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Abstract
Background: Pulmonary drug delivery is an accepted route of drug administration for the management of
lung conditions and diseases as well as an evolving route of administration for the systemic delivery of
agents. Many inhaled drugs pose formulation and delivery challenges in part because of poor aqueous
solubility. The influence of poor aqueous solubility and formulation-based solubility enhancements on the
pharmacokinetic profile of inhaled agents was reviewed. Method: A systematic review was performed to
identify literature that reported pharmacokinetic findings following the pulmonary delivery of a poorly
water-soluble agent. Results: The influence of solubility and formulation-based solubility enhancements on
pharmacokinetic parameters following inhalation of corticosteroids, antifungals, oligopeptides, and opioids,
was compiled. Conclusion: Poor aqueous solubility did not uniformly affect the pharmacokinetic profile for
inhaled agents. Physicochemical and formulation-based solubility enhancement did affect drug absorption
from the lungs. Numerous drug- and formulation-dependant pharmacokinetic effects were identified.
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Introduction

Therapeutic administration of active pharmaceutical
ingredients (APIs) to the lungs has long historical
significance1. Despite the long-term use of therapeutic
aerosols, the scientific principles governing the in vivo
performance of inhaled drugs have only recently been
probed. In the modern age of drug research and devel-
opment focused on pulmonary drug delivery, the fate of
inspired aerosols has been correlated to patient-specific
as well as formulation/device factors. The in vivo action
of inhaled aerosols can be affected by patients through
the control and the regulation of the physiologic param-
eters of breathing including respiration rate, tidal vol-
ume, inhalation air flow, and breath holding2.
Additionally, the formulation scientist can influence
in vivo aerosol performance through the manipulation
of the interrelationships between the formulation and
the inhalation device, for example, pressurized metered
dose inhaler (pMDI), nebulizer, and dry powder inhaler
(DPI). These modifiable relationships govern the aero-

dynamic particle size distribution, pH, tonicity, and
physiologic compatibility of the inspired aerosol.

Traditionally, these APIs have been intended for local
drug action in the lungs for treatment of topical condi-
tions in the airways; examples include the treatment of
airway inflammation, lung diseases, and lung infections.
However, drug delivery to the lungs has recently
received increased scientific attention and expansion.
This renewed interest coincides with advances in parti-
cle engineering technologies3,4, advances in biotechnol-
ogy-derived therapeutic macromolecules5, and new
APIs with low and/or erratic bioavailability6–8. Much of
the expanded interest in pulmonary drug delivery
focuses on systemic drug delivery via the lungs because
of the rapid bioavailability and the avoidance of the pH,
food effects, enzymatic, and first-pass metabolic barriers
following oral drug administration. Despite these poten-
tial advantages, inhaled drugs must overcome numer-
ous barriers for adequate deposition in the lung.

Several excellent reviews have explained in detail the
physiologic barriers to inhaled drug delivery7,9–11. Briefly,
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the lungs are a natural particle filter because of a ciliated
and mucous-producing epithelium that lines the airways.
Additionally, the airways in the lung subdivide through a
tortuous pathway of bifurcations throughout the lung,
which allow air communication with the gas-exchange
specializing lung structures, the alveoli, also referred to as
the deep lung. An inspired particle must, therefore, avoid
contact with the ciliated and mucus-covered epithelium
to avoid ingestion, via the mucociliary escalator, as well
as traverse numerous potential impaction sites for depo-
sition along the airways or in the deep lung. The aerody-
namic properties and particle behavior of the inhaled
particle are therefore crucial for drug delivery to the
lungs, typically 1–5 μm in size9. The inhaled particle must
also be physiologically compatible with the lung mem-
branes (i.e., isotonic, iso-pH, and nonimmunogenic) to
avoid airway hyper-responsiveness, cough, or airway
spasticity, or inflammation12. The deposition of particles
can also be affected by the increasing relative humidity in
the lungs as a particle is inhaled into the deep lung13.

Once a particle has bypassed these pulmonary barri-
ers and been deposited in the alveolar region, the API
must be absorbed for systemic drug action. The ability
for APIs to be absorbed across the alveolar membrane
has not been investigated to the degree of gastrointesti-
nal (GI) drug absorption. Mechanistic explanations of
GI absorption have recently been re-reviewed and form
a foundation for explaining pulmonary drug
absorption14,15. The primary differences between mod-
eling GI and pulmonary drug absorption focus on the
fact that the lungs have different physiologic and cellu-
lar structures at absorption sites, have a dramatically
decreased metabolic capacity, lack the degree of active
transport sites, and have a much higher surface area
and corresponding blood flow than the GI tract.

An excellent review from Sakagami was published in
2006 and numerous methodological approaches to
investigating the mechanisms underlying pulmonary
drug absorption and disposition were summarized16.
As with any model, control and evaluation of the numer-
ous variables associated with pharmacokinetic profile
and properties of a drug following inhalation is very diffi-
cult. As a result, researchers have employed ex vivo, cel-
lular, in silico and in vitro models to isolate and quantify
the different variables present in whole animals when
investigating the factors affecting drug absorption in the
lungs. However, these isolated or simplified models do
not adequately simulate the numerous factors involved
with pulmonary drug delivery in a living system.

To further complicate the literature describing the
pharmacokinetics of inhaled drug delivery, researchers
have used whole animal models with varying methods
of pulmonary drug administration, that is, intratracheal
instillation of a liquid, orotracheal intubation and
administration of a liquid spray or powder insufflator,

and natural whole-body or nose-only exposure.
The method of pulmonary drug administration can
affect the reported results because of species-specific
differences in the respiratory system between animals.
For example, the majority of mammal species are obli-
gate nose breathers with the inability to breathe through
the mouth, causing airflow differences and resultant dif-
ferences in deposition from humans17. Although these
whole animal-modeling systems have difficulty isolating
the specific contributing factors involved in drug
absorption, they are applicable as screening mecha-
nisms for different formulations and can represent a
more realistic approach to understanding drug absorp-
tion in the lungs. Of the numerous factors that can influ-
ence drug absorption from the lungs, the effect of drug
solubility, solubility-enhancing excipient, and drug
solution or solid state for poorly water-soluble APIs has
not been explained in whole animal or in isolated com-
ponent systems for pulmonary drug administration.

Poorly water-soluble APIs are becoming increasingly
common for new chemical entities18–21. A compound
with poor aqueous solubility presents challenges and
limitations for formulation development and the clinical
utility of a dosage form, particularly in the lungs. The
absorption would be limited by the number of dissolved
molecules for diffusion through biological membranes.
Although there is no unified definition for poorly water-
soluble drugs, the United States Pharmacopeia uses
descriptive terms related to quantifiable solubility
ranges, that is, very soluble (>1 g/mL) to insoluble (<0.1
mg/mL)22. Instead, the Center for Drug Evaluation and
Research describes solubility as ‘high’ or ‘low’ based on
the ability of 250 mL of dissolution medium to dissolve
the dose of drug by in vitro methods23. This categorical
classification is intended to describe the impact of solu-
bility on drug absorption and bioavailability24. However,
the definition of low solubility has little physiologic sig-
nificance on absorption when applied to pulmonary
drug delivery because of low masses in inhaled drug
doses and a small and dispersed fluid volume within the
lungs7,25,26. Therefore, the relationship between low sol-
ubility and observed pharmacokinetic properties of
drugs when administered to the lungs does not fall into
the definitions and testing parameters that are applica-
ble for other routes of drug administration.

Several therapeutic agents with low aqueous solubili-
ties have been investigated for pulmonary drug delivery.
These agents include corticosteroids in the manage-
ment of asthma and inflammation; anti-infective agents
to treat and prevent bacterial, fungal, and viral pneu-
monias; chemotherapeutic agents for lung cancers and
tumors; and numerous other APIs. The low solubility of
these APIs can influence the absorption and the
retention of the drug in the lung tissue and can directly
affect drug activity, side effects, and dosing regimens.
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Accordingly, this article will review the literature avail-
able describing the pulmonary drug administration of
poorly soluble APIs where some pharmacokinetic data
are available. Although drug absorption across mem-
branes in the lungs is the parameter of interest, few
researchers directly measure absorption rates across
the pulmonary epithelium, for example, mean absorp-
tion times or absorption rate constants (kabs). Instead,
proxy markers of drug absorption could include other
observed pharmacokinetic parameters such as maximal
drug concentration in the blood and in the lung tissue if
available (Cmax), the time to reach maximal concentra-
tions (Tmax), elimination half-life (t1/2), and drug expo-
sure (AUC). These proxy markers will allow
comparative relationships to be established to evaluate
the influence of formulation and solubility enhance-
ments on drug absorption. Therefore, the influence of
solubility and formulation-based solubility enhance-
ments on pharmacokinetic parameters following inha-
lation of various classes of poorly water-soluble drugs,
including corticosteroids, antifungals, oligopeptides,
and opioids, will be reviewed.

Inhaled corticosteroids

Inhaled corticosteroids are the most commonly inhaled
class of poorly water-soluble API. They are therapeuti-
cally used to inhibit inflammatory processes in the
lungs, primarily in the management of asthma. These
structurally related agents have a steroid backbone,
some with modifications to the steroid ring, and
appended functional groups27. These modifications pri-
marily affect ligand–receptor interactions and lead to
varied binding affinities with the glucocorticoid recep-
tor. Because all corticosteroids affect the same receptor,
competitive binding assays have allowed the relative
potencies of these agents to be stratified as fluticasone
propionate > beclomethasone-17-monopropionate >
budesonide > beclomethasone dipropionate > triamci-
nolone acetonide28. These relative potencies affect drug
efficacy as well as the side-effect profile and propensity
for long-term adverse events. However, many adverse
events associated with inhaled corticosteroids result
from systemic exposure following absorption. In addi-
tion to these structure-based pharmacodynamic
properties, most corticosteroids remain poorly water-
soluble compounds with aqueous solubilities of 21 μg/
mL for triamcinolone acetonide, 16 μg/mL for budes-
onide, 0.14 μg/mL for fluticasone propionate, and 0.13
μg/mL for beclomethasone dipropionate (15.5 μg/mL
for the beclomethasone-17-monopropionate active
metabolite)29. Reported log Po/w values also indicate
that these agents are very lipophilic with values of 3.4
for triamcinolone acetonide, 3.6 for budesonide, 4.5 for

fluticasone propionate, and 4.9 for beclomethasone
dipropionate (4.3 for beclomethasone-17-monopropi-
onate). The molecular weights for these compounds are
430.5 g/mol for budesonide, 434.5 g/mol for triamcino-
lone acetonide, 500.6 g/mol for fluticasone propionate,
and 521.1 g/mol for beclomethasone dipropionate.
These high log P values and small molecular weights
indicate the potential for good passive membrane per-
meability, leading to dissolution-limited drug absorp-
tion following inhalation.

Ideally, an inhaled corticosteroid would have high
potency, would be retained in the airways and lung tis-
sue for prolonged anti-inflammatory action, and would
then have low drug absorption leading to low systemic
drug exposure with consequently low incidence of
adverse events. Accordingly, several researchers have
investigated the pharmacokinetic properties of inhaled
corticosteroids to understand the mechanisms of drug
deposition and absorption from the lungs to the sys-
temic circulation30–35. Some pharmacokinetic profiles
of these agents are also influenced by the structural dif-
ferences between the APIs, specifically the avenues of
clearance and metabolic pathways between the various
agents36. The other pharmacokinetic properties of
inhaled corticosteroids, including the Cmax, tmax, AUC,
and t1/2, vary between the agents based, in part, on the
physicochemical properties of the API. The interrela-
tionship of pharmacokinetic and pharmacodynamic
properties of this drug class defines their clinical utility.
For that reason, many researchers have investigated
adverse events of these agents through the biomarker of
endogenous cortisol secretion suppression and corre-
sponding bioavailabilities between inhaled and other
routes of administration37. However, the utility of a
biomarker in this investigation is limited when correlat-
ing the influence of drug solubility and solubilization
properties of the formulation on drug absorption fol-
lowing inhalation. Through independent evaluation of
corticosteroids with reported pharmacokinetic parame-
ters, categorical relationships can describe the influ-
ence of solution state and formulation on pulmonary
absorption of these inhaled agents.

Fluticasone propionate

The majority of systemic pharmacokinetic data on
inhaled fluticasone propionate are with the DPI formu-
lation branded as the Flutide®, Flovent® or Flixotide®

administered with the Diskhaler®, Diskus®, or
Accuhaler® devices30,38–42. These formulations use
micronized fluticasone propionate blended with a lac-
tose carrier particle and de-aggregate from the carrier
via turbulent airflow through the device. Some pharma-
cokinetic data are also available with the pMDI branded
as Flovent®. The pMDI formulation contained a
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microcrystalline suspension of fluticasone propionate
in a propellant mixture of CFC-11 and CFC-12 with soya
lecithin as a surfactant and a lubricant for the metering
valve. Both the DPI and the pMDI formulations deliver
solid fluticasone propionate particles to the lung and
rely on particle size reduction of the API to improve the
rate of dissolution for this poorly water-soluble drug.
Therefore, fluticasone propionate has little data to
describe the influence of drug solubilization and solu-
bility enhancement through the formulation on drug
absorption from the lungs. However, it does serve as a
reference and comparator for the remainder of the
inhaled corticosteroids with a moderate aqueous solu-
bility (0.14 μg/mL), log P value (4.5), and molecular
weight (500.6 g/mol) for this class of poorly water-solu-
ble compounds (Table 1).

Following a single inhalation, maximal concentra-
tions were observed after an average of 0.9–1.88 hours
(54–118 minutes). Dose-normalized maximal concen-
trations ranged from 0.1 up to 0.3 pg/mL/μg whereas
dose-normalized AUC values ranged from 0.3 to 3.0 pg
h/mL/μg with no real difference between the DPI and
the pMDI forms. Concentrations and AUC values were
not controlled for the influence of oral ingestion of the
drug through oral administration of activated charcoal
and must be assumed to have been affected by minor,
but nontrivial, oral ingestion of fluticasone propionate.
However, despite possible oral ingestion of the inhaled
product and 3- to 10-fold difference in maximal drug
concentrations and drug exposure, plasma fluticasone
concentrations remained very low, in the pg to ng
range, following large inhaled doses. The very low sys-
temic fluticasone propionate concentrations indicate
very little drug absorption from the inhaled particulate
systems.

Several researchers reported the mean residence
time (MRT), the average time a molecule resides within
the system from absorption to elimination, for flutica-
sone following inhalation. The reported MRT values
were 7.1–12 hours for DPIs and 5.3 hours for the pMDI,
indicating a prolonged but variable time for the drug to
be retained in the studied population. Additionally,
Brindley et al.30 specifically investigated the absorption
kinetics of fluticasone propionate following inhalation
using both the DPI and the pMDI devices. Following
inhalation from both DPI and pMDI devices, 50% of the
bioavailable dose was absorbed within 1.6–2.4 hours
(95–145 minutes) whereas 90% of the dose was
absorbed by 11.4–12.3 hours. The average time it takes
for a drug molecule to be absorbed, the mean absorp-
tion time, was 4.3–4.4 hours. The authors identified that
fluticasone propionate is retained in the lungs for an
extended period of time with an initial rapid phase of
drug absorption followed by a period of prolonged drug
absorption.

Budesonide

Inhaled formulations of budesonide were more diverse
than those for fluticasone propionate and included DPI,
pMDI, and nebulizer formulations. The branded DPI
products included the Pulmicort Turbohaler®, with
only micronized budesonide in the formulation, and
the Giona® Easyhaler® containing budesonide blended
with a lactose carrier particle34,38,39,41,43. The pMDI for-
mulation, Pulmicort® (no longer available in the United
States), contained a micronized suspension of budes-
onide with sorbitan trioleate as a metering valve lubri-
cant, and a propellant mixture of CFC-11, CFC-12, and
CFC-11444. Budesonide suspensions for nebulization
were also tested and included the marketed Pulmicort
Respules® and two different novel nanoscale
suspensions44–46. The Pulmicort Respules® contained a
micronized suspension of budesonide with disodium
edetate, sodium chloride, sodium citrate, citric acid,
and polysorbate 80 in water for injection. The first
nano-suspension from Kraft et al. did not contain
information on the formulation. However, the second
nano-suspension from Shrewsbury et al. contained
submicron budesonide in a sterile aqueous formulation
containing surface modifiers, possibly including a
cyclodextrin47, and sodium chloride, citric acid, sodium
citrate, and disodium edentate dehydrate in water.
Despite the differences, the DPI, pMDI, and suspension
for nebulization formulations all deliver solid budes-
onide particles to the lung following inhalation and uti-
lize particle size reduction to improve the dissolution rate
of the drug. The low aqueous solubility (16 μg/mL), high
log P (3.6), and low molecular weight (430.5 g/mol) pro-
mote a model of solubility-limiting drug absorption fol-
lowing inhalation of budesonide particles. However, the
novel nano-suspension formulations contain excipients
that could improve or augment drug solubility in the
lung and subsequent drug absorption following inhala-
tion (Table 2).

Following inhalation of budesonide, tmax values were
achieved within 0.13–0.58 hours (8–35 minutes) for the
DPI devices, 0.15–0.24 hours (9–14 minutes) for
micronized suspensions, and 0.051–0.19 hours (3–11
minutes) for nano-sized suspensions with no values
reported for the pMDI. Dose-normalized Cmax values
for DPI devices, the pMDI, micronized suspensions, and
nano-sized suspensions ranged from 0.9 to 1.8 pg/mL/
μg, 0.6 pg/mL/μg (assuming a 2 hours tmax because of
limited reported data), 0.7 to 1.3 pg/mL/μg, and 1.8 to
2.5 pg/mL/μg, respectively. These Cmax ranges indicate
approximate equivalence for reported maximal con-
centrations for all methods of budesonide administra-
tions except a twofold increase in reported
concentrations for nanoscale suspensions. However, no
difference was observed for dose-normalized AUC
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values between delivery methods with ranges of 2.5–4.5
pg h/mL/μg for DPI devices, 2.1–3.3 pg h/mL/μg for
micronized suspensions, and 1.1–3.3 pg h/mL/μg for
nano-sized suspensions with no reported value for the
pMDI. As mentioned for inhaled fluticasone propi-
onate, no report was made to control for possible oral
ingestion of budesonide following inhalation. In a simi-
lar manner, the reported Cmax and AUC values could
have a minor, but nontrivial, contribution of orally
absorbed budesonide. The elimination half-life, t1/2, for
inhaled budesonide also varied by the method of inha-
lation with DPIs ranging from 2.1 to 3.5 hours, the
micronized suspension reporting 2.43 hours, and the
nanoscale suspension reporting 1.17–2.33 hours. Of
note, Kraft et al. reported much higher t1/2 values, from
5.42 to 6.62 hours for inhaled micro- and nano-sized
suspensions without corroboration from the other
sources, possibly indicating a sampling outlier. Some
researchers reported MRT values for DPI devices that
ranged from 0.6 to 3.9 hours, indicating varied but rela-
tively rapid drug transit through and low drug retention
by the patient.

Beclomethasone dipropionate (beclomethasone 
17-monopropionate)

Beclomethasone dipropionate is converted in the lungs
via epithelial esterases from a functional prodrug into
the active and more potent beclomethasone-17-
monopropionate. Therefore, pharmacokinetic studies
involving beclomethasone specify the molecule of
interest and involve a metabolic process if results are
reported for the mono-propionate metabolite. The di-
and monopropionate forms have different solubilities
(0.13 μg/mL for the dipropionate and 15.5 μg/mL forthe
monopropionate) but similar log P values (4.9 for dipro-
pionate and 4.3 for monopropionate) and molecular
weights (521.1 g/mol for dipropionate and 465.0 g/mol
for monopropionate). Although the active metabolite
has a 100-fold improvement in aqueous solubility over
the dipropionate form, absorption must take place with
the prodrug dipropionate before metabolic conversion.
Despite these metabolic complications in assessing sys-
temic pharmacokinetics following inhalation of
beclomethasone dipropionate, investigators have
administered beclomethasone dipropionate as a nebu-
lized solution in addition to the typical DPI and pMDI
devices reported by other researchers (Table 3).

Specifically, Esposito-Festen et al. generated very
low-dose monodisperse particle-sized aerosols from an
alcoholic solution containing budesonide dipropionate
and administered them to healthy volunteers49. This
formulation delivered aerosolized droplets to the lung
that contained beclomethasone in solution as a molec-
ular dispersion. In contrast, particle size reduction of

the API was utilized for pMDI and DPI formulations.
A pMDI formulation containing a suspension of
micronized beclomethasone dipropionate in CFC-11
and CFC-12 with oleic acid as a valve lubricant, mar-
keted as Beclovent®, was tested in human patients with
and without concomitant oral administration of acti-
vated charcoal to eliminate oral ingestion and absorp-
tion of the API following inhalation48. Pharmacokinetic
values were also evaluated for a DPI device used to
administer micronized beclomethasone dipropionate
on lactose carrier particles, branded as Becodisks®, to
stable human asthma patients39.

Marked differences were observed for inhaled
beclomethasone dipropionate, and the active metabo-
lite beclomethasone-17-monopropionate, based on the
formulation. Tmax values for inhaled particulate formu-
lations of beclomethasone dipropionate from DPI and
pMDI devices were 0.8–2.5 hours (48–150 minutes). In
contrast, tmax values were much more rapid for inhaled
alcoholic solutions with values of 0.17–0.33 hours (10–20
minutes). Additionally, the dose-normalized Cmax
values for DPI and pMDI devices were 0.41 and 0.94 pg/
mL/μg, respectively, whereas normalized AUC values
with the same devices were 2.13 and 3.85 pg h/mL/μg.
However, when patients received oral charcoal to
negate GI absorption of the drug when administered
with the pMDI dose, normalized Cmax and AUC values
were 0.71 and 2.40 pg h/mL/μg, indicating substantial
increases in plasma concentrations of beclomethasone-
17-monopropionate because of oral ingestion and
absorption after normal inhalation with the pMDI.
These findings are in stark contrast with pharmacoki-
netic results reported following inhalation of a solubi-
lized form of beclomethasone dipropionate. When
administered as a nebulized alcoholic solution, dose-
normalized Cmax values ranged from 3.9 to 9.1 pg/mL/
μg. These values resulted in a 4- to 20-fold increase in
maximal concentrations compared with inhaled partic-
ulate drug via DPI or pMDI devices. Additionally, dose-
normalized AUC values for the inhaled alcoholic solution
ranged from 6.0 to 16.0 pg h/mL/μg, representing a 2.5-
to 22.5-fold increase in drug exposure. The administra-
tion of an alcoholic solution of beclomethasone dipro-
pionate promoted much more rapid maximal
concentrations of the active metabolite as well as mark-
edly elevated drug concentrations and drug exposure
compared with inhalation of solid particulate forms of
the API.

Triamcinolone acetonide

Inhaled triamcinolone acetonide was administered to
human subjects by both DPI and pMDI devices. The
DPI device used was a breath-actuated inhaler, the
Ultrahaler®, to optimize lung deposition of the inhaled



10

T
ab

le
 3

. P
ro

p
er

ti
es

 o
f i

n
h

al
ed

 b
ec

lo
m

et
h

as
on

e 
d

ip
ro

p
io

n
at

e 
(a

n
d

 b
ec

lo
m

et
h

as
on

e 
17

-m
on

op
ro

p
io

n
at

e)
.

D
el

iv
er

y 
d

ev
ic

e 
an

d
 fo

rm
u

la
ti

on
D

os
e 

(μ
g)

P
er

ti
n

en
t p

h
ar

m
ac

ok
in

et
ic

 fi
n

d
in

gs
St

u
d

ie
d

 p
op

u
la

ti
on

R
ef

er
en

ce
s

p
M

D
I

10
00

B
D

P
H

ea
lt

h
y 

h
u

m
an

 
vo

lu
n

te
er

s 
(p

la
sm

a 
sa

m
p

le
s)

48

A
d

m
in

is
te

re
d

 a
s 

B
ec

lo
ve

n
t®

, G
la

xo
W

el
lc

om
e

t m
ax

0.
3 

(0
.2

, 0
.5

)a
h

ou
r

C
on

ta
in

ed
 s

u
sp

en
si

on
 o

f m
ic

ro
n

iz
ed

 b
ec

lo
m

et
h

as
on

e 
d

ip
ro

p
io

n
at

e 
in

 a
 m

ix
tu

re
 o

f C
FC

-1
1 

an
d

 C
FC

-1
2 

w
it

h
 o

le
ic

 
ac

id

C
m

ax
0.

32
b

 (
0.

18
, 0

.5
5)

n
g/

m
L

A
U

C
0.

15
b

 (
0.

09
, 0

.2
7)

n
g 

h
/m

L

17
-B

M
P

t m
ax

1.
0 

(0
.8

, 6
)a

h
ou

r
C

m
ax

0.
94

b
 (

0.
67

, 1
.3

)
n

g/
m

L

A
U

C
3.

85
b

 (
2.

8,
 5

.2
)

n
g 

h
/m

L

M
R

T
4.

1 
(3

.5
, 4

.6
)

h
ou

rs

t 1
/2

2.
7 

(2
.1

, 3
.6

)a
h

ou
rs

p
M

D
I w

it
h

 o
ra

l c
h

ar
co

al
10

00
B

D
P

H
ea

lt
h

y 
h

u
m

an
 

vo
lu

n
te

er
s 

(p
la

sm
a 

sa
m

p
le

s)
A

d
m

in
is

te
re

d
 a

s 
B

ec
lo

ve
n

t®
, G

la
xo

W
el

lc
om

e
t m

ax
0.

5 
(0

.2
, 0

.5
)a

h
ou

r
C

on
ta

in
ed

 s
u

sp
en

si
on

 o
f m

ic
ro

n
iz

ed
 b

ec
lo

m
et

h
as

on
e 

d
ip

ro
p

io
n

at
e 

in
 a

 m
ix

tu
re

 o
f C

FC
-1

1 
an

d
 C

FC
-1

2 
w

it
h

 o
le

ic
 

ac
id

C
m

ax
0.

46
b

 (
0.

25
, 0

.7
2)

n
g/

m
L

A
U

C
0.

22
b

 (
0.

13
, 0

.3
5)

n
g 

h
/m

L

17
-B

M
P

t m
ax

0.
8 

(0
.8

, 1
)a

h
ou

r
C

m
ax

0.
71

b
 (

0.
44

, 1
.1

)
n

g/
m

L

A
U

C
2.

4b
 (1

.5
, 3

.7
)

n
g 

h
/m

L

M
R

T
3.

5 
(3

, 4
)

h
ou

rs

t 1/
2

2.
3 

(1
.7

, 5
.8

)a
h

ou
rs

D
P

I
80

0
17

-B
M

P
St

ab
le

 h
u

m
an

 
as

th
m

a 
p

at
ie

n
ts

 
(p

la
sm

a 
sa

m
p

le
s)

39

A
d

m
in

is
te

re
d

 a
s 

B
ec

od
is

ks
®

, A
lle

n
 &

 H
an

b
u

ry
s

t m
ax

2.
5 

(1
.9

, 3
.3

)
h

ou
rs

C
on

ta
in

ed
 m

ic
ro

n
iz

ed
 b

ec
lo

m
et

h
as

on
e 

d
ip

ro
p

io
n

at
e 

b
le

n
d

ed
 w

it
h

 la
ct

os
e

C
m

ax
0.

33
 (

0.
28

, 0
.3

9)
n

g/
m

L

A
U

C
1.

7c  (1
.5

, 2
.0

)
n

g 
h

/m
L

M
R

T
9.

1 
(7

.1
, 1

1.
5)

h
ou

rs

t 1
/2

5.
3 

(4
.1

, 7
.0

)
h

ou
rs

N
eb

u
liz

ed
 s

ol
u

ti
on

10
0

17
-B

M
P

: 1
.5

 μ
m

 M
M

A
D

H
u

m
an

 p
at

ie
n

ts
 

w
it

h
 s

ta
b

le
 m

il
d

 
as

th
m

a 
(p

la
sm

a 
sa

m
p

le
s)

49

A
d

m
in

is
te

re
d

 a
s 

a 
m

on
od

is
p

er
se

 a
er

os
al

 g
en

er
at

ed
 b

y 
th

e 
el

ec
tr

oh
yd

ro
d

yn
am

ic
 te

ch
n

iq
u

e
t m

ax
0.

17
b

h
ou

r

C
on

ta
in

ed
 4

%
 b

ec
lo

m
et

h
as

on
e 

d
ip

ro
p

io
n

at
e 

so
lu

b
il

iz
ed

 in
 

97
%

 e
th

an
ol

C
m

ax
0.

39
n

g/
m

L

A
U

C
0.

60
n

g 
h

/m
L

17
-B

M
P

: 2
.5

 μ
m

 M
M

A
D

t m
ax

0.
33

b
h

ou
r

C
m

ax
0.

91
n

g/
m

L

A
U

C
1.

6
n

g 
h

/m
L

17
-B

M
P

: 4
.5

 μ
m

 M
M

A
D

t m
ax

0.
33

b
h

ou
r

C
m

ax
0.

74
n

g/
m

L

A
U

C
1.

2
n

g 
h

/m
L

M
R

T
, m

ea
n

 r
es

id
en

ce
 ti

m
e;

 D
P

I,
 d

ry
 p

ow
d

er
 in

h
al

er
; p

M
D

I,
 p

re
ss

u
ri

ze
d

 m
et

er
ed

-d
os

e 
in

h
al

er
. a V

al
u

es
 a

re
 m

ed
ia

n
 (r

an
ge

);
 b

N
ot

 e
xp

re
ss

ly
 r

ep
or

te
d

 b
y 

th
e 

au
th

or
s.

 V
al

u
es

 in
fe

rr
ed

 fr
om

 fi
gu

re
,

ta
b

le
s,

 a
n

d
 m

et
h

od
ol

og
ic

al
 d

es
cr

ip
ti

on
s;

 c A
U

C
0–

8.



Pulmonary delivery: influence of solubilization 11

powder containing micronized triamcinolone ace-
tonide blended with lactose as a carrier particle50. The
pMDI formulations included CFC and HFA formula-
tions of triamcinolone acetonide, marketed as
Azmacort® and developed as Azmacort® HFA43,51. The
CFC-based formulation contained a microcrystalline
suspension of triamcinolone acetonide in CFC-12 and
1% (w/w) dehydrated alcohol to improve drug loading
of the API in the propellant. The Azmacort® HFA
inhaler contained a microcrystalline suspension of tri-
amcinolone acetonide in HFA 143-a, but insufficient
detail was provided to identify other excipients if
present. Both DPI and pMDI formulations utilized par-
ticle size reduction to improve the dissolution rate of
the API with an insignificant contribution of the alcohol
in the CFC-pMDI formulation to alter solubility of tri-
amcinolone acetonide after dose administration. Addi-
tionally, Lim et al.50 administered oral-activated
charcoal to some patients to assess the influence of oral
ingestion and gut absorption following pMDI and DPI
use50. Triamcinolone acetonide has the highest aque-
ous solubility (21 μg/mL) and lowest log P value (3.4)
for these poorly water-soluble inhaled corticosteroids.
However, a log P of 3.4 is still very high and suggests
good membrane permeability, particularly with a mid-
range molecular weight (434.5 g/mol) (Table 4).

Following inhalation, tmax values for the DPI device
was 0.25 hours (15 minutes) whereas pMDI formula-
tions peaked at 0.66–1.74 hours (40–104 minutes).
Despite these differences in the speed to achieve max-
imal concentrations, dose-normalized Cmax values
were very similar for both DPI and pMDI devices. Cmax
values for the DPI inhaler ranged from 1.77 to 2.25 pg/
mL/μg whereas pMDI values ranged from 0.69 to 2.52
pg/mL/μg. In contrast, AUC values were more varied
with a range of 6.88–8.10 pg h/mL/μg for the DPI for-
mulation and 2.69–12.90 pg h/mL/μg for the pMDI for-
mulation. This variability could be due to oral
ingestion of triamcinolone acetonide as demonstrated
by Cmax ratios between DPI and pMDI formulations of
2.44 under typical usage and 1.56 with oral ingestion of
charcoal. A similar pattern was reported for AUC ratios
between DPI and pMDI formulations without and with
charcoal of 1.99 and 1.44, respectively. No change was
reported in the elimination half-life based on device
and formulation with values ranging from 2.2 to 2.5
hours.

Comparison of Inhaled corticosteroids

The reduction in inhaled corticosteroid absorption
from the lungs is clinically relevant to minimize adverse
events associated with systemic drug exposure for all
inhaled corticosteroids. All included studies employed
a method to enhance drug solubility or improve the rate

of drug dissolution including particle size reduction of
the API (i.e., micronization or nanoscale particle pro-
duction) or drug solubilization in a nonaqueous sol-
vent. The methods of solubility enhancement
demonstrated that following doses in the μg range, nor-
malized plasma drug concentrations, in the pg mL−1

range, and as well as total drug exposure, as indicated
by normalized AUC values, remained low for all the for-
mulations and drug delivery devices included. How-
ever, the differences in pharmacokinetic parameters
within and in-between formulations were illustrative
for solubilization effects on pulmonary drug absorption.
Specifically, systemic tmax values were within 2 hours,
with the majority of reported values within 1 hour, for
all reported drug-formulation combinations. The fast-
est relative tmax values, when compared between differ-
ent formulations of the same API, were obtained for
nano-budesonide suspensions (≥3 times faster than
other formulations) and alcoholic solutions of beclom-
ethasone dipropionate (≥4 times faster than other for-
mulations). These values suggest that increasing the
velocity of particle dissolution, through administration
of a pre-solubilized drug or through extreme particle
size reduction into the nanoscale range, promoted the
most rapid drug absorption following inhalation of a
poorly water-soluble API52–54. However, no consistent
differences were observed in dose-normalized Cmax and
AUC values for DPI, pMDI, or nebulized suspensions
when the formulation contained micro- to nano-meter
range particles, suggesting that total drug absorption
was eventually achieved from the lungs. A striking ele-
vation in drug concentrations and drug exposure was
observed for nebulized alcohol solutions, suggesting
that pre-solubilized drug actually can improve the
extent of drug absorbed from the lungs55.

Inhaled antifungals

Most typical fungal infections are found on the skin,
genitorurinary, or GI tract and involve superficial infil-
tration of the fungi into the epithelium or mucosal
membranes and are readily treated with topical or oral
antifungal therapy56. However, systemic fungal infec-
tions can involve numerous organs and systems and are
much more difficult to treat with some causative organ-
isms and infections associated with very high rates of
mortality57–59. Many systemic fungal infections begin
with the inhalation of fungal spores, or conidia, into the
deep lung followed by the establishment of an infection
and potential dissemination to the distal organs via the
systemic circulation60. However, systemically adminis-
tered antifungal agents are limited by poor tissue pene-
tration into lung tissue and associated with high rates of
adverse events and the potential for serious drug
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interactions61,62. Therefore, targeted antifungal delivery
to the lung could elevate and retain drug concentrations
in the lung for improved efficacy and reduce systemic
drug exposure to reduce adverse events and drug inter-
actions. Theoretically, an ideal inhaled antifungal
would have minimal drug absorption following inhala-
tion for optimum efficacy and minimal adverse events
and drug interactions.

Antifungal pharmacology, like that for all anti-infec-
tive agents, focuses on selective targeting of microbio-
logical or biochemical differences between the
pathogen and the host. For fungal infections, the avail-
able targets have been difficult to identify and optimize
because of the similarities in eukaryotic cellular physi-
ology and biochemical pathways between fungal and
animal cells. However, the most commonly used anti-
fungals in systemic fungal infections target ergosterol, a
cellular membrane stabilizer and a fungal equivalent to
animal cholesterol. Polyene antifungals, including
amphotericin B, form drug–ergosterol complexes to
create nonselective transmembrane channels that dis-
rupt cellular integrity. The low aqueous solubility, log P
value, and relatively large molecular weight (0.25 μg/mL,
1.6, and 924 g/mol, respectively, for amphotericin B)
allow the polyene to partition into fungal cell mem-
branes for pharmacologic activity63. Triazole antifun-
gals, including itraconazole, inhibit ergosterol
biosynthesis through reversible antagonism of fungal
cell cytochrome P450 isomers64. Triazoles are also very
poorly water soluble but with much higher log P values
indicative of better lipophilicity (~0.001 μg/mL and 5.7
for itraconazole, respectively)65,66. The low solubility
and high lipophilicity of triazole antifungals as well as
relatively large molecular weight (705.6 g/mol for itra-
conazole) allow them to be absorbed into fungal cells
and be metabolized by fungal cytochrome P450s
responsible for normal ergosterol biosynthesis. Accord-
ingly, the evaluation of antifungal pharmacokinetic
parameters following inhalation will elucidate addi-
tional influences of drug solubilization and solubility
enhancement on drug absorption.

Amphotericin B

The medical management of fungal infections was lim-
ited by poor pharmacologic selectivity between eukary-
otic cellular physiology in both fungal and animal cells
until the identification and development of amphoteri-
cin B in the mid-twentieth century67. Amphotericin B
preferentially forms nonselective pore or channel com-
plexes with fungal cell membrane ergosterol, a mem-
brane stabilizer analogous to cholesterol in animal cell
membranes, to cause a loss of osmotic integrity and
ultimately fungal cell death68,69. These ergosterol–
amphotericin B complexes form through nonspecific

Van Der Waals forces between the hydrophobic region
of the amphiphilic amphotericin B molecule and the
lipophilic ergosterol molecule70. Amphotericin B is a
38-membered cyclic lactone ring composed of a distinct
lipophilic region, with seven conjugated ester bonds,
and a separate hydrophilic region with ester and ether
bonds, a carboxylic acid group, a primary amino group
in an attached sugar moiety, and several hydroxyl
groups. Amphotericin B has a low aqueous solubility
(0.25 μg/mL), a large molecular weight (924 g/mol), and
lower than expected log P value (1.6) that allow the API
to distribute into the membrane to be pharmacologi-
cally active (Table 5).

Accordingly, four commercially available amphoteri-
cin B formulations use stabilizers and/or solubilizers to
produce pharmaceutically acceptable products.
Although all have been administered in an off-label
manner via inhalation for analysis of efficacy and toler-
ability, only reports with the amphotericin B deoxycho-
late (Fungizone®, hereafter referred to as AmB-d) and
liposomal amphotericin B (AmBisome®, hereafter
referred to as L-AmB) formulations have associated sys-
temic pharmacokinetic parameters73,74. Some investi-
gators have also reported lung tissue or fluid drug
concentrations to demonstrate high drug concentra-
tions in the lung following inhalation72,74–76. Addition-
ally, Diot et al.71 reported serum amphotericin B
concentrations following nebulization of pure amphot-
ericin B powder and water dispersions without addi-
tional excipients. AmB-d is a suspension for
reconstitution containing deoxycholate as a solubilizer
and stabilizer and sodium phosphates as a buffer that
forms a colloidal dispersion when reconstituted. L-AmB
is suspension for reconstitution containing a bilayered
liposome of amphotericin B in lipid membranes of
hydrogenated soy phosphatidylcholine, cholesterol,
and distearoylphosphatidylglycerol (2:0.5:0.8 ratio) in a
1:10 ratio. Aerosols of both products have been inhaled
using various nebulizers, and systemic pharmacoki-
netic properties have varied widely.

Following inhalation of all formulations, lung tmax
values were approximately 1 hour whereas tmax val-
ues in bronchoalveolar lavage (BAL) fluid following
inhalation of AmB-d ranging from 0.5 to 4 hours (30–
240 minutes). Similarly, serum tmax values following
inhalation of pure amphotericin B ranged from 0.5 to
3.5 hours (30–210 minutes). However, there was
great variability in dose-normalized Cmax and AUC
values for lung tissue, BAL, and plasma/serum val-
ues based on the formulation. An inhaled dose in the
mg range, concentration values in serum, lung tis-
sue, and BAL fluid ranged spanned over three orders
of magnitude across the μg/mL to ng/mL range. Spe-
cifically, dose-normalized Cmax values in serum fol-
lowing inhalation of pure amphotericin B ranged
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from 1.1 to 4.2 ng/mL/mg whereas plasma Cmax val-
ues ranged from 0.8 to 45 ng/mL/mg following inha-
lation of AmB-d and was 5 ng/mL/mg for L-AmB. In
stark contrast, Cmax values ranged from 7.3 to 2625
ng/mL/mg for BAL fluid and from 623 to 987 ng g/mg
for lung tissue following inhalation of AmB-d. The
dose-normalized lung tissue Cmax value was also 379
ng/g/mg following inhalation of L-AmB. The dose-
normalized AUC following inhalation of AmB-d in
BAL fluid ranged from 40 to 96 ng h/mL/mg. The
wide range of observed differences in these pharma-
cokinetic parameters based on the formulation
obfuscated the trends for absorption of inhaled
amphotericin B. However, the ratio of lung to plasma
concentrations for inhaled AmB-d was over 1000:1,
indicating negligible drug absorption following
inhalation.

Itraconazole

Itraconazole must distribute in fungal cells to inhibit
the cytochrome P450 enzymes responsible for ergos-
terol biosynthesis. However, itraconazole has dissolu-
tion-limited absorption because of the extremely low
aqueous solubility (1 ng/mL). Several particle engi-
neering technologies, including spray-freeze into
cryogenic liquid (SFL)77, ultra-rapid freezing (URF)78,
and evaporative precipitation into aqueous solution
(EPAS)79 have been investigated with itraconazole as
a model API80. These processes have been reviewed
elsewhere, but briefly produce amorphous (SFL and
URF) or crystalline (EPAS) nano-structured powder
agglomerates with enhanced dissolution properties81.
These engineered powders have been nebulized as
dispersions to rodents to evaluate the pharmacoki-
netic parameters following inhalation80,82–84. Most of
these manuscripts reported lung tissue and plasma
drug concentrations allowing more-direct evaluation
of drug absorption from the lungs. Additionally, these
researchers have provided detailed formulation infor-
mation allowing a more thorough comparative analy-
sis of the contributing factors involved in solubility
and solubilization on pulmonary drug absorption.
Specifically, EPAS formulations contained itracona-
zole and surfactant(s) including polysorbate 20 or
polysorbate 80 and poloxamer 407. SFL formulations
contained polysorbate 80 with or without poloxamer
407. In contrast, the reported URF formulation con-
tained mannitol and lecithin (Table 6).

Following inhalation, lung tmax values ranged from
0.5 to 1.0 hour (30–60 minutes) for all itraconazole
formulations whereas plasma tmax were delayed with
values of 5.4 hours (342 minutes) for SFL itraconazole
and 2.0 hours (120 minutes) for URF itraconazole.
Dose-normalized lung Cmax values were 1.7 μg/g/mg

for the crystalline EPAS formulation with polysorbate
20. However, normalized maximal lung concentra-
tions increased approximately threefold, to 5.4 μg/g/
mg, when containing polysorbate 80 and poloxamer
407. This elevated lung concentration was associated
with a low normalized plasma Cmax value of 0.44 μg/
mL/mg. In comparison, the dose-normalized lung
Cmax value for amorphous SFL formulations contain-
ing only polysorbate 80 was 0.48 μg/g/mg. The SFL
formulation maximal lung concentrations also
increased to 1.1–2.4 μg/g/mg when poloxamer 407
was added. The corresponding SFL itraconazole, con-
taining polysorbate 80 and poloxamer 407, produced
plasma Cmax values from 0.1 to 0.2 μg/mL/mg and
were much lower than those reported for the compa-
rable EPAS formulation. In contrast, the amorphous
URF formulation contained only mannitol and leci-
thin but had a high dose-normalized lung Cmax value
of 3.0 μg/g/mg but low plasma Cmax value of 0.2 μg/
mL/mg. Similar trends were observed for dose-nor-
malized AUC values. Namely, the addition of polox-
amer 407 to EPAS formulations increased normalized
lung AUC values from 8.7 up to 14.8 μg h/g/mg and
SFL formulations from 1.6 μg h/g/mg to a range of
5.8–15.1 μg h/g/mg. The normalized lung AUC values
for URF itraconazole of 21.1 μg h/g/mg were also the
highest reported. Dose-normalized plasma AUC val-
ues also followed lung AUC trends with a range of 0.1–
0.3 μg h/g/mg for SFL itraconazole that contained
polysorbate and poloxamer achieving whereas the
URF formulation produced a normalized plasma AUC
of 0.8 μg h/g/mg. Despite these consistent trends in
concentration and AUC values for EPAS, SFL, and
URF itraconazole formulations, the lung elimination
half-life was variable. The t1/2 ranges for itraconazole
were 6.7–7.2 hours for EPAS, 2.3–5.5 hours for SFL,
and 7.4 for URF and indicate variability independent
of formulation, crystallization state, and other phar-
macokinetic parameters.

In addition to comparison of observable and dose-
normalized pharmacokinetic properties, reported itra-
conazole concentrations and AUC values in lung tissue
and plasma from the same study population allow cal-
culation of drug ratio values and distribution coeffi-
cients. Specifically, mice with a lung fungal infection
had a lung to plasma Cmax ratio of 59:1 for crystalline
EPAS itraconazole whereas mice administered amor-
phous SFL itraconazole had a ratio of 12:1. In compari-
son, healthy mice administered SFL itraconazole had
Cmax lung to plasma ratios of 112:1 whereas mice that
received amorphous URF drug had a ratio of 13:1. A
lung to blood partition coefficient can also be calculated
using a ratio of lung AUC and plasma AUC values. The
calculated partition coefficients were 57 for SFL and 21
for URF.
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Comparison of Inhaled Antifungals

Inhaled amphotericin B and itraconazole demonstrated
more variable pharmacokinetic parameters compared
with inhaled corticosteroids due, in part, to dose differ-
ences. These differences can be attributed, in part, to
the physicochemical differences between inhaled corti-
costeroids and inhaled antifungals. Inhaled antifungal
doses were also very large, in the milligram range, and
produced plasma concentrations in the μg/mL to ng/mL
range for amphotericin B and μg/mL for itraconazole
whereas inhaled corticosteroid doses were much
smaller, in the microgram range, and produced plasma
concentrations in the ng/mL to pg/mL range. Although
the scale of dose to affect concentrations was conserved
between the agents, the deposition mass of inhaled
antifungals was potentially several orders of magnitude
larger than for inhaled corticosteroids and could affect
the absorption kinetics of the inhaled API85.

The incorporation of surface-active excipients in the
nebulized formulation of amphotericin B elevated the
dose-normalized plasma Cmax range from 1.1 to 4.2 μg/
mL for AmB dispersion to 0.8–45 μg/mL for AmB-d.
Inhaled AmB-d also produced very high normalized
lung tissue Cmax values from 627 to 987 μg kg/mL/mg.
The relative ratio of lung to plasma concentrations for
inhaled AmB-d of 1000:1 suggests very low drug absorp-
tion despite the presence of a surface-active agent,
deoxycholate. Although insufficient data were available
for evaluation, L-AmB only elevated plasma concentra-
tions by a factor of 10 and would not significantly
improve drug absorption from the lung.

Inhaled itraconazole allows a more thorough analysis
of formulation effects and drug solubilization on pul-
monary drug absorption. For example, the addition of a
second surface-active agent, poloxamer 407, increased
dose-normalized lung concentrations by 2–5 times and
normalized lung AUC values by 2–9 times for both crys-
talline EPAS and amorphous SFL itraconazole formula-
tions compared with only a polysorbate surfactant.
These increases suggest that itraconazole improved
inhaled particle deposition in the lung or aided in drug
wetting and solubilization in lung fluid as has been sug-
gested for other routes of administration86,87. Inhaled
URF itraconazole contained lecithin instead of polox-
amer 407 but produced the highest dose-normalized
lung AUC values despite consistent lung Cmax values,
suggesting that drug wetting by a surface-active agent
could be a probable mechanism of improved lung drug
exposure and lung concentrations. However, elevated
lung concentrations and drug exposure did not corre-
late to improved drug absorption in the lungs. Specifi-
cally, lung to plasma concentration ratios suggested
marked drug retention in the lungs with high AUC-
based partition coefficients between lung tissue and

plasma. In addition, comparison of dose-normalized
Cmax and AUC values for formulation-matched crystal-
line EPAS and amorphous SFL formulations suggest
that inhalation of crystalline itraconazole dispersions
led to higher drug concentrations and AUC values in the
lung and plasma. The authors suggest that physiologic
factors of mucociliary clearance of amorphous particles
or other biopharmaceutical process resulted in lower
tissue concentrations of amorphous SFL itraconazole.

Inhaled oligopeptides

Recent trends in biotechnology have led to a surge of
protein and peptide candidate drug molecules88.
However, formulation and effective noninvasive deliv-
ery of these APIs have been very challenging89–91. The
pulmonary delivery of proteins and peptides as a route
for systemic drug delivery is intended to improve sys-
temic bioavailability and reduce the pharmacokinetic
variability compared with oral administration. There-
fore, goal for most pulmonary peptide administration is
typically systemic drug absorption instead of local
action in the lungs. However, some therapeutic pep-
tides could exert local action in the lung and targeted
delivery could minimize systemic drug exposure.
Although several manuscripts have been published that
review inhalation of proteins and peptides5,6,8,92, exam-
ples of small molecular weight cyclic peptides with low
aqueous solubility are pertinent to an examination of
the influence of solubility and solubilization on pulmo-
nary absorption. These agents include the immunosup-
pressant cyclosporine and an investigational substance
P and neurokinin antagonist, FK224. Cyclosporine, a
relatively small (1203 g/mol) cyclic undecapeptide, is
very poorly water soluble (0.03 μg/mL) with a high log P
value (2.9). FK224 is also a small cyclic hexapeptide
(1041 g/mol) and also has low aqueous solubility (21
μg/mL) and a lower log P value (1.3).

Cyclosporine

Cyclosporine is a polypeptide immunosuppressant
used primarily to prevent tissue rejection after organ
and tissue transplants through inhibition of signaling
pathways involved in normal T-cell activation.
Although effective following lung transplantation, acute
rejection can occur because of delays in drug distribu-
tion into lung tissue following systemic drug adminis-
tration. Additionally, targeting immunosuppressant
delivery to the lung can reduce adverse events associ-
ated with systemic immunosuppression. Initial phar-
macokinetic experiments with inhaled cyclosporine
used nebulized alcoholic solutions, associated with
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poor patient tolerability and high rates of adverse
events93–95, or nebulized propylene glycol solutions96–98.
A nebulized suspension of cyclosporine in multi-lamellar
dilauroylphosphatidylcholine liposomes was also
investigated in dogs99,100. Recently, a nanoscale amor-
phous dispersion of cyclosporine was produced by con-
trolled precipitation (CP), a stabilized anti-solvent
precipitation, and nebulized to mice101. The use of pro-
vided or estimated dose masses for pharmacokinetic
parameter normalization produced study-dependent
variability in calculated values. Therefore, dose normal-
ization of Cmax and AUC values was generally per-
formed with the reported mass-based dosing (mg/kg)
rather than the dose mass comparisons used for earlier
poorly water-soluble APIs (Table 7).

Following inhalation of an alcoholic solution of
cyclosporine, lung and whole blood tmax values ranged
from 0.5 to 1.0 hours (30–60 minutes) whereas propy-
lene glycol solutions achieved more variable tmax values
of 0.1–4.6 hours (6–276 minutes) in the lung and 0.1–2.0
hours (6–120 minutes) in the blood. Aerosolization of
the liposomal cyclosporine had a tmax of 0.5 hours (30
minutes) in lung tissue but was faster in the blood with
a value of 0.25 hours (15 minutes), indicating very rapid
absorption following inhalation. The nebulized CP
nanoscale dispersion also produced a similar lung tmax
value, 1.0 hour (60 minutes) but with a delayed blood
tmax value, 3.7 hours (222 minutes). The nebulized alco-
holic cyclosporine solution produced dose-normalized
Cmax values from 33 to 35 μg kg/g/mg in the lung and 0.7
to 0.8 μg kg/mL/mg in the blood that then decreased to
trough concentration ranges from 2.2 to 4.1 μg kg/g/mg
in the lung and 0.1 to 0.2 μg kg/mL/mg in the blood. In
contrast, nebulized propylene glycol solutions pro-
duced markedly lower normalized Cmax values from 1.3
to 6.8 μg kg/g/mg in the lung and 0.04 to 0.2 μg kg/mL/
mg in the blood. Comparable values were observed for
dose-normalized Cmax values for the amorphous CP
dispersion in the lung, 3.0 μg kg/g/mg, and blood,
0.1 μg kg/mL/mg. Even lower normalized Cmax values
were observed following inhalation of liposomal
cyclosporine in lung tissue, 0.2–0.3 μg kg/g/mg, and
blood, 0.002–0.01 μg kg/mL/mg. Inconsistency in dose-
normalized AUC values was observed for inhaled alco-
holic solutions with values of 96–138 μg h/kg/g/mg in
the lung and 5.1–5.5 μg h/kg/mL/mg in the blood when
the dose was 3–5 mg/kg but 20–24 μg h/kg/g/mg in the
lung and 25–27 μg h/kg/mL/mg in the blood when the
dose was increased to 10–25 mg/kg. Similar inconsis-
tencies were observed following inhalation of the pro-
pylene glycol solution with normalized AUC values of
0.05–0.1 μg h/kg/mL/mg in the blood at doses of 4.4–9.7
mg/kg (no lung tissue values reported for that dose
range) and increasing to 11–46 μg h/kg/g/mg in the lung
and 0.8–1.7 μg h/kg/mL/mg in the blood when the dose

was increased to 8.4–112.6 mg/kg. Comparable normal-
ized values were calculated for inhaled CP cyclosporine
with a lung value of 41 μg h/kg/g/mg and blood value of
2.8 μg h/kg/mL/mg. The reported pharmacokinetic
parameters for both lung and plasma also allow calcula-
tion of concentration ratios and partition coefficients
for inhaled cyclosporine formulations. Calculated drug
concentration ratios were 40:1 up to 50:1 for alcoholic
solutions, 30:1 up to 42:1 for propylene glycol solutions,
25:1 up to 100:1 for liposomal suspensions, and 28:1 for
amorphous CP dispersions. The corresponding parti-
tion coefficients were 1–27 for inhaled alcoholic solu-
tions, 14–27 for propylene glycol solutions, and 15 for
the CP dispersion.

FK224

FK224 is an investigational cyclic hexapeptide (L-Ser-L-
Thr-L-Leu-D-Phe-L-allo-Thr-L-Asp-NH2) used as a
substance P and neurokinin antagonist with potential
utilization in the management of conditions associated
with neurotransmitter release, such as depression,
analgesia, nociception, inflammation, and nausea and
emesis102–104. However, very low bioavailability was
observed following oral administration because of GI
proteolytic degradation as well as formulation difficulty
prompting dose limitations because of the physico-
chemical properties of the drug105. Two publications
have investigated systemic pharmacokinetic parameters
following pulmonary delivery of FK224 with different
mechanisms of solubility enhancement105,106. Specifi-
cally, a micronized coprecipitate of β-cyclodextrin and
FK224 was incorporated into a CFC-based pMDI as well
as with lactose carrier particles for a DPI formulation
(Table 8).

The addition of β-cyclodextrin decreased plasma tmax
values in rats to 0.25 hour (15 minutes) compared with a
value of 1.0 hour (60 minutes) when no cyclodextrin was
present. This value was clearly different for pMDI- and
DPI-administered formulations in humans with values
of 2.7–3.0 hours (162–180 minutes) and 0.7–2.2 hours
(42–132 minutes), respectively. Increasing concentra-
tions of β-cyclodextrin also affected pharmacokinetic
parameters in rats when administered drug via a pMDI
device with dose-normalized plasma Cmax values
increasing from 0.01 to 0.03 μg kg/mL/mg, to 0.09 μg/kg/
mL/mg for API to cyclodextrin ratios of 1:0, 1:1, and 1:7,
respectively, with corresponding dose-normalized AUC
values of 0.06, 0.43, and 1.35 μg h/kg/mL/mg. The
marked increase in both maximal plasma concentra-
tions and drug exposure from FK224 without cyclodex-
trin up to a 1:7 mixture of API and cyclodextrin
corresponded to an increase in drug solubility from 21 to
1 mg/mL. When a 1:1 FK224 : β-cyclodextrin pMDI was
administered to humans, dose-normalized Cmax values
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ranged from 0.07 to 0.09 μg kg/mL/mg but considerably
increased to 0.34–0.37 μg kg/mL/mg for the DPI-deliv-
ered formulation. A similar pattern was observed for
normalized AUC values when the same formulation
when administered with a pMDI device, 0.13–0.79and
3.05–3.61 μg h kg/mL/mg with a DPI device.

Comparison of inhaled oligopeptides

Numerous formulation and delivery devises have been
investigated for inhaled poorly water-soluble oligopep-
tides including solutions, suspensions, particle size
reduction, solubilizing excipients, nebulizers, DPIs, and
pMDIs. Inhalation of solubilized cyclosporine in alco-
hol and propylene glycol solutions produced similar
tmax values in lung tissue and plasma but with very dif-
ferent dose-normalized Cmax and AUC ranges, suggest-
ing alcoholic solutions enhanced pulmonary drug
absorption compared with propylene glycol solutions,
possibly through alterations in hydrodynamics across
alveolar membranes107. In addition, tissue and blood
concentration ratios and partition coefficients for pul-
monary absorption suggest that alcohol solutions pro-
mote increased retention of cyclosporine in the lungs
following inhalation compared with propylene glycol
solutions. Therefore, although alcohol solutions pro-
mote improved relative absorption of the oligopeptide,
propylene glycol solutions do not promote retention of
drug in lung tissue, possibly through nonabsorptive
lung clearance mechanisms. Further studies are needed
to elucidate possible causes of this behavior. Inhalation
of a nanoscale dispersion of CP cyclosporine retained
drug in the lungs in a similar manner to solutions but
had slightly improved drug absorption as evidenced by
concentration ratios compared with solutions and
could be due to enhanced absorption of nanoparticles4.
Inhalation of liposomal cyclosporine seemed to inhibit
systemic drug absorption and could be due to tissue
retention of the liposome108.

The incorporation of β-cyclodextrin into FK224 for-
mulations markedly enhanced the aqueous solubility of
the oligopeptide resulting in better pulmonary absorp-
tion of the API109. However, incorporation of solid-state
micronized FK224–cyclodextrin powders into pMDI
and DPI devices prompted divergent pharmacokinetic
parameters as evidenced by a three- to fourfold increase
in dose-normalized plasma Cmax values and 4- to
28-fold increase in normalized plasma AUC values fol-
lowing inhalation of the DPI-delivered powder. The
authors suggested the DPI produced higher Cmax and
AUC values because of device-dependent differences in
the delivered dose106. Ideally, a pMDI and a DPI would
produce similar systemic pharmacokinetic parameters
for equivalent inhaled doses.

Inhaled fentanyl

Opioid analgesics are based on the prototypical opioid,
morphine, but structurally diverse through various ring
structures and functional groups to provide consistent
binding sites to opioid receptors. As a result of this
inconsistency in chemical structures, opioids have var-
ied aqueous solubilities, molecular weights, and log P
values. For this review, fentanyl is a poorly water-
soluble compound and has been administered via inha-
lation for the treatment of breakthrough pain. Fentanyl
is a small-molecule compound (336.5 g/mol) with low
aqueous solubility (200 μg/mL) and high log P value
(3.9) suggesting dissolution-limited absorption and
good propensity for diffusion-controlled absorption.
The inhalation of fentanyl gained popular interest when
fentanyl derivative was pumped into the ventilation sys-
tem of a building in Moscow that held terrorists and
more than 800 hostages110. Following the exposure to
the inhaled fentanyl derivative and neutralization of the
terrorists, a military operation brought the standoff to a
close. However, after that incident, over 80% of the hos-
tages required hospitalization with a total of 16% who
died as a result of the inhaled fentanyl derivative.
Despite these negative results, the controlled and thera-
peutic use of inhaled fentanyl was investigated as a
route of administration for rapid and potentially
prolonged systemic drug action using a nebulized sus-
pension of a 50/50 mixture of free and liposome-
encapsulated (phospholipon 90-G and cholesterol)
fentanyl (FLEF) and as a pMDI-containing micronized
fentanyl base in a mixture of CFC-11 and CFC-12 pro-
pellants with sorbitan trioleate as a metering valve
lubricant111–113. A DPI formulation of engineered
micronized fentanyl on lactose carrier particles was also
administered to humans via the Taifun® device114,115

(Table 9).
The plasma pharmacokinetic profile following inha-

lation of the FLEF formulation could be considered the
summation of the inhaled encapsulated fentanyl phar-
macokinetic profile with the pharmacokinetic profile of
the inhaled free fentanyl. However, those two profiles
are impossible to isolate based on the available pharma-
cokinetic data from FLEF. In addition, the pMDI formu-
lation and the DPI fentanyl-lactose system provided
different pharmacokinetic profiles, suggesting none of
the inhaled fentanyl systems provided a unmodified free
liposomal comparator. Specifically, the pMDI formula-
tion used a solution of fentanyl in CFC propellants that
volatilized on actuation to deliver particulate fentanyl to
the lungs. Administration of the pMDI formulation
achieved very rapid plasma tmax values of 0.1–0.12 hour
(6–7 minutes) with corresponding dose-normalized
plasma Cmax values of 9.5–15.0 μg kg/mL/mg and a nor-
malized AUC range of 91–154 μg h kg/mL/mg. The DPI
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formulation provided an even quicker tmax value, 0.017
hour (1 minute), but with a lower dose-normalized Cmax
of 4.7 μg kg/mL/mg. However, when compared with the
FLEF formulation, plasma tmax values were slightly
slower and ranged from 0.25 to 0.38 hour (15–23 min-
utes) but with much lower dose-normalized Cmax values
of 0.6–2.5 μg kg/mL/mg. Therefore, a component of both
the pMDI and the DPI formulations enhanced pulmo-
nary absorption from the lung, or the nebulized liposo-
mal fentanyl suspension behaved in a substantially
different manner than suggested by the pMDI formula-
tion. A more thorough analysis was not possible because
of incomplete reporting of AUC values for the DPI fenta-
nyl and FLEF. However, fentanyl particle size reduction
was the likely mechanism of rapid and high maximal
drug concentrations for both the DPI and the pMDI for-
mulations, which occurred either in the particle-manu-
facturing process (DPI) or following volatilization of the
CFC propellant from the fentanyl solution, which caused
precipitation of discrete micro- to nano-sized particles
(pMDI). Further studies are needed to better elucidate
this possible mechanism of improved drug solubiliza-
tion for fentanyl.

Summary

Pulmonary drug delivery is an accepted route of drug
administration for lung condition and disease man-
agement including asthma and other inflammatory
processes, lung infections, immunosuppression fol-
lowing lung transplantation, and others. The lungs
were also investigated as a route of systemic drug
administration to bypass oral barriers to absorption
and avoid parenteral administration and the pain and
inconvenience associated with injections for other
APIs. These biopharmaceutical advantages for interest
in pulmonary drug delivery have led researchers to
administer an increasingly wide variety of APIs to the
lungs. Although poorly water-soluble drugs pose for-
mulation and drug delivery limitations for typical
delivery methods, an evaluation of their impact on
pulmonary drug delivery with emphasis on in vivo
pharmacokinetic effects has not been performed. A
sample of poorly water-soluble APIs were selected
from the literature and included for analysis where a
formulation was provided or suggested, the drug was
inhaled by an in vivo system, and some form of phar-
macokinetic evaluation was performed such that drug
concentration values were reported. Studies that eval-
uated a biomarker or physiologic response were not
included in the current evaluation. Studies with non-
compartmental pharmacokinetic parameters of tmax,
Cmax, and AUC were preferentially included and nor-
malized for the drug dose, as an exposure dose instead

of a calculated or estimated delivered or inhaled dose,
to facilitate inter-API comparison.

Application of particle size reduction to inhaled
poorly water-soluble agents provided inconsistent
effects on pulmonary absorption. Micronized drug for-
mulations had plasma tmax values generally less than 2
hours (120 minutes) with some decreases to less than
0.5 hour (30 minutes) and were influenced by the API.
Although blood collection procedures limit the earliest
reported values, micronized drugs can be rank ordered
with the earliest reported value as budesonide (0.13–
0.58 hour) < beclomethasone-17-monopropionate
(0.17–2.5 hours) < triamcinolone acetonide (0.25–1.75
hours) < amphotericin B (0.5–3.5 hours) < fluticasone
propionate (0.9–1.88 hours). The minimal tmax values
correlate with aqueous solubilities of the APIs (R2 =
0.70), suggesting the rate of drug absorption from the
lungs, as suggested by tmax values, is limited by the
intrinsic solubility of the API when micronized. How-
ever, when the particle size is reduced into the nanome-
ter range, plasma tmax values decreased to 0.051–0.19
hour for nano-budesonide but were 2.0 hours for URF
itraconazole and 5.4 hours for SFL itraconazole.
Although insufficient data were available to draw con-
clusions for tmax values for nano-sized poorly water-
soluble APIs, inhalation of nanoparticles could
introduce additional and more variable mechanisms of
absorption than affecting micron-sized inhaled drugs4,16.
The pulmonary administration of alcohol and propylene
glycol-based beclomethasone-17-monopropionate and
cyclosporine solutions generally achieved rapid plasma
tmax values. Dissolved fentanyl in a propellant mixture
also demonstrated very rapid drug absorption with low
tmax values following inhalation. Incorporation of solubi-
lizing excipients also reduced the tmax value as evidenced
in the inclusion of cyclodextrin with FK224, surfactants
with amphotericin B and itraconazole, and encapsula-
tion of fentanyl, cyclosporine, and amphotericin B into
liposomes. The formulation-based inclusion of solubil-
ity-enhancing excipients did appear to improve the rate
of drug absorption following inhalation as has been dem-
onstrated for poorly water-soluble APIs in other routes of
drug delivery15,87,116,117.

The relationships between drug solubility and solu-
bilization were more complex for dose-normalized tis-
sue and systemic drug Cmax and AUC values than for
tmax values. This could be because pharmacokinetic
parameters were adjusted based on the total inhalation
exposure dose and not actual deposited doses. The
inter-study and intra-study differences in pulmonary
deposition based on utilization of different delivery sys-
tems, formulations, study populations and species, and
physiologic properties following inhalation could not
be corrected in the dose normalization because of
insufficient and methodologically varied deposition
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and aerosol aerodynamic information provided by the
many authors16,118,119. Additionally, systemic effects
were inappropriate to consider parameter normalization
precisely because of the objective of the study to investi-
gate the influence of solubility and solubilization param-
eters on pulmonary absorption of poorly water-soluble
APIs. However, normalizing noncompartmental phar-
macokinetic parameters based on exposure doses did
provide a uniform adjustment for all APIs across varied
methodologies and allow for inter-API evaluation.

The most noticeable relationship is the scope of drug
concentrations in the systemic circulation following pul-
monary absorption, that is, inhaled corticosteroids and
inhaled amphotericin B had dose-normalized concentra-
tions in the ng/mL/mg range (equivalent to pg/mL/μg)
whereas the other APIs had a 1000-fold increase in con-
centration in the μg/mL/mg range. Although this could
be an artifact from dose normalization of pharmacoki-
netic parameters, inhaled corticosteroids and amphoteri-
cin B have very low drug distribution to the plasma from
the lungs and suggest mechanistic differences in pulmo-
nary absorption between different APIs. Additional stud-
ies are required to control for possible differences in
pulmonary deposition and investigate mechanisms of
absorption for these agents from the lung.

The differences in tissue and systemic drug concen-
tration scales did not affect trends in drug concentration
and drug exposure based on formulation-based solubili-
zation adjustments. Alcoholic solutions prompted higher
normalized Cmax and AUC values, suggesting enhanced
drug absorption following inhalation, than propylene
glycol solutions. Therefore, the pulmonary administra-
tion of predissolved poorly water-soluble API does not
equate to equivalent rates or extents of drug absorption.
Studies have suggested that ethanol could function as a
permeation enhancer or disrupt the hydrodynamic bal-
ance in tissues to promote drug absorption107,120.

Inhalation of nanoscale formulations caused diver-
gent pharmacokinetic findings for nano-budesonide
compared with nano-structured compositions of itra-
conazole and cyclosporine. Inhaled suspensions of
nano-budesonide promoted rapid and markedly ele-
vated systemic drug concentrations but with an equiva-
lent dose-normalized AUC, suggesting an improved
rate of drug absorption without altering the extent of
drug absorption. However, for inhaled nano-structured
itraconazole and cyclosporine, rapid and extensive tis-
sue concentrations were observed but with very little
systemic drug absorption. For those APIs, the rate and the
extent of systemic drug absorption from the lungs was
decreased. The inhaled itraconazole and cyclosporine
particles could experience nonabsorptive clearance
mechanism from the lung tissue, the possible alveolar
macrophages, or the lymphatic system, that could seg-
regate drug from the systemic circulation17,121.

Cyclodextrin also promoted high normalized Cmax
and AUC values following inhalation, suggesting similar
mechanisms of improved drug absorption as other
routes of delivery109,122,123. However, nebulized liposo-
mal formulations promoted relatively low systemic
drug concentrations for cyclosporine and fentanyl but
elevated concentrations for amphotericin B. Although
amphotericin B has been shown to bind to systemically
circulating liposomes and cause a high but pharmaco-
logically inactive systemic concentration following IV
administration124, the pulmonary administration of
liposomes was suggested to cause enhanced drug
retention in the lung and act as a form of drug depot for
prolonged action111,112. Supplemental AUC values for
inhaled liposomal poorly water-soluble APIs could
resolve this effect.

Although the pharmacokinetic evaluation of select
inhaled poorly water-soluble APIs demonstrated many
drug-dependent and as yet unexplored effects, drug
physicochemical and formulation-based solubility
enhancement did affect drug absorption from the lungs.
Additional insights will be gained as researchers con-
tinue to investigate the delivery of drugs to the lungs
and explore the factors that relate drug solubility, for-
mulation-based enhancements to solubility, and local
and systemic pharmacokinetics.
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