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Abstract

Background: A small nose-only exposure chamber was evaluated for inhalation delivery of drug carrier systems
(DCSs) to mice for the treatment of lung cancer. The chamber then was used for inhalation delivery of an
anticancer drug, antisense oligonucleotides (ASO), and small interfering RNA (siRNA) directly to the cancerous
lungs of mice.
Methods: The uniformity of particle delivery across the ports of the exposure chamber and stability of the DCS
(liposomes) during continuous aerosolization by a Collison nebulizer were examined. The mean produced
particle size by number was approximately 130 nm, and the mass median diameter was approximately 270 nm.
The system was then used to deliver DCS containing doxorubicin (DOX) and ASO or siRNA targeted to
multidrug resistance-associated protein 1 (MRP1) mRNA as suppressors of cancer cell resistance. The retention
of the drug in the lungs and the effect on tumor size were compared after inhalation delivery and intravenous
injection in a nu/nu mouse model of lung cancer.
Results: The aerosol mass across the four inhalation ports had a coefficient of variation of less than 12%, and
approximately 1.4% of the nebulized mass was available for inhalation at each port. The mean size of 130 nm of
liposomal DCS did not change significantly during continuous 60-min aerosolization. For inhalation delivery of
DCS with DOX + ASO/siRNA, the amount of drugs available for inhalation was lower compared with intra-
venous injection of DOX; however, the observed lung dose and the retention time were significantly higher. The
delivery of DOX + ASO/siRNA via inhalation resulted in tumor volume reduction of more than 90%, whereas
only about 40% reduction was achieved after intravenous injection of DOX.
Conclusions: The investigated exposure system is suitable for inhalation delivery of complex DCS, and its use to
deliver DCS containing anticancer drugs and resistance suppressors via inhalation offered a superior method for
lung cancer treatment in mice compared with intravenous injections.

Key words: lung cancer, inhalation, exposure, nose-only chamber, drug carrier systems, liposomes, pump and
nonpump resistance

Introduction

Lung cancer is considered to be the leading cause of
cancer-related death around the world,(1) resulting in 1.18

million deaths per year.(2) Once the lung cancer becomes de-
veloped, its surgical removal is often not very effective due to
its size and wide dissemination, which leaves chemotherapy
and/or radiation as treatments of choice. The success of che-

motherapeutic treatment of small-cell lung cancer, a more
aggressive type compared with non–small-cell lung cancer, is
limited by the intrinsic and acquired resistance of cancer cells
to chemotherapy. The main mechanisms of this resistance are
common to most cancers and include ‘‘pump’’ and ‘‘non-
pump’’ resistance.(3,4) The pump resistance is caused by
membrane transporters that pump out the anticancer agents
from cells, decreasing the intracellular drug concentration and
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thereby the efficacy of the treatment. The main mechanism of
nonpump resistance is the activation of the cellular anti-
apoptotic defense. Currently, to overcome this resistance,
high doses of toxic anticancer drug(s) are administered, often
producing adverse side effects in healthy organs. Recently, we
demonstrated that the efficacy of the chemotherapy can be
substantially enhanced if both resistance mechanisms are si-
multaneously suppressed when an anticancer agent(s) is
delivered.(3–5) We also showed that antisense oligonucleotides
(ASO) and small interfering RNA (siRNA) can be efficiently
used to suppress both types of resistance.(6–8) However, ASO
and siRNA poorly penetrate cancer cells, are unstable in the
bloodstream, and therefore require a special carrier system to
preserve their activity in the extracellular environment and
increase their accumulation in cancer cells. On the other hand,
the treatment could be enhanced and its severe adverse side
effects avoided if the anticancer drugs combined with ASO
or siRNA were delivered not to the entire body via injection
or ingestion, but only to the affected lungs via inhalation.
Inhalation is considered a rational route to deliver drugs
against lung cancer; however, relatively few drugs have been
investigated.(9)

A local drug delivery, including inhalation delivery of the
drugs to lungs, offers several substantial advantages, in-
cluding simplified administration protocol, reduced drug
quantity needed to achieve therapeutic effect, and increased
drug concentration at the required sites.(10) The inhalation of
certain drugs was suggested as early as 1946, when the de-
scription of a nebulizer for penicillin was published.(11)

When it comes to anticancer drugs, inhalation delivery
would enhance the accumulation of anticancer agent(s) in the
lungs with tumor and reduce severe toxic side effects on
healthy tissues.(5)

Inhaled drugs are commonly used by patients with asthma
and chronic obstructive pulmonary disease.(12) Although
some chemotherapeutic agents can be delivered through the
pulmonary or intratracheal route,(13–16) most anticancer
drugs, as well as resistance suppressors ASO and siRNA,
cannot be inhaled in their traditional form and require a
special drug carrier system (DCS). Several different DCSs
have been recently developed for the inhalation delivery of
different drugs; among those, lipid and polymer-based na-
noparticles(17–20) and liposomes(21–25) are the most frequently
used carriers for local pulmonary delivery.

Liposomes have been widely investigated since 1970 as
drug carriers for improving the delivery of therapeutic
agents to specific sites in the body, and almost immediately
were explored for cancer treatment.(26,27) When the lipo-
somes are administered systemically, their residence time in
the circulatory system is short due to elimination by the
reticuloendothelial system, which limits their therapeutic
application.(28,29) In contrast, delivery of liposomal drugs via
inhalation increases drug retention time in the lungs(5,25) and
reduces extrapulmonary side effects.(5,30) Consequently, de-
livery of anticancer agent(s) together with suppressor(s) of
cancer cell resistance in one DCS directly to the lung via
inhalation would be capable of substantially enhancing the
efficacy of the treatment of lung cancer and limiting the
adverse side effects of chemotherapy on healthy organs. This
approach is the focus of our ongoing study, and substantial
progress and encouraging results have already been reported
in an animal (mouse) model.(5,25)

Once a suitable DCS, such as liposomes, is developed and
prepared to carry out in vivo testing, it has to be aerosolized
and delivered to test animals for inhalation exposure in a
way that does not affect the efficacy of its active ingredients.
As an aerosolization method could potentially affect the in-
tegrity of the DCS, as well as its airborne number and mass
distributions, these variables have to be explored before the
actual animal exposures can begin. In addition, the drug
delivery and exposure system itself has to be characterized to
estimate the inhaled dose and to ensure that all test animals
receive comparable doses of the DCS.

The animals in pharmaceutical or inhalation toxicology
studies are usually exposed using whole-body exposure
chambers or nose-only and head-only systems for single or
multiple animals.(31) In this study, we used a directed-flow,
nose-only exposure system, because systems of this type
eliminate the potential dilution of exposure air by the ex-
haled air of other animals.(31) A five-port nose-only exposure
chamber manufactured by CH Technologies Inc. (Westwood,
NJ) was used to expose mice to the therapeutics. This five-
port design is based on its better-known cousin ‘‘12 port
nose-only modular system,’’ which can be stacked in tiers in
up to four layers, from the same manufacturer. This system
uses a flow-past design(32) to minimize variation in the
concentration of aerosols delivered at the exposure port. The
12-port system has been characterized and used in several
studies.(33–35) Although the five-port system has the same
basic design for aerosol distribution, it has been substantially
modified compared with the 12-port model, warranting its
separate characterization before the exposure experiments
could commence. Thus, the main goal of this project was to
determine the size distribution and stability of aerosolized
DCS, analyze the five-port exposure system, and then apply
the system for actual delivery of the DCS in vivo. These ef-
forts are described below.

Materials and Methods

Exposure system

Figure 1A shows the top view of the five-port animal ex-
posure system (CH Technologies), including the aerosol
distribution chamber and animal containment tubes num-
bered from P1 through P5, whereas Figure 1B shows the
cross-sectional view of the exposure system along with
aerosol generation and measurement devices. The cross-
sectional view in Figure 1B corresponds to the AA line in
Figure 1A.

During our experiments, the test particles were aerosol-
ized using a one-jet Collison nebulizer (BGI Inc., Waltham,
MA) operated at an aerosolization flow rate QCOLL = 2 L/min
using dry [relative humidity (RH) = 0%] and purified air
(Airgas East, Salem, NH). The Collison nebulizer was
equipped with a precious fluid cup to minimize the amount
of liquid needed for reliable aerosolization. The aerosolized
liquid droplets were diluted and desiccated using dry
(RH = 0%) and purified air (Airgas East) at a dilution flow
rate QDIL = 2 L/min. Then, under a slight positive pressure
(0.1" w.g.), the entire aerosol flow entered a mixing box of the
distribution chamber and was distributed to each animal
containment tube via round pipes. Each containment tube is
connected to the distribution chamber via a connector cone,
which features a spout in its middle to deliver fresh aerosol
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to a test animal and round openings in its back for exhaled
air. During the inhalation experiments, each test animal is
positioned in a containment tube so that the animal’s nose is
at the spout, or ‘‘inhalation point.’’ The animal is held in
place by a plunger. The air exhaled by the test animal es-

capes the connector cone via openings in the cone’s back and
is exhausted. The air exhausted from all containment tubes is
gathered at a common exhaust line, passes through a filter,
and leaves the exposure system at a flow rate QEX =
QCOLL + QDIL = 4 L/min. As the containment tube is airtight

FIG. 1. (A) Schematic of the exposure chamber, including the aerosol distribution chamber and the mouse containment
tubes. Details of the distribution chamber along the line AA are shown in (B). The drawing is not to scale. (B) Schematic of the
experimental setup showing the cross-sectional view of the exposure system along with aerosol generation and measurement
devices. Solid arrows in the distribution chamber indicate fresh aerosol, and dotted arrows indicate the exhausted aerosol.
The drawing is not to scale.
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and sealed by a rubber plug, no air enters or leaves the ex-
posure system except via the aerosol delivery and exhaust.
To prevent potential exposure of the study personnel to the
test particles, the entire exposure system was housed in a
Class II biosafety cabinet (NUAIRE Inc., Plymouth, MN).
Two identical aerosol distribution chambers were tested and
are denoted as Chambers A and B in the Results section.

During the characterization of the exposure system, no an-
imals were placed in the containment tubes, but instead the
sampling probes (Figure 1B) were inserted to sample the air
from approximately the same point where an animal’s nose
would be. The aerosol was sampled at the ‘‘inhalation point’’
and collected either on a filter or measured using a direct
reading aerosol instrument as described below. Although the
exposure chamber is designed to house five test animals, the
exposure protocol called for the use of four test animals at a
time; therefore, port P3 was sealed with a black rubber stopper.

Test particles

The initial characterization of the exposure chamber was
performed with green fluorescent polystyrene latex (PSL) par-
ticles (Duke Scientific, Palo Alto, CA) of 0.2, 0.5, and 1.2 lm in
size. Once the performance of the system was examined with
PSL particles, it was further tested with actual DCS (nanoscale
liposomes) designed to contain the following: doxorubicin
(DOX) as a cell death inducer, and either p-ethoxy-modified
ASO or siRNA targeting multidrug resistance-associated pro-
tein 1 (MRP1) mRNA as a suppressor of pump resistance and
BCL2 mRNA as a suppressor of nonpump resistance. The li-
posomes used to deliver ASO were electrically neutral. They
were prepared in-house as previously described(25) and
consisted of egg phosphatidylcholine:1,2-dipalmitoyl-sn-
glycero-3-phosphatidylcholine:cholesterol at a ratio of
7:3:10. Negatively charged siRNA was delivered by cat-
ionic 1,2-dioleoyl-3-trimethylammonium-propane (DO-
TAP) liposomes.(25) To analyze the liposome mass
distribution across different exposure ports of the expo-
sure system, liposome types were labeled with either near-
infrared fluorescent dye Cy5.5 Mono NHS Ester (GE
Healthcare, Amersham, UK) or fluorescein isothiocyanate
(FITC), as previously described.(25) Initial concentrations
of both types of liposomes in liquid were 5 mg/mL. Before
aerosolization, both suspensions were diluted to 1 mg/mL
concentration.

Analysis of liposome stability

Pneumatic aerosol nebulizers, such as the Collison nebu-
lizer used in this study, are known to exert considerable
shear forces on the particles being aerosolized.(36) In addi-
tion, the liquid in the device is constantly recirculated, which
could lead to the accumulation of stress during the pro-
longed nebulization. At high pressures and prolonged usage,
the stress can lead to the loss of particle integrity.(37,38) Thus,
to ensure that the integrity of the DCS is not affected during
exposure experiments, the Collison nebulizer was operated
continuously for 60 min at a low pressure of 20 psi, and size
distributions of airborne and liquid-borne liposomes were
examined before and after nebulization. The airborne lipo-
some size distribution was monitored every 15 min using a
Scanning Mobility Particle Sizer� (SMPS) (model 3936; TSI
Inc., Shoreview, MN), which samples air at 0.3 L/min and

determines particle electrical mobility diameter from 14 to
700 nm (Fig. 1B). The size of the liquid-borne liposomes was
analyzed using photon correlation spectroscopy using Zeta-
PALS 90 Plus with particle sizing software (Brookhaven In-
struments Corporation, Holtsville, NY), which determines
hydrodynamic particle diameter. The latter accounts for the
electric double layer around a particle and represents the di-
ameter of a hypothetical sphere that would diffuse at the same
rate as the particle under examination.

During the initial experiments, the produced aerosol was
also characterized using an Aerodynamic Particle Sizer�

(APS) (model 3321; TSI Inc.) in parallel with the SMPS. The
APS (not shown in Fig. 1B) measures the aerodynamic di-
ameter of the particles ranging from 0.5 to 20 lm. However,
based on the obtained data (described in Results), this device
was not used in further experiments.

Analysis of the aerosol mass distributions across
different exposure ports

One of the key attributes of any exposure system is the
ability to expose all test animals to approximately the same
concentration of test aerosol. In addition, day-to-day exper-
iments should also produce similar exposures. Prior to test-
ing the mass distributions across the ports with the DCS, a
series of experiments was performed with airborne fluores-
cent PSL particles of different sizes. Here, a probe was in-
serted into each containment tube so that a probe’s inlet
would be in approximately the same position as an animal’s
nose. The air flow of QS = 25 mL/min through each probe
was provided by a pump with a low-flow adapter (SKC Inc.,
Eighty Four, PA), and the particles were collected on an A/E
glass fiber filter with 1.0-lm pore size (Pall Inc., East Hills,
NY) positioned immediately after the containment tube (Fig.
1B). In addition, particles exiting the exposure chamber were
collected on an exhaust filter of the same type. The four
probes at ports P1, P2, P4, and P5 were operated simulta-
neously. The relative mass concentration of PSL particles
collected on each filter was quantified by a fluorometer
(FM109515; Sequoia-Turner Corp., Mountain View, CA)
using a procedure described elsewhere.(39) In brief, each filter
with collected particles was soaked in 25 mL of ethyl acetate
in a glass container for 4 hr to elute the fluorescein dye from
the PSL particles, and then an aliquot of 100 lL was used to
measure fluorescence intensity from each sample. Using the
data from the five filters, the following two parameters were
calculated: aerosol mass fraction at each exposure port rela-
tive to the aerosol mass collected on all filters (four ports and
exhaust): gTi. We also determined the aerosol mass fraction at
each exposure port relative to the aerosol mass collected at
four ports, gPi. The gPi was calculated as a ratio of fluores-
cence intensity, Ii, on a particular filter recorded by the
fluorometer relative to the sum of intensities on all four fil-
ters from the exposure ports; to calculate the gTi, the fluo-
rescence intensity on the exhaust filter, IEX, was added to the
denominator:

gPi¼
Ii

+
i

Ii
; gTi¼

Ii

+
i

Iiþ IEX
(1)

The gPi indicates whether the mass concentration across the
four ports is uniform. The gTi indicates what fraction of the
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total aerosol is delivered to an inhalation point and could
potentially be inhaled by a test animal, assuming aerosol
losses inside the exposure chamber are minimal. For the sizes
of the tested particles and their velocities in the exposure
system, the particles’ Stokes number as well as their diffusion
coefficient is low, indicating that particle losses would be
minimal. The gTi is important for repeated exposures when
the same aerosolization parameters are used.

The concentration of aerosolized PSL particles was such as
to ensure that the fluorometer reading of each sample was
approximately 10-fold of the background fluorescence of
ethyl acetate, and the measurements were adjusted for
background readings. In addition, the concentrations of all
analyzed samples were within the linearity range of the
fluorometer.

When analyzing the mass distribution of liposomes across
the exposure ports, we used fluorescently tagged liposomes,
and the measurement procedure was the same as for the PSL
particles, except that ethanol was used to extract the fluo-
rescent dye.

In addition, we determined the relationship between
various concentrations of fluorescently tagged liposomes in
liquid (in milligrams per milliliter) and their produced
fluorescence intensity units (FIU). The mass of liposomes
collected on the filters at exposure ports was determined by
soaking each filter in 25 mL of alcohol, measuring the re-
sulting FIU, and using the calibration curve.

Application of the system for in vivo tumor growth
and treatment

Nude nu/nu mice, 6–8 weeks old, were purchased from
Taconic (Hudson, NY). An A549 human lung adenocarci-
noma epithelial cell line transfected with luciferase was
purchased from Xenogen Corporation (Alameda, CA). Can-
cer cells (5–6 · 106) were resuspended in 0.1 mL of Roswell
Park Memorial Institute medium containing 20% fetal bovine
serum, mixed with 5 lmol of ethylenediaminetetraacetic
acid, and administered to the mouse lung through a catheter.
Rapid growth of lung tumor developed in 80% of animals.(5)

The progression of tumor growth was monitored by a bio-
luminescent IVIS imaging system (Xenogen Corporation).
The calibration data are presented elsewhere.(5)

Four weeks after the instillation of tumor cells, groups of
mice were treated on days 0, 3, 7, 11, 14, 17, 21, and 24 with
one of the following drug formulations: (a) intravenous
(i.v.) injection of saline in untreated mice as control; (b) free
DOX via i.v. injection (i.v.-DOX); (c) liposomal DOX via i.v.
injection [i.v.-Lip(DOX)]; (d) liposomal DOX via inhalation
[(inh-Lip(DOX)]; (e) liposomal ASO-FITC via i.v. [i.v.-Lip
(ASO-FITC)]; (f) liposomal ASO-FITC via inhalation [inh-
Lip(ASO-FITC)]; and (g) inhalation of a complex liposomal
DCS containing DOX, MRP1, and BCL2 ASO [inh-Lip
(DOX + ASO)]. There were eight mice in each treatment
group. Inhalation administration was performed with the
exposure system under investigation, and each inhalation
exposure consisted of inhaling room air for 5 min (to allow
the mice to calm down) and then inhalation treatment of
10 min.

The concentration of DOX injected both as the free DOX (i.v.-
DOX) and as liposomal DOX [i.v.-Lip(DOX)] was 50 lg/100lL.
One hundred microliters was injected in each application, and it

resulted in a DOX dose of 2.5 mg/kg per each i.v. application
for a 20-g mouse. This dose corresponds to the maximum tol-
erated dose (MTD) of free DOX (i.v. injection). The MTD of free
DOX was estimated in separate experiments based on animal
weight change after the injection of increasing doses of DOX, as
previously described.(40,41) The applied DOX dose was not
observed to cause significant side effects, and very low levels of
apoptosis induction were registered in healthy organs.(5) The
concentration of ASO in liquid was 2.5 lg/100lL, which yiel-
ded the ASO dose of 0.125 mg/kg per i.v. application. The
concentration of lipids in the nebulizer solution was 5 mg/mL.
For inhalation, the concentration of DOX and ASO in the
nebulizer solution was the same as in i.v. solution, i.e., 50lg/
100lL and 2.5lg/100lL, respectively. The resulting inhalation
dose was estimated based on the experiments with fluorescent
liposomes and fluorescent PSL particles. In the latter experi-
ments, the collection flow rate at each exposure port was
0.025 L/min, and the particles were nebulized and collected for
10 min. The concentration of 0.2-lm PSL particles in the liquid
was 40lg/100lL, i.e., similar to that of DOX. The estimate of
inhaled dose is provided in Results. For each application type,
the drug concentrations and the resulting doses were the same
during all application days.

Once the treatment was completed, the accumulation and
retention of DOX and ASO in the lungs and total volume of
lung tumor were measured using the IVIS imaging system
(Xenogen Corporation), as previously described.(5,25) The
initial tumor volume in all mice was approximately 40 mm3.

Statistical analysis

The obtained data were analyzed using descriptive sta-
tistics, single-factor analysis of variance (ANOVA), and
presented as a mean value – standard deviation (SD) from
five (in vitro) or eight (in vivo) independent measurements.
We analyzed data sets for significance with Student’s t test
and considered p values of less than 0.05 as statistically
significant.

Results and Discussion

Figure 2 presents the relative aerosol mass fraction gPi

across four ports obtained with the fluorescent PSL particles.
As can be seen, the relative mass fraction did not vary sub-
stantially across exposure ports of both chambers. For
Chamber A, the mass fractions ranged from 0.23 to 0.28 for
0.2-lm PSL, from 0.21 to 0.27 for 0.5-lm PSL, and from 0.23
to 0.29 for 1.2-lm PSL. For Chamber B, the mass fractions
ranged from 0.23 to 0.26 for 0.2-lm PSL, from 0.22 to 0.29 for
0.5-lm PSL, and from 0.22 to 0.27 for 1.2-lm PSL.

According to one-way ANOVA test, the mass fractions
across four exposure ports of both chambers in almost all
cases did not differ significantly for different PSL sizes
( p > 0.05). One exception was the distribution of 0.5-lm PSL
across the ports of Chamber A, where the difference was
statistically significant ( p < 0.02). The Bonferroni pairwise
comparisons among the ports of Chamber A showed that
there were statistically significant differences between ports
P1 versus P2 and P2 versus P5 for 0.5-lm PSL particles.
However, when the data for different PSL particle sizes were
pooled, the Bonferroni pairwise comparisons did not show
statistical difference among the four ports. For Chamber B,
there was a statistical difference between ports P1 and P2
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when 0.5-lm PSL particles were used. However, no differ-
ences among the ports were detected when the data pooled
for different particle sizes were analyzed. The average stan-
dard error of the gPi calculated from 12 data points for each
chamber (four exposure ports and three different particle
sizes) was 0.02 for Chamber A and 0.01 for Chamber B. Thus,
the data presented above show that the test PSL particles
were relatively uniformly distributed among the four expo-
sure ports. Although the sampling regime did not mimic the
inhalation–exhalation pattern of a test animal, the data in-
dicate that the test animals would be presented with a sim-
ilar concentration of the test aerosol.

We compared the particle mass collected at each expo-
sure port with the total mass on all filters as described in
Equation 1. The mean aerosol mass fraction for a single port,
gTi, averaged across all ports and all particle sizes was
1.39% – 0.30% for Chamber A and 1.43% – 0.24% for Cham-
ber B. These data indicate that approximately 6% of the total
aerosolized particle mass that entered the distribution
chamber was collected on four filters at exposure ports, and
approximately 94% was collected at the exhaust filter.

As the next step, we investigated the size distribution of
neutral liposomes, especially paying attention to its changes
as a function of aerosolization time. Figure 3 shows the air-
borne liposome size distribution by number normalized to
the size channel width at different aerosolization times,
whereas Figure 4 shows the mean particle size in the air and
liquid at different aerosolization times.

For freshly prepared liposomes, the mean particle size by
number was approximately 130 nm and geometric standard
deviation was 1.76. The mass median diameter of this size
distribution was approximately 270 nm. As mentioned in
Materials and Methods, in the initial experiments we also
used an APS to check for the presence of particles too big to
be detected by the SMPS. The measurements with the APS
(results not included in Fig. 3) indicated that approximately
0.03% of all aerosolized particles were larger than 0.5 lm,
and that they made up approximately 10% of the produced
aerosol mass. If the APS data are added to the size distri-
bution measured by the SMPS, then the median particle size
by number and geometric standard deviation does not
change, whereas the mass median diameter increases from

270 nm to approximately 285 nm. From these data, it was
clear that the vast majority of the micrometer-sized droplets
produced by the Collison nebulizer are desiccated by the
time they reach the exposure points. As a result, we focused
on the results from the SMPS measurements only.

According to Figure 3, the airborne particle size distribu-
tion as measured by the SMPS did not vary substantially
over 60 min of aerosolization time. For comparison, experi-
ments with certain bacteria have shown that the stress of
continuous aerosolization by a Collison nebulizer results in
fragmentation of the bacteria, which could be observed as an
increased presence of particles smaller than the mean size of
the bacteria.(42) Figure 3 does not show a change in airborne
liposome size distribution, which indicates that the lipo-
somes were not substantially damaged during their contin-
uous aerosolization for 60 min. In fact, as shown in Figure 4,
the mean particle diameters in liquid and in air showed little
change over that time period. The mean liposome diameter
in liquid (hydrodynamic diameter) varied from 127 to
135 nm, whereas their mean diameter in air (electrical mo-
bility diameter) was 132 nm after 15 min of aerosolization
and 131 nm after 60 min of aerosolization. The differences

FIG. 2. Relative aerosol mass fraction at each port, gPi. PSL particles of different sizes were used. Means – SD from three
independent measurements are shown.

FIG. 3. Size distribution by number of airborne neutral li-
posomes as a function of aerosolization time. Means from
three measurements are shown.
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were not statistically significant for both media. The data in
Figures 3 and 4 show that the employed DCS aerosolization
method (Collison nebulizer) does not substantially affect the
size distribution of liposomes as a function of aerosolization
time and could be used to deliver the DCS to test animals
without damaging the DCS.

The data presented above indicated that approximately the
same aerosol mass concentration was delivered to each ex-
posure port when the PSL particles were used, and that the
neutral liposomes did not suffer substantial damage when
aerosolized for up to 60 min. In the next step, we investigated
the uniformity of liposome mass concentration across expo-
sure ports. Here, the experimental conditions were the same
as described above, and experiments were performed with
Chamber A only. Figure 5 presents the two mass concentra-
tion factors, gPi and gTi, when neutral and cationic liposomes
were aerosolized and sampled from the exposure ports. The
relative aerosol mass fraction at each port, gPi, ranged from
0.22 to 0.29 for neutral liposomes and from 0.22 to 0.28 for
cationic liposomes. The differences among ports in both cases

were not statistically significant. The fraction of the aerosol
mass that entered the distribution chamber and was measured
at each port, gTi, ranged from 0.01 to 0.014 for neutral lipo-
somes and from 0.008 to 0.01 for cationic liposomes. There
was no statistically significant difference among ports for both
liposome types. The average mass fraction for neutral lipo-
somes was 0.012 – 0.001, and for cationic liposomes it was
0.009 – 0.001; according to the ANOVA test, the difference was
statistically significant ( p < 0.05). The difference might have
been due to a different particle size. As measured in liquid, the
average hydrodynamic diameter of neutral liposomes was
approximately 130 nm, whereas that of cationic liposomes was
approximately 80 nm. Nonetheless, as the relative mass dis-
tributions across ports were similar for both liposome types,
the test animals would be presented a similar aerosol mass
concentration.

In the next step of the study, we used the investigated
exposure system to deliver liposomes containing DOX and
ASO to test animals with lung tumors. Based on the experi-
ments with fluorescent PSL particles and fluorescent lipo-
somes as described above and inhalation conditions (25 mL/min
for 10 min), we estimate that for DOX and ASO nebulizer
concentrations of 50 lg/100 lL and 2.5 lg/100 lL, respec-
tively, each mouse would have inhaled approximately
0.28 lg of DOX and 0.014 lg of ASO per inhalation session.
These concentrations take into account particle losses oc-
curring in the exposure system. For i.v. injections, the doses
were 50 lg of DOX and 2.5 lg of ASO per injection.

The retention of the drugs delivered by liposomes via in-
halation to the animal lungs was compared with the reten-
tion of the same drugs delivered by i.v. injection, and the
results are presented in Figure 6. It was found that when
DOX and ASO were delivered by inhalation, their concen-
trations in the lungs were higher and they were retained for a
much longer time period compared with the same parame-
ters from i.v. injection (Fig. 6A and B). DOX and ASO were
completely eliminated from the lungs in 2 days after i.v. in-
jection (Fig. 6A and B, curves 1). In contrast, after inhalation
delivery, more than 50% of the maximum DOX and ASO
concentration was observed in the lungs after 2 days, and a
substantial amount remained after 3 days (Fig. 6A and B,
curves 2). The overall lung exposure calculated as area under
the curve (AUC) was 5.8 to 6.5 times higher after inhalation

FIG. 4. Mean sizes of neutral liposomes as a function of
aerosolization time. The data from liquid measurements
represent mean hydrodynamic diameter, whereas the aero-
sol data represent electrical mobility diameter. Means – SD
from three independent measurements are shown.

FIG. 5. Mass fractions of neutral and cationic liposomes at each exposure port. Means – SD from three independent mea-
surements are shown.
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delivery when compared with the i.v. injection (compare
bars 1 and 2 in Fig. 6A and B). Therefore, the inhalation
delivery of complex DCS substantially increased the overall
exposure of the lung tissue to the anticancer drug and ASO.
Similar data were obtained for liposomal delivery of DOX
combined with siRNA (data not shown). This was despite
the fact that the amount of drugs available for direct inha-
lation was estimated to be substantially lower compared
with i.v. injection as described above.

We also observed that a higher retention of active drug
components after inhalation delivery by liposomes enhanced
the antitumor efficiency of the therapy compared with other
delivery methods (Fig. 6C). The efficiency of the delivery
method was analyzed by measuring the final tumor volume
in mice treated seven times within a 24-day span with the
following: (1) i.v. injection of saline as control; (2) i.v. injec-
tion of free DOX (i.v.-DOX); (3) i.v. injection of liposomal
DOX [i.v.-Lip(DOX)]; (4) inhalation of liposomal DOX [inh-
Lip(DOX)]; and (5) inhalation of complex liposomal carrier
system (DCS) containing DOX and ASO targeted to MRP1
and BCL2 mRNA [inh-Lip(DOX + ASO)]. Although the i.v.
treatment of mice bearing lung tumors using free DOX and
liposomal DOX led to a moderate (but statistically significant)
decrease in the total volume of lung tumor [i.v.-DOX and i.v.-
Lip(DOX), respectively], a greater reduction in tumor volume
was achieved by using inhalation treatment with liposomal
DOX [inh-Lip(DOX)]. The reduction was statistically different
from the control and treatments using i.v. injection of free
DOX (i.v.-DOX) and liposomal DOX [i.v.-Lip(DOX)]. How-
ever, the greatest reduction in tumor volume was achieved

using inhalation administration of liposomal carrier system
containing DOX and ASO targeted to MRP1 and BCL2
mRNA [inh-Lip(DOX + ASO)]. Here, the tumor volume de-
creased by more than 90% compared with the control treat-
ment (Fig. 6C, compare bars 1 and 5). The tumor volume after
this treatment was substantially and statistically significantly
lower compared with other treatments. Thus, it seems that the
suppression of cellular resistance by ASO targeted to BCL2
and MRP1 mRNA significantly enhanced the efficacy of li-
posomal DOX and allowed a substantial reduction in tumor
volume to be achieved. Again, this was achieved by having a
substantially lower amount of drugs available for direct in-
halation compared with i.v. injection as described above. The
observed results suggest a great potency of using complex
liposomal DCS delivered via inhalation to treat lung cancer.

Conclusions

In this study, we successfully characterized a five-port
nose-only exposure system for small animals and used the
system for inhalation delivery of DCS containing an anti-
cancer drug, ASO, and siRNA to experimental animals. Our
experiments showed that the test PSL particles were rela-
tively uniformly distributed among the four used exposure
ports. The same result was achieved for neutral liposomes
and cationic liposomes. Another important finding of the
system characterization was that the liposomal DCS did not
appear to be damaged by a continuous aerosolization of
60 min. The delivery of liposomes containing DOX and ASO
to test animals with lung tumors using the investigated

FIG. 6. Local inhalation codelivery of anticancer drug and suppressors of pump and nonpump resistance increases accu-
mulation of active components in the lungs and enhances treatment of lung cancer. (A, B) Retention of liposomal DOX (A)
and ASO (B) in lung tissues after i.v. injection (curve 1) and inhalation (curve 2). The fluorescence of DOX and ASO labeled
with FITC was measured in the excised lungs within 10 days after completion of the treatment. Normalized per organ weight
levels of fluorescence were plotted versus time, and an area under the curve (AUC) was calculated. Means – SD are shown.
*p < 0.05 when compared with i.v. injection. (C) Antitumor activity of different liposomal formulations in mice bearing
orthotopic model of human lung tumor. (1) i.v. injection of saline in untreated mice as control; (2) i.v. injection of free DOX
(i.v.-DOX); (3) i.v. injection of liposomal DOX [i.v.-Lip(DOX)]; (4) inhalation of liposomal DOX [inh-Lip(DOX)]; and (5)
inhalation of complex liposome-based DCS containing DOX and ASO targeted to MRP1 and BCL2 mRNA [inh-Lip
(DOX + ASO)]. Means – SD are shown.*p < 0.05 when compared with untreated animals; {p < 0.05 when compared with i.v.
injection of liposomal DOX [i.v.-Lip(DOX)]; {p < 0.05 when compared with liposomal DOX delivered by inhalation [inh-
Lip(DOX)].
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system clearly indicated the superiority of inhalation deliv-
ery of the anticancer drugs together with pump and non-
pump resistance suppressors compared with the i.v. injection
or inhalation of anticancer drugs alone in liposomal form.
First, when drugs were delivered by inhalation, the lungs
received higher doses compared with i.v. injection of the
same amount of drug. Second, a much greater reduction of
tumor volume was observed after inhalation delivery of
DOX and ASO targeted to MRP1 and BCL2 mRNA com-
pared with i.v. injection or inhalation delivery of DOX alone
in liposomes. Thus, our data suggest that the use of the in-
vestigated exposure system to deliver complex DCS con-
taining anticancer drugs together with pump and nonpump
resistance suppressors offers a superior method for lung
cancer treatment compared with i.v. injections. At the same
time, we recognize that further investigation of inhalation
delivery of anticancer drugs, including dose-effect analysis,
requires more rigorous study of inhaled and deposited drug
dose, which will be the focus of our future investigations.

Acknowledgments

This work was supported in part by CA111766 NIH grant.
We thank Dr. D.C. Reimer from Rutgers Lab Animal Services
for his help with the development and implementation of an
orthotopic mouse model of lung cancer.

Author Disclosure Statement

No conflicts of interest exist for any of the authors.

References

1. Molina JR, Yang P, Cassivi SD, Schild SE, and Adjei AA:
Non-small cell lung cancer: epidemiology, risk factors,
treatment, and survivorship. Mayo Clin Proc. 2008;83:584–
594.

2. Parkin DM, Bray F, Ferlay J, and Pisani P: Global cancer
statistics, 2002. CA Cancer J Clin. 2005;55:74–108.

3. Minko T, Dharap SS, Pakunlu RI, and Wang Y: Molecular
targeting of drug delivery systems to cancer. Curr Drug
Targets. 2004;5:389–406.

4. Pakunlu RI, Cook TJ, and Minko T: Simultaneous modulation
of multidrug resistance and antiapoptotic cellular defense by
MDR1 and BCL-2 targeted antisense oligonucleotides en-
hances the anticancer efficacy of doxorubicin. Pharm Res.
2003;20:351–359.

5. Garbuzenko OB, Saad M, Pozharov VP, Reuhl KR, Mainelis
G, and Minko T: Inhibition of lung tumor growth by com-
plex pulmonary delivery of drugs with oligonucleotides as
suppressors of cellular resistance. Proc Natl Acad Sci USA.
2010;107:10737–10742.

6. Taratula O, Garbuzenko OB, Kirkpatrick P, Pandya I, Savla
R, Pozharov VP, He H, and Minko T: Surface-engineered
targeted PPI dendrimer for efficient intracellular and in-
tratumoral siRNA delivery. J Control Release. 2009;140:284–
293.

7. Pakunlu RI, Wang Y, Saad M, Khandare JJ, Starovoytov V,
and Minko T: In vitro and in vivo intracellular liposomal
delivery of antisense oligonucleotides and anticancer drug.
J Control Release. 2006;114:153–162.

8. Saad M, Garbuzenko OB, and Minko T: Co-delivery of
siRNA and an anticancer drug for treatment of multidrug-
resistant cancer. Nanomedicine. 2008;3:761–776.

9. Thompson DC: Pharmacology of therapeutic aerosols. In: AJ
Hickey, (ed). Pharmaceutical Inhalation Aerosol Technology
(Drugs and Pharmaceutical Sciences), 2nd ed. Marcel Dekker,
Inc., New York; pp. 29–59, 2003.

10. Torchilin VP: Drug targeting. Eur J Pharm Sci. 2000;11:S81–
S91.

11. Anonymous. Inhaler for penicillin. Lancet. 1946;i:986.
12. Melani AS: Inhalatory therapy training: a priority challenge

for the physician. Acta Biomed. 2007;78:233–245.
13. Valle MJ, González López F, and Sánchez Navarro A: Pul-

monary versus systemic delivery of levofloxacin. The iso-
lated lung of the rat as experimental approach for assessing
pulmonary inhalation. Pulm Pharmacol Ther. 2008;21:298–
303.
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