiple
inhaled doses, peak concentrations in lung tissue and plasma were 6.73 ± 3.64 lg/g wet lung weight
and 2.32 ± 1.52 lg/mL, respectively. AUC values in lung tissue and plasma were also high. The clinically
relevant observed pharmacokinetic parameters of inhaled aqueous solutions of voriconazole suggest that
therapeutic outcomes could be benefitted through the use of inhaled voriconazole.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Invasive fungal infections are increasing in prevalence in immu-
nocompromised patients due to decreased immunity resulting
from drug therapy, organ transplantation, and/or various disease
states [1]. The distribution of causative organisms for invasive fun-
gal infections has been changing with an increase in the prevalence
of Aspergillus spp. and other invasive molds [2]. Systemic fungal
infections caused by Aspergillus spp. are primarily lung infections
due to the inhalation of conidia. The resulting infection, Invasive
Aspergillosis (IA), is the cause of serious damage to lung tissue
due to invasive hyphal growth [3]. Dissemination of IA can also oc-
cur to other organ systems, and correlates with a poorer prognosis
[4]. Despite the best therapeutic options, mortality rates for IA re-
main high [4,5].

The primary therapy for the treatment of IA is the systemic
administration of voriconazole, and has led to improved patient
outcomes compared to other treatments [6,7]. Voriconazole is a tri-
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azole antifungal with broad antifungal activity against numerous
pathogenic fungi in addition to its activity against Aspergillus spp.
[8,9]. Voriconazole has also been reported to distribute to the lungs
as measured by tissue and epithelial lining fluid concentrations fol-
lowing systemic administration [10,11]. The commercial vorico-
nazole product, Vfend�, is available as an oral tablet or
intravenous formulation. The intravenous product is formulated
with Captisol�, sulfobutyl ether-b-cyclodextrin, to form a solubi-
lized drug–cyclodextrin complex due to very slight voriconazole
solubility in water [12]. Voriconazole has reported side effects of
visual disturbances, hepatic toxicity, and dermatologic reactions
as well as serious cytochrome P450 mediated drug interactions
[8,10]. Adverse events causing discontinuation of therapy occurred
in up to 6% of patients, and were primarily due to elevations in li-
ver function tests or rash. Other systemically administered antifun-
gals can be selected as salvage therapy or in patients intolerant to
voriconazole, but have the potential for other serious side effects as
well as drug interactions [6,13,14].

The potential side effect profile and drug interactions associated
with systemic antifungal administration might be reduced by
targeting drug delivery to the lungs, the primary site of IA.
Targeted lung delivery of antifungals can also lead to high drug
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concentrations at the site of infection to improve clinical outcomes.
Two antifungals, amphotericin B and itraconazole, have been in-
haled with the reported pharmacokinetic and outcome measures
[13,15–23]. Inhaled amphotericin B formulations include drug sol-
ubilized with deoxycholate, drug encapsulated in liposomes, and
drug–lipid complexed suspensions. Inhaled itraconazole was for-
mulated as crystalline or amorphous nano-particulate suspensions.

Inhaled amphotericin B has a better but non-optimal side effect
profile and significantly improved outcomes compared to the sys-
temically administered formulations [13,15,17,23]. However, the
pharmacokinetic profiles of inhaled compared to intravenous
amphotericin B are substantially different. Lung concentrations of
amphotericin B following intravenous administration are initially
undetectable followed by low levels despite extensive tissue distri-
bution following multiple doses [24–28]. Inhaled amphotericin B
has led to much higher lung tissue concentrations but undetectable
plasma levels [16,29,30]. The high drug concentrations in the lung
tissue following amphotericin B inhalation was hypothesized to re-
sult in significant outcomes in human patients and animal models
of IA compared to intravenous drug administration [15,17].

Inhaled nano-particulate itraconazole was also well tolerated
with normal histological findings and an absence of inflammatory
mediators following a chronic, multi-dose study in animals [22].
The pharmacokinetic profile of different inhaled formulations fol-
lowing a single inhaled dose demonstrated high and prolonged itr-
aconazole concentrations in the lungs with maximal lung levels
achieved 30–60 min after the completion of nebulization, while
serum concentrations remained low and peaked after 2–5.35 h in
animals [20,21,31]. The ratio of lung-to-serum AUC values was
25–50 and Cmax ratios ranged from approximately 10 to 100, indi-
cating low drug partitioning out of the lungs. Following multiple
doses, lung concentrations remained substantially higher than ser-
um concentrations [21]. Inhaled itraconazole demonstrated signif-
icantly improved outcomes compared to oral itraconazole and
control groups in animal models of IA, and was suggested to be
due to sufficient drug concentrations in the lungs to inhibit inva-
sive fungal growth at a fraction of the oral dose [18,19].

Both inhaled amphotericin B and inhaled particulate itraconaz-
ole demonstrated substantial drug retention in the lungs, improved
survival in the animal models of IA, and suggested positive clinical
outcomes were associated with favorable lung pharmacokinetic
profiles. Gavalda and colleagues reported an improved survival in
an animal model of IA when both inhaled and intravenous anti-
fungal were administered concurrently compared to inhaled or
intravenous drug administered separately [15]. This report sug-
gests near-therapeutic plasma concentrations combined with very
high concentrations of antifungal in the lung could improve patient
outcomes. However, neither inhaled amphotericin B nor inhaled
itraconazole produces blood concentrations that are close to ther-
apeutic levels. Therefore, targeted delivery of an antifungal to the
lungs with distribution to the blood producing high drug concen-
trations in both lung tissue and blood can potentially improve clin-
ical outcomes and be a significant improvement in antifungal
therapeutic options.

The poor distribution of amphotericin B and itraconazole to the
systemic circulation following inhalation could be due, in part, to
the very low aqueous solubilities of these compounds. Inhalation
of a solubilized antifungal, the voriconazole–cyclodextrin inclusion
complex as Vfend� IV, could lead to better lung concentrations
than reported following systemic drug administration as well as
systemic drug distribution. In this study, it is hypothesized that
an aqueous solution of voriconazole solubilized with sulfobutyl
ether-b-cyclodextrin, when inhaled as a single dose, would pro-
duce high lung drug concentrations as well as allow rapid distribu-
tion from the lungs to the plasma. Furthermore, following multiple
doses, inhaled voriconazole solutions would also produce elevated
and consistent trough concentrations in lungs and plasma.
Although solubilized voriconazole should distribute to the sys-
temic circulation following inhalation, reductions in the incidence
of hepatotoxicity, visual abnormalities, and dermatologic reactions
could still occur due to a lower drug burden and dose sparing com-
pared to systemic drug administration.

2. Materials and methods

2.1. Materials

Vfend� IV (Pfizer Inc., New York, NY, USA), voriconazole, and
sulfobutyl ether-b-cyclodextrin, Captisol� were generously sup-
plied by CyDex Pharmaceuticals, Inc. (Lenexa, KS). Sterile water
for injection (SWFI) (Hospira, Inc.) and normal saline were pur-
chased from Cardinal Health (Dublin, OH). Sodium tetraborate
decahydrate, boric acid, and sodium acetate trihydrate were pur-
chased from Sigma–Aldrich, Inc. (St. Louis, MO). Acetic acid was
purchased from Sigma–Aldrich Laborchemikalien GmbH (Seelze,
Germany). HPLC grade ethyl acetate was purchased from Spectrum
Chemical Manuf. Corp. (Gardena, CA). HPLC grade acetonitrile was
purchased from Fisher Scientific (Fair Lawn, NJ). HPLC grade meth-
anol was purchased from EMD Chemicals Inc. (Gibbstown, NJ).
Water was obtained from an in-house Milli-Q UV Plus water puri-
fication system from the Millipore Corp. (Billerica, MA).

2.2. Characterization of in vitro properties of voriconazole solutions

Vfend� IV was reconstituted with SWFI as instructed in the pre-
scribing information to a 10 mg/mL voriconazole concentration,
which also contained sulfobutyl ether-b-cyclodextrin at 160 mg/
mL. Additional dilutions were prepared with SWFI to voriconazole
concentrations from 2.5 mg/mL to 10 mg/mL. The osmolality of
voriconazole solutions was tested (n = 10 per concentration) using
a lOsmette Micro Osmometer (Precision Systems Inc., Natick, MA).
The pH of the 6.25 mg/mL voriconazole dilution was determined
using an Orion 350 PerpHecT� Advanced Benchtop pH Meter
(Thermo Fisher Scientific, Waltham, MA).

2.3. Particle size analysis using a cascade impactor

Voriconazole solutions were diluted to 6.25 mg/mL voriconaz-
ole and aerosolized using an Aeroneb� Pro micro pump nebulizer
(Nektar Therapeutics, San Carlos, CA) for 20 min. Aerodynamic
droplet size distributions were determined using a USP Apparatus
1 non-viable eight-stage cascade impactor (Thermo-Anderson,
Symrna, GA) to quantify total emitted dose (TED) from the nebu-
lizer output, mass median aerodynamic diameter (MMAD), geo-
metric standard deviation (GSD), and percentage droplets with
an aerodynamic diameter less than 4.7 lm (defined as the percent-
age fine particle fraction or FPF). The characterization of aerody-
namic droplet size distribution was conducted through
modifications to the guidelines described in USP 30 Section 601:
Aerosols, Nasal Sprays, Metered-dose Inhalers, and Dry Powder
Inhalers [32].

2.4. Single-dose pharmacokinetic analysis

Male outbred ICR (Institute for Cancer Research) mice were pur-
chased from Harlan Sprague Dawley, Inc. (Indianapolis, IN) and
housed with free access to water and food. Prior to dosing, mice
were acclimatized to the nose-only dosing animal restraints. Mice
received a single inhaled dose of 5 mL aqueous voriconazole solu-
tion at 6.25 mg/mL voriconazole using a nose-only dosing appara-
tus with a drug exposure time of 20 min. Single-dose
pharmacokinetic profiles were determined in two groups of mice:
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a high flow-rate group (5 L/min air flow, 32 g average mouse mass)
and low flow-rate group (1 L/min, 22 g average mouse mass). Two
or more mice were euthanized by carbon dioxide narcosis at each
time point (high flow-rate: 5, 10, 20, 30, 60, 90, 150, 240, 360, 720,
and 1440 min or low flow-rate mice: 10, 30, 60, 240, 360, and
480 min). Whole blood was collected by cardiac puncture into hep-
arinized vials and centrifuged at 9000RPM for 15 min to obtain
plasma. Whole lungs were also collected following exsanguination.
Plasma samples and whole lungs were frozen and stored at �20 �C
until assayed. Lungs were thawed and homogenized with 1 mL of
water using an Omni GLH homogenizer (Omni International, Mar-
ietta, GA). Plasma samples and lung homogenates were analyzed
individually for each animal sampled for voriconazole concentra-
tion by reverse-phase high-performance liquid chromatography
(HPLC). Concentration values were then averaged and used to
determine the concentration versus time profiles. All animals were
handled and maintained in accordance with The University of
Texas at Austin Institution Animal Care and Use Committee (IA-
CUC) guidelines and in accordance with the American Association
for Accreditation of Laboratory Animal Care guidelines.
2.5. Multi-dose pharmacokinetic analysis

Male ICR mice weighing, on average, 22.5 g, were administered
inhaled voriconazole twice daily using a nose-only dosing appara-
tus as described above. Doses were administered for 12 consecu-
tive days beginning each day at 08:00 and 16:00. Airflow
through the dosing apparatus was constant at 1 L/min throughout
the study. The dosing apparatus was disassembled and cleaned be-
tween each use. Randomly selected groups of 6 mice were sacri-
ficed by carbon dioxide narcosis on days 3, 5, 10, and 12. For
trough concentration determination, lung and plasma samples
were collected immediately before the next scheduled morning
dose on days 3, 5, 10, and 12 (16 h after the last dose). For the
determination of peak voriconazole concentrations (Cmax), lung
and plasma samples were collected 30 min after the completion
of the 10th dose on day 5 of administration. Lung and plasma sam-
ples were handled and processed as described in the single-dose
methodological description.
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Fig. 1. Osmolality of aqueous solutions in a fixed mass ratio of 1–16 of voriconazole
and sulfobutyl ether-b-cyclodextrin. The shaded region indicates the limits of
isotonicity. Error bars represent one standard deviation (N = 10). The fitted line has
a correlation coefficient of 0.998.
2.6. Chromatographic analysis

Calibration standards, plasma, and homogenized lung samples
were analyzed using similar methods to those previously pub-
lished [33,34]. Briefly, voriconazole was extracted from plasma
samples through the addition of acetonitrile, centrifugation, and
supernatant extraction. The supernatant liquid was evaporated un-
der a gentle stream of nitrogen and residual solids, including voric-
onazole, were re-dispersed with mobile phase and analyzed
spectrophotometrically. For lung homogenate, 0.2 M borate buffer
(pH 9.0) was added followed by three liquid-phase extractions
with ethyl acetate. The liquid from collected supernatant fractions
were then evaporated under a gentle stream of nitrogen. Any resid-
ual solids, including voriconazole, were re-dispersed with mobile
phase, centrifuged, and then analyzed spectrophotometrically.
Each voriconazole sample was analyzed using a Waters Breeze li-
quid chromatograph (Waters Corporation, Milford, MA) or Shima-
dzu LC-10 liquid chromatograph (Shimadzu Corporation,
Columbia, MD) equipped with a heated (35 �C) Jupiter� C18
(150 mm � 4.6 mm, 5 lm) with a Universal security guard (Wide-
pore C18) guard column (Phenomenex, Torrance, CA). The sample
volume was 50 lL with a UV detection wavelength of 254 nm.
The mobile phase consisted of a 50:50 mixture of 0.01 M, pH 5.0,
sodium acetate buffer and methanol at 1.0 mL/min.
2.7. Pharmacokinetic analysis

Observed pharmacokinetic parameters were evaluated from the
voriconazole concentration versus time profiles in plasma and lung
tissue using independent non-compartmental models. The peak
concentration (Cmax) and the time to achieve the Cmax (Tmax) were
determined. In addition, the area under the curve (AUC) in lung tis-
sue and plasma up to 6 h after the completion of drug exposure
was calculated using the trapezoidal rule.

2.8. Statistical analysis

Maximal concentrations in lung tissue and plasma were com-
pared for statistical analysis by the t-test. Single dose Cmax values
were compared by a paired t-test with a P-value of <0.05 for signif-
icance. Multiple dose Cmax values were compared using a t-test
assuming unequal variance with a P-value of <0.05 for significance.

3. Results

3.1. In vitro solution characterization

The osmolality of aqueous solutions of voriconazole and sul-
fobutyl ether-b-cyclodextrin was correlated with solute concentra-
tions. The osmolality for voriconazole solutions that contained
sulfobutyl ether-b-cyclodextrin between 40 and 160 mg/mL was
109.3–507.7 mOsm/kg, respectively. A solution containing
6.25 mg/mL voriconazole and 100 mg/mL sulfobutyl ether-b-cyclo-
dextrin was isotonic with an osmolality of 293.2 mOsm/kg (Fig. 1).
The pH of the 6.25 mg/mL voriconazole solution ranged from 6.4 to
6.8.

3.2. Particle size analysis

The aerodynamic particle size distribution of nebulized
6.25 mg/mL voriconazole solution was determined independently
in duplicate using an 8-stage non-viable cascade impactor with a
spacer and an air-flow rate of 28.3 L/min. Sufficient voriconazole
solution was added to the nebulizer medication reservoir such that
volume remained after a 20-min nebulization. The average TED,
FPF, MMAD, and GSD were 25.51 ± 6.25 mg, 71.7 ± 2.62%,
2.98 ± 0.06 lm, and 2.20 ± 0.13, respectively.
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Fig. 2. Pharmacokinetic profile of voriconazole in lung tissue (A) and plasma (B)
following a single inhaled dose of aqueous voriconazole solution. The inhaled dose
was 5 mL of 6.25 mg/mL voriconazole solution nebulized over 20 min to mice in a
nose-only dosing chamber. Errors bars represent one standard deviation (N = 2,
except N = 4 for 1 hour time point for low flow rate group and N = 1 for 10-min time
point for low-flow rate group). Voriconazole was undetectable in lung tissue 6, 12,
and 24 h after the completion of nebulization.
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3.3. Single-dose pharmacokinetic studies

Following a single inhaled dose of voriconazole, the observed
Tmax values ranged from 10 to 30 min in lung tissue and 20 to
30 min in plasma (Table 1). Voriconazole concentrations in lung
tissue were low to undetectable 6–8 h after a single dose while
plasma levels remained quantifiable for up to 24 h after the com-
pletion of nebulization. In mice that received nebulized voriconaz-
ole at an air flow rate of 5 L/min, peak lung concentrations were
1.6 lg/g wet lung weight with an AUC0–6 value of 205.3 lg min/g
wet lung weight (Fig. 2A). A peak plasma concentration of 1.2 lg/
mL and AUC0–6 of 136.4 lg min/mL was achieved in this high air
flow rate group (Fig. 2B). In contrast, markedly, though not stati-
cally significant (P > 0.05), higher peak lung concentration,
11.0 lg/g, and AUC0–6, 2408.0 lg min/g were achieved in mice that
were exposed to nebulized voriconazole at a slower air flow rate of
1 L/min. Similarly, a higher peak plasma concentration, 7.1 lg/mL,
and AUC0–6, 1549.8 lg min/mL was also achieved in this low air
flow rate group.

3.4. Multiple dose pharmacokinetic studies

In the multiple dose pharmacokinetic study, 5 mL of 6.25 mg/
mL voriconazole solution was administered twice daily, beginning
at 08:00 and 16:00, for 12 days to mice at the low air flow rate, 1 L/
min. Trough lung and plasma samples were taken immediately be-
fore the 08:00 dose on days 3, 5, 10, and 12. Peak lung and plasma
samples were taken 30 min following the completion of the 08:00
dose on day 5. After 5 days of drug administration, peak voriconaz-
ole lung and plasma concentrations were 6.73 lg/g wet lung
weight and 2.32 lg/mL, respectively. Peak plasma concentrations
were significantly lower (P < 0.05) following multiple doses than
following a single inhaled dose. Peak lung concentrations were
not statistically significant for single and multiple doses. Trough
lung concentrations of voriconazole were not detectable through
day 5 but reached 0.11 to 0.19 lg/g wet lung weight on days 10
and 12, respectively. In contrast, trough plasma voriconazole con-
centrations were quantifiable on each day of sampling and ranged
from 0.18 to 0.32 lg/mL (Table 2).

4. Discussion

The lungs are the primary site of IA due to inhalation of fungal
conidia resulting in a focal fungal infection in the lungs that can
disseminate to other systems. The site of an IA infection within
the lungs is typically in deep alveolar spaces with possible sites
of intra-cavity aspergillomas and vascular invasions. Although typ-
ical humans are not at risk for IA due to competent immune sys-
tems and effective clearance of inhaled spores,
immunocompromised patients are at elevated risk for IA and are
the focus of prophylactic and treatment regimens with systemic
antifungal administration [6,35]. Systemically administered anti-
fungals must distribute to the lungs to be effective therapeutic op-
tions but have high reported rates of mortality, in part, due to poor
Table 1
Single-dose Pharmacokinetic Parameters for Inhaled Voriconazole. The inhaled dose was 5
dosing chamber. All values are the reported average except for the observed Tmax. The val
concentration versus time profiles from 0 to 6 h by the trapezoidal method.

Air flow rate
(L/min)

Mouse
mass (g)

Lung mass (g) Vfend conc.
(mg/mL)

Tmax

Lung (m

High-flow rate 5.2–5.4 31.8 0.23 6.23 10
Low-flow rate 1.0 21.8 0.17 6.90 30
tissue penetration [7,9,10,14,28,36,37]. Targeted antifungal deliv-
ery has been reported to cause high drug concentrations at the site
of infection in the lung and lead to improved outcomes [20,21,29–
31,38]. The studies to date have also demonstrated that targeted
antifungal delivery to the lungs has not led to the distribution of
drug to the plasma. Interestingly, Gavalda et al., found that a com-
bination of inhaled and intravenous amphotericin B led to im-
proved survival in a rat model of IA. Therefore, having high
antifungal concentrations in lung tissue and plasma can potentially
lead to improved outcomes in IA. The current study found that an
aerosolized aqueous solution of voriconazole solubilized with sul-
fobutyl ether-b-cyclodextrin was compatible with inhalation and
led to high concentrations in the lung tissue as well as plasma fol-
lowing single and multiple doses in a murine pharmacokinetic
model of inhalation.
mL of 6.25 mg/mL voriconazole solution nebulized over 20 min to mice in a nose-only
ues for Cmax are the average ± standard deviation (N = 2). The AUC was calculated for

Cmax AUC0–6

in) Plasma (min) Lung
(lg/g)

Plasma
(lg/mL)

Lung (lg min/g) Plasma
(lg min/mL)

20 1.6 ± 0.17 1.2 ± 0.25 205.3 136.4
30 11.0 ± 1.6 7.1 ± 0.68 2408.0 1549.8



Table 2
Multi-dose pharmacokinetic parameters for inhaled voriconazole. Inhaled voriconaz-
ole was administered at 08:00 and 16:00 for 12 days. The inhaled dose was 5 mL of
6.25 mg/mL voriconazole solution nebulized over 20 min to mice in a nose-only
dosing chamber. Trough values were determined from samples taken immediately
before the 08:00 dose while peak samples were taken 30 minutes after the 08:00
dose. Average values are reported ± standard deviation for N = 6 mice per value.
*Values were below the lower limit of quantitation.

Day Lung voriconazole concentration
(lg/g wet lung weight)

Plasma voriconazole concentration
(lg/mL)

Peak Trough Peak Trough

3 – –* – 0.22 ± 0.08
5 6.73 ± 3.64 –* 2.32 ± 1.52 0.28 ± 0.14
10 – 0.11 ± 0.09 – 0.18 ± 0.09
12 – 0.19 ± 0.23 – 0.32 ± 0.08
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Inhaled aerosols must be compatible with biological mem-
branes of the respiratory tract to avoid reactive and inflammatory
airway side effects, including cough, dyspnea, and irritation
[39,40]. Our results demonstrated that an aqueous solution of
voriconazole solubilized with sulfobutyl ether-b-cyclodextrin was
compatible with aerosol administration. The 6.25 mg/mL vorico-
nazole dilution had an acceptable pH and was the only tested con-
centration within the isotonic range (Fig. 1). When this
concentration was aerosolized using an Aeroneb� Pro vibrating
mesh nebulizer system, the in vitro aerodynamic particle size char-
acteristics of MMAD and FPF, 2.98 lm and 71.7%, respectively, sug-
gest that the nebulized droplets have a particle size distribution
appropriate for inspiration to the deep lung.

Following a single inhaled dose of voriconazole, quantifiable
voriconazole concentrations were observed in mice that received
low and high doses as determined by the varied air-flow rate from
1 to 5 L/min. At 5 L/min airflow through the dosing chamber, a di-
lute cloud of voriconazole-containing nebulized droplets was pres-
ent in the dosing chamber which led to a low dose. Conversely, a
more concentrated and stagnant cloud of voriconazole-containing
droplets was present at 1 L/min airflow rate through the chamber
which led to a higher dose of voriconazole in those mice. This dose
difference led to a 7-fold increase in Cmax values and 11-fold in-
crease in AUC0–6 in lung tissue and plasma for mice in the dosing
chamber with the slow air flow rate (Table 1). Although peak con-
centrations and drug exposure were affected by the inhaled dose,
voriconazole distribution from the lungs to the plasma was unaf-
fected. Possible drug ingestion due to mucociliary clearance is
not a contributing factor to plasma voriconazole concentrations
due to hyper-metabolism in mice following oral administration
[41]. An approximation of a partition coefficient, based on the lung
to plasma ratios of Cmax and AUC0–6, ranged from 1.4 to 1.6 indicat-
ing good absorption and distribution of voriconazole across lung
mucosal surfaces. In addition, the observed Tmax values were ob-
served after 10–30 min in lung tissue and 20–30 min in plasma
after the completion of dosing for all mice tested. Additionally,
voriconazole concentrations in lung tissue were low to undetect-
able 6–8 h while plasma levels remained quantifiable for up to
24 h after the completion of nebulization. Therefore, voriconazole
was rapidly absorbed and distributed to the central plasma with
minimal drug retained in lung tissue.

Inhaled voriconazole achieved maximal concentrations within
30 min in both lung tissue and plasma. The maximal lung tissue
concentration was 1.4 times greater than the maximal plasma con-
centration value. The rapid distribution of voriconazole from lung
tissue to plasma as well as the extent of distribution differed sub-
stantially from previous reports of inhaled antifungal agents. Spe-
cifically, amphotericin B has negligible distribution from lung
tissue after inhalation. Following nebulized suspensions of pure
amphotericin B, very low serum concentrations were achieved
with a Tmax of 30 min [29]. Inhaled deoxycholate solutions of
amphotericin B produced undetectable plasma concentrations up
to 24 h after the dose [27,30]. Additionally, the retention of inhaled
amphotericin B in lung tissue has been reported to be 15 to 22 days
following a single inhaled dose [38]. For itraconazole, inhaled sus-
pensions of nanoparticulate formulations had lung Tmax values of
0.5–1 h after the dose but with delayed plasma Tmax values of 2–
5.4 h [20,21,31]. For inhaled itraconazole, the reported AUC values
were 25–50 times greater in lung tissue than in the plasma. Simi-
larly, peak itraconazole concentrations were 12–100 greater for
lung tissue than plasma. These comparisons indicate negligible dis-
tribution of particulate itraconazole from the lungs to the plasma.

The sulfobutyl ether-b-cyclodextrin excipient in inhaled vorico-
nazole solutions prompted the differences in voriconazole distri-
bution compared to inhaled particulate and solubilized
amphotericin B as well as inhaled particulate itraconazole. Cyclo-
dextrins have been reported to cause rapid Tmax and high Cmax con-
centrations as well as improved bioavailability of intratracheally
administered aerosols or solutions compared to equipotent alter-
native formulations or routes of administration [42–44]. Although
Roffey et al. used a 10 mg/kg IV and 30 mg/kg oral dose, direct
comparison to pharmacokinetic parameters observed following a
single inhaled dose were not directly possible due to dose uncer-
tainties following inhalation in this study [45]. Additionally, voric-
onazole displays non-linear pharmacokinetics in humans and
animals, which could account for the marked differences observed
following inhalation of different doses due to high and low air flow
rate through the dosing chamber. However, the observed Cmax,
Tmax, and AUC values following a single inhaled dose at 1 L/min
air flow rate through the dosing chamber were similar to those re-
ported in mice following intravenous drug administration. There-
fore, inhaled voriconazole solubilized with sulfobutyl ether-b-
cyclodextrin produced plasma pharmacokinetic parameters similar
to intravenous drug administration with additional high lung tis-
sue concentrations.

The multi-dose voriconazole pharmacokinetic profile cannot be
extrapolated from a single-dose profile due to non-linear pharma-
cokinetics resulting from saturable hepatic metabolic pathways
[8]. Additionally, the multi-dose pharmacokinetic profile is compli-
cated in mice due to altered plasma pharmacokinetic profiles fol-
lowing multiple intravenous and oral doses when compared to a
single dose [45]. The peak plasma voriconazole concentration after
5 days of multiple doses, 2.32 ± 1.52 lg/mL (Table 2), was signifi-
cantly lower than that observed following a single dose,
7.9 ± 0.68 lg/mL (Table 1). The peak plasma voriconazole concen-
tration was also lower than the concentration associated with tox-
icity in human studies (6–7 lg/mL) and should therefore correlate
with acceptable dose tolerability and side effect profiles following
multiple doses [46]. However, trough plasma voriconazole concen-
trations had no discernable trend between day 3 and day 12 with
concentrations ranging from 0.18 to 0.32 lg/mL (Table 2). The
trough plasma concentrations observed in this study were affected,
in part, by the altered dosing interval, and were lower than 1 lg/
mL, the trough concentration correlated with improved efficacy
in humans [47]. Additionally, the influence of altered drug metab-
olism on plasma concentrations following multiple inhaled doses
is uncertain based on this study.

Changes in voriconazole metabolism were not investigated in
this current study. There is a very low prevalence of drug metabo-
lizing enzymes in lung tissue [48,49]. Mice livers are also of insuf-
ficient size for quantative determination of hepatic metabolic
enzyme evaluation. Therefore, altered metabolism was unlikely
to affect voriconazole lung pharmacokinetic parameters following
multiple doses but could account for the changes in plasma voric-
onazole concentrations. Specifically, the single-dose pharmacoki-
netic profile of inhaled voriconazole suggested drug
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accumulation in the lung tissue and plasma would be insignificant
following multiple doses. Negligible but quantifiable drug accumu-
lation was evidenced in lung tissue through 12 days of dosing with
undetectable trough concentrations on day 5 that increased to the
values of 0.19 lg/g wet lung weight on day 12 (Table 2). The peak
lung voriconazole concentration on day 5 was 6.73 ± 3.64 lg/g wet
lung weight was not significantly different than the observed value
following a single dose (Table 1). However, peak plasma voriconaz-
ole concentrations were significantly lower following multiple
doses compared to a single inhaled dose and could be influenced
by altered metabolism.

Mice were selected as the pharmacokinetic model for inhaled
voriconazole despite several limitations. Additionally, reports
using the Aeroneb� Pro vibrating mesh nebulizer have correlated
acceptable in vitro aerosol characteristics with low lung deposition
in humans [50,51]. Published studies have demonstrated lower
lung deposition of inhaled aerosols in rodents compared to hu-
mans due to allometric differences between species [52–54]. Voric-
onazole is also hyper-metabolized in mice and rats when
administered orally and intravenously [45]. Investigators have suc-
cessfully elevated voriconazole serum concentrations and im-
proved murine survival in a model of fungal infection through
the inhibition of voriconazole metabolism by grapefruit juice
administration [41,55]. In the present study, no enzymatic inhibi-
tion was undertaken. Despite the limitations of low lung deposi-
tion and hyper-metabolism, pharmacokinetic profiles of
voriconazole in lung tissue and plasma following single and multi-
ple doses demonstrated high drug concentrations as well as ele-
vated drug exposure levels.

5. Conclusions

An inhaled aqueous solution of voriconazole and sulfobutyl
ether-b-cyclodextrin is capable of producing clinically relevant
lung tissue and plasma concentrations. Rapid and extensive drug
distribution from the lung tissue into the blood was observed lead-
ing to potential advantages over contemporary reports of inhaled
antifungals. Solubilization of voriconazole by complexation with
sulfobutyl ether-b-cyclodextrin potentially contributed to the ob-
served pharmacokinetic properties. High lung tissue as well as
plasma concentrations was observed following single and multiple
inhaled doses. Further studies are needed to demonstrate the influ-
ence of dosing interval on voriconazole concentrations following
multiple inhaled doses. However, inhaled voriconazole presents a
potentially beneficial improvement in therapeutic options for the
treatment of IA.
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