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Abstract Purpose: The plant alkaloid camptothecin
(CPT) has shown signi®cant antitumor activity against a
wide variety of human tumors xenografted in nude mice.
In previous studies we have found that administration of
dilauroylphosphatidylcholine (DLPC) liposome aerosols
containing 9-nitrocamptothecin (9-NC) inhibits the
growth of human breast, colon and lung cancer xeno-
grafts. The purpose of this study was to analyze the
pharmacokinetics and tissue distribution of inhaled CPT
formulated in DLPC liposomes. Methods: C57BL/6
mice with subcutaneous Lewis lung carcinoma, Swiss
nu/nu mice with human lung carcinoma xenografts and
BALB/c mice without tumors were used for pharmaco-
kinetic studies of CPT administered as a liposome
aerosol and BALB/c mice were given CPT intramuscu-
larly. Results: After 30 min inhalation of CPT liposome
aerosol, drug was deposited in the lungs (310 ng/g) and
was followed promptly by the appearance of high con-
centrations in the liver (192 ng/g) and with lesser
amounts appearing in other organs. Drug concentration
in the brain was 61 ng/g. After intramuscular injection
of CPT dissolved in DMSO, drug was released from the
site of injection very slowly and accumulated mainly in
the liver (136 ng/g). Only trace amounts appeared in the
lungs (2±4 ng/g). These results demonstrate a prompt
pulmonary and later systemic distribution of CPT fol-
lowing liposome aerosol administration. Conclusions:
The substantial concentrations of CPT in lungs and
other organs following inhalation of liposome aerosol
suggest the possible bene®t of it and of its more active

derivative, 9-NC, in the treatment of lung, liver, kidney
and brain cancer in humans.
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Introduction

Camptothecin (CPT), a plant alkaloid, exhibits signi®-
cant in vivo activity against a broad spectrum of human
tumor xenografts in athymic mice, including cell lines
resistant to many clinically used chemical agents [8, 11,
13, 19]. The intracellular target of camptothecin and its
derivatives is topoisomerase I [14], which is active during
the S-phase of cell replication.

Along with their anticancer activity, these drugs
possess signi®cant toxic e�ects, particularly myelosup-
pression [17, 18]. We attempted to circumvent this
problem by incorporating CPT and its 9-nitro derivative
(9-NC) into liposomes and administering them in small-
particle aerosol. In other studies it has been shown that
liposomes can be e�ectively used as carriers for CPT and
its derivatives [3, 6, 7, 9, 22]. Liposomes could also po-
tentially protect the drugs from binding by albumin
which, in humans, has high a�nity for the carboxyl
form of the drug, thus leading to the depletion of the
active lactone forms [4, 5]. Moreover, by deposition
within the lungs where there is little albumin [20], and
with rapid transit to sites of cancer, more of the lactone-
mediated e�ect could be preserved.

A previous report has described treatment of human
breast, colon and lung cancer xenografts in nude mice
principally with the 9-NC derivative delivered by lipo-
some aerosol [15, 16]. The results were very favorable
with signi®cant tumor regression in these studies. The
daily calculated doses associated with suppression of the
tumor growth ranged from 0.008 to 0.153 mg/kg, ad-
ministered 5 days weekly for several weeks. In one study,
0.306 mg/kg per day was given for a short period. These
doses were signi®cantly lower than the generally used
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e�ective dose in mice of 1.0 mg/kg per day, 5 days per
week for several weeks given by direct injection of an
oily suspension of the drug into the stomach of nude
mice with human cancer xenografts [12].

In the present study the pharmacokinetics of CPT in
mice following inhalation of a small-particle aerosol
containing the drug-liposomal formulation were exam-
ined. CPT was chosen for these pharmacokinetic studies
because it is a highly ¯uorescent compound and can be
detected in nanogram amounts in tissues and body ¯u-
ids. While the 9-NC derivative has more potent anti-
cancer activity [12, 15, 16], the limit of sensitivity of the
assay precludes its use for pharmacokinetic studies at the
doses delivered by aerosol.

Materials and methods

Chemicals

20-(S)-CPT was purchased from Sigma (St. Louis, MO). 9-NC was
a gift from Dr. B. Giovanella of the Stehlin Institute for Cancer
Research, Houston, Tx, and was >99% pure as determined by
HPLC analysis. Dilauroylphosphatidylcholine (DLPC) was pur-
chased from Avanti Polar Lipids (Alabaster, Ala.). Tertiary buta-
nol (t-butanol) and acetonitrile were obtained from Fisher
Scienti®c. Sterile, pyrogen-free water for irrigation came from
Baxter Healthcare Corporation (Deer®eld, Ill). Dimethylsulfoxide
was purchased from Sigma.

Mice

Nu/nu Swiss immunode®cient nude mice of the NIH-1 high-fer-
tility strain were obtained from the Stehlin Foundation for Re-
search, Houston, Tx. These mice had been implanted with human
lung adenocarcinoma cells (SPA) over the thorax and had served as
chemotherapy controls for several weeks. Female BALB/c and
C57BL/6 mice were purchased from Harlan Sprague Dawley,
Indianapolis, Ind. Food was removed from the animals approxi-
mately 18 h before the start of the experiment.

Murine Lewis lung carcinoma

Murine Lewis lung carcinoma cells (LLC1) were obtained from the
American Type Culture Collection (Rockville, Md.). LLC1 cells in
the pharmacokinetic studies were obtained from subcutaneous tu-
mors after homogenization with scissors and ®ltration through a
sieve. Cell suspensions were washed with DMEM supplemented
with 10% fetal calf serum with L-glutamine and 1% antibiotic-
antimycotic mixture. Medium supplements were purchased from
Gibco (Grand Island, N.Y.). C57BL/6 mice were injected subcu-
taneously (s.c.) over the thorax with 106 cells suspended in saline
and were used for study 10±14 days after injection.

Drug administration

Aerosol was administered to groups of mice in sealed plastic cages
or from a nose-only exposure chamber (Small Animal Exposure
Chamber System, In-Tox Products, Albuquerque, N.M.). Aerosol
was generated from an Aerotech II nebulizer ¯owing at 10 l/min
(CIS USA, Bedford, Mass.) connected by accordion tubing (1 cm
inside diameter) to the aerosol entry ori®ce of the plastic cage or the
nose-only exposure system. E�uent aerosol was discharged from
an opening at the end of the cage or at the top of the nose-only
exposure chamber. The aerosol particles had a mass median
aerodynamic diameter (MMAD) of 1.6 lm and a geometric stan-

dard deviation of 2.1 as determined using an Andersen cascade
impactor. The concentration of CPT in the aerosol was 9.0 lg/l.
Aerosol exposure was begun at zero time and at 15 min three mice
were sacri®ced. The remaining mice were continued on treatment
until 30 min had elapsed, when aerosol treatment was stopped. At
this time, three additional mice were sacri®ced and then three each
at various times after cessation of aerosol exposure.

In all aerosol studies the initial drug concentration in the ne-
bulizer was 0.5 mg CPT and 25 mg DLPC per 1 ml water. The
inhaled aerosol dosage of CPT, was 40.5 and 80.9 lg/kg, for 15-
and 30-min exposures, respectively. The dosage (D) was calculated
from the following formula:

D � C� V�DI� T

where C is the concentration of the drug in aerosol measured in the
Andersen cascade impactor [2] (in the present study it was 9.0 lg/l
CPT), V is the volume of air inspired by the animal (1 ml/min per g
body weight [21]), DI is the estimated deposition index (fraction of
inhaled dose deposited in the respiratory tract; for mice DI = 0.3
[10]), and T is the duration of treatment (min). Values given in
Tables 1±5 have been corrected for concentrations measured in
untreated mice.

Table 1 Tissue distribution of CPT in BALB/c mice during and
after a 30-min inhalation of CPT-DLPC aerosol in a sealed plastic
cage. During this treatment (at 15 min) three mice were removed
from the cage and sacri®ced. The drug dose for the 30-min ex-
posure was 80.9 lg/kg. When the treatment was stopped, three
animals were sacri®ced immediately and then three each at 40, 60
and 90 min counting from the beginning of treatment. Values are
mean CPT concentration �SD (ng/g tissue)

Organ 15 min 30 min 40 min 60 min 90 min

Lungs 181 � 153 179 � 127 45 � 23 9 � 13 1 � 2
Liver 29 � 14 132 � 38 166 � 34 124 � 177 64 � 24
Spleen 5 � 5 16 � 11 30 � 26 11 � 11 4 � 8
Kidney 28 � 15 52 � 13 33 � 9 11 � 10 7 � 6
Blood 8 � 8 12 � 4 24 � 15 18 � 19 2 � 3

Table 2 Tissue distribution of CPT in Swiss nude mice following
30 min inhalation of CPT-DLPC aerosol in a nose-only exposure
chamber. The drug dose was 80.9 lg/kg. When the treatment was
stopped, three animals were sacri®ced immediately (30 min) and
then three more were sacri®ced 15 min later (45 min). Values are
mean CPT concentration �SD (ng/g tissue)

Organ 30 min 45 min

Lungs 638 � 580 36 � 11
Liver 90 � 36 213 � 101
Spleen 26 � 13 50 � 17
Kidney 146 � 127 123 � 27
Blood 39 � 2 50 � 20
Tumor 14 � 8 19 � 4

Table 3 Distribution of CPT in C57B/6 mice with subcutaneous
Lewis lung carcinoma during and after 30 min of inhalation
of CPT-DLPC in a nose-only exposure chamber. Except for
the ``nose-only'' treatment, the procedure was as described for
Table 1(n = 3 for each time-point)

Organ 15 min 30 min 40 min 60 min 90 min

Lungs 84 � 39 113 � 87 182 � 185 66 � 60 41 � 24
Liver 48 � 44 86 � 26 198 � 148 47 � 44 11 � 10
Kidney 43 � 12 88 � 34 59 � 24 23 � 13 8 � 3
Spleen 42 � 41 38 � 7 15 � 6 15 � 6 7 � 5
Blood 18 � 6 26 � 6 16 � 6 15 � 2 5 � 2
Tumor 12 � 0.4 39 � 14 32 � 30 16 � 3 7 � 3
Brain 6 � 6 61 � 80 15 � 4 11 � 5 9 � 1
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Intramuscular (i.m.) injections were made with a 26-gauge
needle into the thigh muscles of the mice. Initial CPT stock in
DMSO (10 mg/ml) was diluted with saline up to 0.14 mg/ml CPT
and 50 ll was injected into each animal (approximately 233 lg/kg).

Extraction procedure for CPT from tissues

After sacri®ce, organs were resected and speci®ed amounts of 9-NC
in DMSO were added as an internal standard to estimate the ex-
traction e�ciency. Organs were frozen in liquid nitrogen and kept
at )20 °C. Before extraction, samples were melted and 1.0 ml of
0.1% acetic acid in water extraction solution (pH 4.5) was added to
each sample. Organs were homogenized on a mini-beadbeater
(Wig-L-Bug, Model # 3110B, Crescent Dental MFR. Co., Lyons,
Ill.) for 1 min and homogenates were centrifuged at 16 000 rpm for
5 min. Supernatant fractions were collected and reextraction was
performed with 8 ml methylene chloride. The organic fraction was
separated and dried by air ¯ow at room temperature. The dried
extracts were reconstituted in 0.1 ml acetonitrile and analyzed by
HPLC.

HPLC analysis

A Waters 710B WISP automatic injector and a Waters Nova-Pak
C18 column (3.9 ´ 150 mm; Waters, Milford, Mass.) at room
temperature were used to quantitate CPT and 9-NC. The mobile
phase was composed of 30% acetonitrile and 70% water containing
0.1% glacial acetic acid (pH 3.5). The ¯ow rate was 1.2 ml/min.
CPT was detected using a Waters 470 scanning ¯uorescent detector
set to excitation and emission wavelengths of 370 and 440 nm,
respectively. 9-NC was detected using a Waters 440 UV absor-
bance detector monitoring at 254 nm. The data were analyzed with
Waters Millenium software. This extraction procedure converts all
of the drug to the lactone form.

The extraction e�ciency was di�erent for the di�erent organs:
the highest extraction values were obtained for blood (41 � 13%),
spleen (39 � 7%), lungs (34 � 6%) and kidneys (32 � 5%).

Statistics

For comparisons of CPT concentrations in the same tissues at the
same times in the three di�erent mouse strains the unpaired t-test,
two tailed (Microsoft Excel software) was used. For comparisons
of drug concentrations in di�erent tissues at the same sampling
time the unpaired t-test was also used. For comparisons of con-
centrations in the same organ or tissue at di�erent times of sam-
pling the Mann-Whitney Rank Sum test (Primer of Biostatistics
software) was used.

Results

Aerosol treatment

Table 1 shows the mean concentrations of CPT in or-
gans of BALB/c mice during and after a 30-min inha-
lation of CPT-DLPC liposome aerosol. The highest
concentrations of the drug were detected in the lungs.
The levels were 181 � 153 ng/g after 15 min and
179 � 127 ng/g after 30 min. Substantial concentra-
tions were ®rst detected in the liver at 30 min
(132 � 38 ng/g). Other organs had lower mean
concentrations of CPT, but similar clearance patterns.

Two other animal models were used to detect CPT
amounts in the tumor besides the other main organs.

Table 4 Tissue distribution in BALB/c mice at various times up to 120 min after a single i.m. injection of CPT in DMSO at a dose of
0.233 mg/kg (7 lg). Values are mean CPT concentration �SD (ng/g tissue) (n = 3 for each time-point)

Organ 1±3 min 30 min 60 min 120 min

Lungs 2 � 2 4 � 2 3 � 3 4 � 3
Liver 3 � 2 87 � 74 136 � 107 126 � 116
Kidney 2 � 0 40 � 14 26 � 7 15 � 5
Spleen 2 � 2 18 � 9 11 � 5 5 � 2
Blood 2 � 2 12 � 5 8 � 1 4 � 2
Injection site 6918 � 260 4309 � 1548 4609 � 1412 1544 � 751

Table 5 Concentration of CPT in ®ve organs and tumor(s) of mice
treated for 30 min with CPT liposome aerosol at a dose of
0.081 mg/kg and in ®ve organs and tumor(s) of mice treated by the
oral, intravenous and intramuscular routes with tritiated CPT in a
lipid dispersion at a dose of 4 mg/kg. The data for the aerosol
administration are pooled from the three mouse strains used (see
Fig. 1). The data for the other routes of administration are from
reference 1 for which the conversion of 1 nCi = 13.3 ng of CPT
was used. Values are ng CPT/g tissue. The mean concentrations of

CPT in ®ve organs and tumor(s) of mice in the aerosol group were
compared using Student's t-test, two-tailed, with each of the three
non-aerosol treatment groups at both time-points and within the
non-aerosol group when indicated. At 2 h, mice treated in-
tramuscularly had signi®cantly higher CPT concentrations than the
aerosol-treated mice (P = 0.004) and, in addition, at 2 h mice
treated intravenously had signi®cantly lower concentrations than
mice treated intramuscularly (P = 0.049)

Organ Aerosol Oral Intravenous Intramuscular

30 min 90 min 30 min 120 min 30 min 120 min 30 min 120 min

Lungs 310 17 43 5.3 32 36 44 170
Tumor 26 6.8 31 6.0 36 56 42 57
Brain 61 9.0 37 2.7 12 4 27 74
Blood 26 3.2 39 5.3 23 19 60 144
Liver 103 42.9 137 21.3 50 54 105 118
Kidney 95 7.2 243 210 109 146 176 294

Mean 104 14.4 88 42 44 53 76 143
SD 106 14.7 86 83 35 50 56 85
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Table 2 represents tissue distribution of CPT in Swiss
nu/nu mice with s.c.-implanted tumor. Although we
found higher mean concentrations of drug in the lungs
and kidneys of these animals after 30 min of aerosol
treatment, these values were not signi®cantly di�erent
from those of the other strains of mice (P > 0.05, Stu-
dent t-test, two-tailed). CPT concentrations in the tumor
reached 14 � 8 ng/g at the end of 30 min aerosol
treatment and were still at the same level 10 min after
the end of treatment (19 � 4 ng/g).

In the other experiment with C57BL/6, mice with s.c.
Lewis lung carcinoma (Table 3) the highest mean con-
centration in the tumor was detected at the end of 30-
min aerosol treatment and reached 30 � 14 ng/g. In
this experiment we studied CPT deposition in the brain,
and 61 � 80 ng/g was detected in the brain also at the
end of aerosol treatment.

Pooling the data from all three strains of mice (Fig. 1)
showed that more than 90% of sets of the 48 values at
the same sampling times were not signi®cantly di�erent
(P > 0.05, Student t-test, two tailed). Statistical analysis
by the Mann-Whitney Rank Sum test showed that peak
values for lungs, liver and kidney were signi®cantly
higher than the values obtained at later time-points,
whereas for the spleen, blood, tumor and brain they
were not signi®cantly di�erent (data not shown). It was
also shown (P > 0.05, Student t-test, two tailed) that
concentrations in livers and lungs did not di�er from
each other at the 30- and 40-min time-points.

Analysis of the area under the organ concentration-
time curve (AUC) over the 90-min period (Fig. 1) using
the trapezoidal rule gave the following AUC values for
lungs, liver, kidneys, spleen, blood and tumor: 8713,
7551, 3433, 1514, 1444, and 1392 ng CPT á min/g of
tissue, respectively.

Intramuscular injections

Table 4 shows the distribution of drug in BALB/c mice
following an approximate i.m. dose of 233 lg/kg dis-
solved in DMSO. This dose was higher than the esti-
mated aerosol dose in order to achieve the detectable
amounts of drug in the organs. Mice were sacri®ced at
the times indicated in Table 4. After i.m. injection,
CPT was released from the site of injection very
slowly. About 60% of the drug was still present in the
muscle tissue 1 h after injection and 20% after 2 h. A
small amount of drug reached the liver, with some
additional deposition in the kidney. Only trace
amounts of CPT were found in the lungs.

Comparison of aerosol dosage with other routes of
administration of CPT

Table 5 shows a quantitative comparison of aerosol
dosing (present report) with previously reported oral,
intravenous and intramuscular dosing of CPT in mice
[1]. The aerosol consisted of CPT in liposomes, while for
the other routes of administration CPT was dispersed as
a ®ne emulsion in Intralipid 20. The comparison of ef-
®ciency of drug penetration was based on CPT recov-
ered from ®ve organs and tumor(s) of aerosol-treated
mice at 30 min and 1.5 h after the start of a 30 min
aerosol treatment, and similarly from mice given CPT in
lipid dispersion by oral, intravenous and intramuscular
routes when examined for tritiated label at 30 min and
2 h after dosing. The dosage by aerosol was 81 lg/kg
while the dose for the non-aerosol routes of adminis-
tration was 4 mg/kg. The ratio of aerosol to non-aerosol
dosage was, therefore, 1:50. Table 5 shows that the tis-
sue concentrations of CPT were considerably greater
after aerosol treatment at 30 min than after adminis-
tration by the other routes. At 2 h, concentrations in
mice treated by the non-aerosol routes were reversed,
being three to ten times greater in the non-aerosol-
treated animals. However, if consideration is given to
the 50-fold greater dose to the non-aerosol treated
groups, the aerosol provided quicker penetration and
relatively larger concentrations in the ®ve organs and
tumor(s) of the mice that were examined.

Discussion

Aerosol drug delivery represents an e�ective method for
targeting inhaled drugs to the pulmonary tissues. How-
ever, about 30% of inhaled drug in a particle range of 1±
2 lm MMAD in mice will deposit in the respiratory
tract [10]. Of the deposited amount more than 1one-half
will remain in the nasopharynx while the remainder will
reach the lungs. Of the inhaled particles, 70% will not
deposit and will be exhaled. Particles deposited in the
nose and head will be transported promptly by mu-
cociliary action to the ori®ce of the esophagus and

Fig. 1 Pooled results of CPT tissue distribution in the three strains
of mice following a 30-min liposome aerosol treatment. Data for 40
and 45 min were combined and are plotted as 42.5 min (d lungs,
n liver, h kidney, j spleen, m blood, s tumor)
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swallowed, and some of the particles deposited in the
central airways will also be carried into the esophagus. It
is a reasonable approximation that about 12% of the
inhaled particles will reach the lungs.

In previous studies [15, 16], we have shown that ad-
ministration of equal amounts of 9-NC-DLPC (up to
about 0.15 to 0.2 mg/kg per day) orally or via aerosol to
nude mice bearing cancer xenografts leads to tumor re-
gression only in aerosol-treated mice. Thus, the drug
that reaches the stomach during aerosol treatment
probably has very little antitumor e�ect, while the
smaller fraction of drug deposited in the lungs provides
the therapeutic e�ect. It follows from this hypothesis
that a good portion of the drug found in organs of mice
in the present study, except the gastrointestinal tract,
must have come primarily from the fraction that was
deposited in the lungs.

Within a few minutes after the end of aerosol treat-
ment, in all three strains of mice, lung concentrations
decreased slowly and liver concentrations increased to
amounts almost equal to that in the lungs, with smaller
amounts appearing in other organs. In the study of
C57BL/6 mice, concentrations of CPT in the brain were
measured and the mean concentrations were similar in
trend, but lower, than kidney concentrations.

Prior to the present study, i.m. injections were shown
to be the most e�ective route for CPT administration to
immunode®cient mice bearing human cancers; oral ad-
ministration was less e�ective and i.v. injection had little
e�ect [11, 19]. The oral route of treatment was found to
be e�ective in humans [17, 23]. Our studies of CPT de-
position in tissues after i.m. injection of CPT dissolved
in DMSO showed that 20±30% of the injected drug was
retained at the site of injection for a long period, with
gradual accumulation in the liver. No CPT was mea-
surable in the lungs during the 2-h period of observa-
tion. However, Ahmed et al. have shown substantial
absorption of CPT given i.m. in lipid suspension
(Table 5). Smaller amounts appeared in the kidneys with
still smaller amounts in the spleen and blood. We have
previously reported [15, 16] that a 9-NC-DLPC i.m. dose
comparable to the aerosol dose inhibits the growth of a
human lung cancer xenograft in nude mice, but the e�ect
is signi®cantly less than that observed with 9-NC lipo-
some aerosol treatment.

The foregoing ®ndings suggest that aerosol has an
advantage in treatment. This may be because the albu-
min concentration in tracheal and bronchial surface
liquids is only 1±2% of the plasma concentration (0.5±
0.7 mg/ml [20]) and because the drug probably reaches
the tumor quickly by the arterial circulation, possibly
preserving more of the lactone form of the drug.

Another basis for the better response is shown in
Table 5: the CPT dosage in liposome aerosol in the pres-
ent study was 1/50th of the dosage by oral, intravenous
and intramuscular routes of a lipid-CPT formulation [1].
Yet, at 30 min following treatment concentrations ofCPT
in the organs of the aerosol-treated mice were 1.18 to 2.36
times greater than those in the non-aerosol-treated mice.

At 1.5 to 2.0 h after the start of treatment, the situation
was reversed with concentrations of CPT in non-aerosol-
treated mice three to ten times greater than in the aerosol-
treated animals. Despite these higher concentrations of
CPT in organs of non-aerosol-treated mice, when ad-
justed for the 50-fold margin of di�erence in dosage, the
aerosol route overall produced higher concentrations of
CPT than the other treatments and with a shorter time to
peak concentrations.

The formulations used and the methods of assay may
also have had some role in these di�erences, but it is
reasonable to suppose that the aerosol route of treat-
ment with liposomal CPT is the major basis for the
di�erences observed.
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