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Purpose. To demonstrate the importance of dose and drug release rate
for pulmonary targeting of inhaled glucocorticoids using an animal
model of intrapulmonary drug deposition.

Methods. Liposomes composed of 1,2-distearoyl phosphatidylcholine
(DSPC), 1,2-distearoyl phosphatidylglycerol (DSPG) and triamcino-
lone acetonide phosphate (TAP) or liposomes containing triamcinolone
acetonide (TA) were prepared by a mechanical dispersion method
followed by extrusion through polycarbonate membranes. Encapsula-
tion efficiency was assessed after size exclusion gel chromatography
by reverse phase HPLC. The effect of liposome size (200 nm and 800
nm) on the release kinetics of water-soluble encapsulated material was
determined in vitro at 37°C using 6-carboxyfluorescein as a marker
and Triton X-100 (0.03%) as a leakage inducer. To investigate the
relationship between drug release and pulmonary targeting, 100 pg/kg
of TAP in 800 nm liposomes was delivered to male rats by intratracheal
instillation (IT) and the results compared to data for 100 pg/kg TA
liposomes (recently shown to exhibit a rapid drug release under sink
conditions) and to previous studies reported for an equal dose of TAP
in solution and TAP in 200 nm (1). Pulmonary targeting was assessed
by simultaneously monitoring glucocorticoid receptor occupancy over
time in lung and liver using an ex vivo receptor binding assay as a
pharmacodynamic measure of glucocorticoid action. To assess the
effect of dose on pulmonary targeting experiments were performed
using 2.5, 7.5, 25, 100, and 450 pg/kg of TAP in 800 nm liposomes.
Results. The in vitro efflux of 6-carboxyfluorescein from
(DSPC:DSPG) liposomes after exposure to Triton-X was biexponential.
The terminal half-lives of 3.7 h and 9.0 h for the 200 nm and 800 nm
liposomes, respectively, demonstrated that larger liposomes promote
slower release of encapsulated water-soluble solute while previous
results already indicated that encapsulation of lipophilic TA does not
result in sustained release. Pulmonary targeting, defined as the differ-
ence between cumulative fung and liver receptor occupancies was most
pronounced for the 800 nm liposomes (370%*h), followed by the 200
nm preparation (150%*h). No targeting was observed for TAP in
solution (30%*h) or the rapid releasing TA liposome preparation. Cor-
respondingly, the mean pulmonary effect time (MET) increased from
2.4-3.0 hr for TA liposomes or TAP in solution to 5.7 h and >6.2 h
for TAP in 200 nm and in 800 nm liposomes, respectively. Escalating
doses of TAP encapsulated in 800 nm liposomes revealed a distinct
bell shaped relationship between the TAP dose and pulmonary targetmg
with a maximum occurring at 100 pg/kg (370%*h).

Conclusions. The in vivo data presented here confirm that pulmonary
residence time and dose affect the extent of Jung targeting of glucocorti-
coids delivered via the lung.
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INTRODUCTION

Inhaled glucocorticoids are the drugs of choice for the
treatment of chronic asthma as aerosols target the lung at the
site of action, and, in addition, because local delivery may
reduce systemic side effects. However, inhaled glucocorticoids
exhibit systemic side effects (2) and a further improvement of
pulmonary targeting of inhaled glucocorticoids is desirable.

Different approaches have been taken to optimize pulmo-
nary targeting which include the development of drugs with
high clearance and low oral bioavailability (3). Alternatively,
sustained release formulations, such as liposomal drug carrier
systems, have been suggested to prolong pulmonary drug action
(1,4,5). However, detailed information on the effect of release
rate on pulmonary targeting is not available. Recently, we have
developed a mathematical model which predicts pulmonary
selectivity of inhaled glucocorticoids by taking into account
the pharmacokinetic/pharmacodynamic properties of these
drugs (6). Extrapolations from this theoretical model suggest
that drug release rate and dose are factors which can modulate
the extent of pulmonary targeting.

In the present study, an animal model (1,7) was used to
assess the effect of release rate and dose on pulmonary targeting
of glucocorticoids upon intratracheal instillation of liposome
preparations with different release rate characteristics and dif-
ferent doses of encapsulated material.

MATERIALS AND METHODS

Chemicals

Triamcinolone acetonide 21-phosphate dipotassium salt
was donated by Bristol Myers Squibb (Neu-Isenburg, Ger-
many). [6,7-*H(N)}-triamcinolone acetonide (35.4 Ci/mmol)
was purchased from DuPont NEN® Research Products (Boston,
MA). Phospholipids (purity >99%), 1,2-distearoyl-sn-glycero-
3-phosphocholine (DSPC) and 1,2-distearoyl-sn-glycero-3-
{phospho-rac-(1-glycerol)} (DSPG) were purchased from
Avanti Polar Lipids (Alabaster, AL). 6-carboxyfluorescein was
purchased from Sigma (St. Louis, MO). All other reagents were
of analytical grade.

Animals.

Male F-344, non- adrenalectomized rats weighing approxi-
mately 200-250 g were obtained and maintained as described
in (1).

Preparation of TAP-liposomes

A modification of a previously employed method (1) was

4To whom correspondence should be addressed. (e-mail: used to prepare multilamellar vesicles containing triamcinolone
Hochhaus@COP.HEALTH.UFL.EDU) acetonide phosphate (TAP). A chloroform solution of DSPC
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(89.4 mg) and DSPG (10.1 mg) was placed in a round bottom
flask. The organic solvent was removed under vacuum at 63°C
until a dry film was obtained and 1 m! of 60 mg/ml of TAP
in isotonic phosphate buffer saline (PBS) was added. The drug
and lipids were dispersed mechanically for 1 h at 63°C. After
5 freeze/thaw cycles, the vesicles were extruded through 800
nm polycarbonate membrane filters (Poretics, Co., Livermore,
CA) using a stainless-steel metallic extruder (Lipex Biomem-
branes Inc., Vancouver, B.C.). The resulting vesicles were sepa-
rated from non-encapsulated drug by size exclusion
chromatography (Sephadex G-50) and characterized for size
(volume weighted mean diameter), encapsulation efficiency and
osmolarity as described in (1). The lipid content of the liposomal
preparations was determined by a colorimetric method (10).

Preparation of 6-carboxyfluorescein (CF) Liposomes

CF was selected as a surrogate solute marker to be encapsu-
lated in multilamellar vesicles because like TAP, it is a water
soluble substance and would be expected to partition similarly
within the liposomal matrix. One ml of 200 mM 6-carboxyfluo-
rescein (purified according to (8)), was added to the dried film
of phospholipids. The mixture was dispersed, extruded through
200 nm or 800 nm polycarbonate filters and processed as
described for TAP-liposomes.

In Vitro Release Rate Studies

The effect of liposome size on the release rate of entrapped
material was tested under sink conditions using 6-carboxyfluo-
rescein as a marker and Triton X-100 (0.03%) as a leakage
inducer. )

Purified CF-liposomes (equivalent to 6 wM total phospho-
lipid) were diluted 3-fold with PBS, followed by addition of
Triton X-100 (0.03% final concentration). After vortexing, 200
pl aliquots of each sample were transferred into 96-well plates
and incubated at 37°C. Carboxyfluorescein efflux was moni-
tored close to wavelengths of maximum excitation and emission
over 5 h on a luminescence Spectrophotometer Perkin Elmer
model LS50B with an excitation wavelength of 470 nm and
emission wavelength of 520 nm. A blank value was obtained
by carrying out the experiment in the absence of Triton X-100.
The 100% fluorescence was determined after addition of 50 pl
of Triton X-100 to each sample. The percentage of carboxyfluo-
rescein released was calculated as previously described (11).

The percentage of carboxyfluorescein encapsulated versus
time was fitted to a biexponential equation (Scientist, Micro-
math, Salt Lake City, UT) and the half-life of release was
calculated from the initial and terminal phases.

Animal Experiments

Animals were anesthetized via intraperitoneal injection
with a 0.2-0.5 ml of a mixture of xylezine (20 mg/ml), ketamine
(100 mg/ml) and acepromacine (10 mg/ml) and TAP in 800
nm liposomes (TAP-lip 800 nm; equivalent to 100 pg/kg of
TAP) were administered by intratracheal instillation as pre-
viously described (1). Animals (one animal per time point)
were decapitated at 1, 2.5, 6, 12 or 18 hours after intratracheal
(IT) administration of the preparation, and the lungs (exclusive
of trachea and mainstem bronchi) and livers were immediately
processed for receptor binding studies (1). Trachea and main-
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stream bronchi were not used as it is difficult to homogenize and
the receptor density in preliminary experiments was very low.

A total of 3 independent experiments were performed on
different days. TA in 200 nm liposomes (TA-lip) was adminis-
tered in the same fashion and animals were decapitated at 0.25,
1,3 and 6 h. .

To test for the effect of dose on pulmonary targeting,
experiments were performed using doses of 2.5, 7.5, 25, 100
or 450 pg/kg of TAP-lip 800 nm, respectively.

Receptor Binding Studies

A previously described receptor-binding assay was
employed (1) to monitor free cytosolic receptors. In the current
study, one high concentration of *H-triamcinolone acetonide (30
nM *H-TA in the presence and absence of high concentrations of
unlabeled TA, 3 pM) was used to determine the maximum
specific binding (B,,,). This was justified by the comparison
of calculated B, values using this method and the previously
employed Scatchard method (R? = 0.985, n = 45) (1).

Data Analysis

To test for differences in receptor occupancy between lung
and liver the pool of paired hepatic and pulmonary receptor
occupancies of all indvidual time points were compared by
paired t-test as described previously (1) assuming p < 0.05.

To quantify the degree of pulmonary targeting, the cumula-
tive change from baseline (AUC) was calculated for the investi-
gation period by the trapezoidal rule from percent occupied
receptor time profiles for both the local and systemic organs.
Pulmonary targeting (PT) was defined as

PT = AUCLung - AUCLchr (1)

For comparison, the previously employed (1) targeting index
(PT = AUCL 0/ AUCyve) Was also derived. Differences in tar-
geting among TAP-lip 800 nm, TAP-lip 200 nm and TAP-sol
and among doses, were tested for significance using Tukey’s
multiple comparison test assuming alpha < 0.05. The mean
effect time was calculated as previously described (1). In
instances where the effect (receptor levels) did not return to
baseline, MET was calculated from the data without
extrapolation.

RESULTS

Characterization of Liposomes

The volume weighted mean particle diameter (mean diam-
eter = S.D.) of the liposomal TAP preparations resulting from
the Gaussian distribution analysis was 220 = 18 nm (n = 10)
for the 200 nm CF-liposomes and 760 = 90 nm (n = 21) for
the 800 nm TAP-lip and CF-liposomes with 70% of the initial
amount of lipid incorporated into the vesicles. The encapsula-
tion efficiency for TAP-lip 800 nm was 16.5 * 2.1% (n = 18).
Characterization of TA liposomes (200 nm particle diameter)
has been described elsewhere (9).

In Vitro Release Studies

A semilogarithmic plot of % carboxyfluorescein encapsu-
lated versus time showed a biexponential decay for both lipo-
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Fig. 1. In vitro release studies of DSPC:DSPG CF-liposomes at 37°C
under sink conditions as a function of liposome size: 200 nm diameter
(@), 800 nm diameter (®). The percentage of 6-carboxyfluorescein
remaining encapsulated over time of incubation is shown. Error bars
represent mean * S.D. for n = 3.

some sizes (Figure 1). The CF-lip 200 nm released about 80%
of CF with a half-life of 23 min while the remaining 20% was
released with a half-life of 3.7 h. CF-lip 800 nm showed a
rapid initial phase for approximately 10% of the CF (t; 4
min) with a more prolonged terminal phase (t;,, 9.0 h) for the
remaining 90% of CF released. TA liposomes released 90% of
drug load within 2-3 minutes (9).

Receptor Binding

Time courses of free glucocorticoid receptors in lung and
liver after intratracheal administration of 100 wg/kg TAP-lip
800 nm are compared in Figure 2 to TA-lip and to previous
data obtained for equivalent doses of TAP in solution (TAP-
sol) and TAP in 200 nm liposomes (TAP-lip 200 nm) (1).

Pulmonary targeting (PT), defined as the difference
between cumulative lung and liver receptor occupancies was
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Fig. 2. Lung (1) and liver (®) glucocorticoid receptor occupancy pro-
files after intratracheal instillation of 100 pug/kg of: A) TAP-sol from
(1); B) TA-lip, C) TAP-lip 200 nm from (1); and D) TAP-lip 800 nm.
Error bars represent mean = S.D. forn =3 to 6.
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most pronounced for the slowest release preparation (PTrap.iip
800nm = 370 %*h, p < 0.02), followed by the 200 nm preparation
(PTrap.ip 200am = 150 %*h, p < 0.02). No pulmonary targeting
was observed for TAP in solution (PTqap.soi = 30 %*h, p >
0.2; Figure 2A) or TA-lip (PTrayp = —60 %*hr, p > 0.07;
Figure 2B). Multiple comparison Tukey’s tests showed signifi-
cant differences among the tested preparations. The mean effect
times (MET; refer to Table 1) correlated well with the in vitro
release studies; these studies demonstrated that by increasing
liposome size, both in vitro stability (Figure 1) and mean effect
time were increased.

The administration of escalating doses of TAP-lip 800 nm
revealed a distinct bell shaped relationship between the TAP
dose and pulmonary targeting with a maximum pulmonary
targeting occurring at 100 pg/kg (PTrapaip s00 nm = 370%*h)
(Figure 3, Table 2). Significant differences in receptor occu-
pancy between organs were found for all doses except for 2.5
pg/kg and 450 pg/kg. Tukey’s test multiple comparison applied
to means of pulmonary targeting as a function of dose revealed
significant difference between 100 pg/kg and the rest of the
doses, while no significant difference was found among 7.5,
25 and 450 pg/kg, but between these three doses and 2.5 pg/kg.

DISCUSSION

We have recently expressed pulmonary targeting as the
ratio of cumulative receptor occupancy in lung and liver
(AUCLyn/AUC e (1)). However, computer simulations (6)
have shown that pulmonary targeting defined in these terms
reaches its maximum as the dose approaches zero (see also
Table 2) and we believe now that pulmonary targeting is more
accurately defined as the difference between lung and liver
receptor occupancies (AUCyyng-AUCLivc), especially when the
pulmonary selectivity is evaluated as a function of dose (see
Table 2 for comparison of both parameters).

Size-dependent leakage from liposomes has been pre-
viously reported after pulmonary instillation (12). In agreement
with this, the larger multilamellar liposomes (800 nm) released
the encapsulated material with longer terminal half-life than
smaller vesicles (200 nm) (Figure 1). In addition, 200 and 800
nm liposomes showed a biexponential release characteristic.
Biexponential release characteristics are well described for the
interaction of liposomes with plasma (13) and have been linked
to a rapid rise in liposome membrane permeability because of
alocalized change of the liposome surface tension at the surface
of the liposome. It is very likely that the Triton X100 is inducing
a similar change in permeability. Clearly, this would explain
the more pronounced release from the 200 nm liposomes as
the liposomal surface area is larger than that of the 800 nm
preparation. A resulting rapid initial drug release may be thera-
peutically advantageous since under these conditions a more
rapid onset of drug action in the lung could be attained, followed
by a prolonged release for the remainder of the dosage form.

Computer simulations and animal experiments have shown
the advantage of controlling the-drug release rate as a mean of
increasing lung residence time upon intratracheal instillation
(12,14). In addition, it has been suggested, but not clearly
demonstrated, that pulmonary selectivity depends on a slow
release of the drug from the delivery form (1,4,7). We have
shown that the IT administration of slow release triamcinolone
acetonide phosphate liposomes (TAP-lip 800 nm) resulted in
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Table 1. Cumulative Receptor Occupancy (AUC), Pulmonary Targeting and Mean Pulmonary Effect Times (MET) after Intratracheal Administra-
tion of TAP in Solution

TA-lip TAP-lip TAP-lip
TAP-sol” 200 nm® 200 nm 800 nm
Cumulative change from baseline (AUC %*hr)
Lung 370 = 50 320 * 85 770 = 120 1070 = 70
Liver 340 * 40 380 = 10 620 * 150 700 = 140
Pulmonary Targeting
(%*h) (AUCyyg — AUCiver) 30 £ 10 —60 = 80 150 + 60 370 = 70
Pulmonary Targeting
(%*h) (AUC,,5/AUCi0er) 1.0 0.85 1.2 1.5
Mean Pulmonary Effect
Time (h) 3 2.4 5.7 >6.2

2 TAP-sol (immediate release; 100 pg/kg), TA in 200 nm liposomes (100 png/kg).
5 TAP in 200 nm liposomes (TAP-lip 200 nm, intermediate release; 100 pg/kg) and TAP in 800 nm liposomes (TAP-lip 800 nm, slow release;

100 pg/kg).
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Fig. 3. Lung (O) and liver (#) glucocorticoid receptor occupancy
profiles after intratracheal instillation of escalating doses of TAP in
800 nm liposomes: A) 2.5 ng/kg, n = 4; B) 7.5 pg/kg, n=3; C) 2§
wg/kg, n = 3; D) 100 pg/kg, n = 3; and E) 450 pg/kg, n = 3. Error
bars represent mean * S.D.

higher pulmonary selectivity (Figure 2, Table 1) as well as in
a more prolonged pulmonary effects (Figure 2D; see MET
Table 1) than the IT administration of intermediate release
rate liposomes (TAP-lip 200 nm; Figure 2C) or the immediate
release TAP solution (TAP-sol; Figure 2A), indicating the
importance of the release rate for pulmonary targeting. Intratra-
cheal (IT) administration of TA-lip (100 pg/kg of TA) resulted

in a lack of targeting (Figure 2B) with non-significant differ-
ences between pulmonary and hepatic receptor occupancy. This
finding is in agreement with the unhindered release of the
lipophilic TA from the liposome matrix upon dilution in vitro
(9), suggesting that the sole administration of liposomal encap-
sulated drug is not sufficient for attaining pulmonary targeting.
These experiments consequently illustrate a potential pitfall
which is likely to occur whenever lipophilic, membrane-pene-
trable glucocorticoids are selected for liposomal-based tissue
targeting.

The relationship between pulmonary targeting and release
rate does not imply that the increase in pulmonary targeting is
because of decreased systemic side effects. Although pulmonary
receptor occupancies relatively increased as the release rate
decreased (compare TAP solution, TAP 200 nm and TAP 800
nm liposomes in Table 1), liver receptor occupancy also
increased (Table 1). This is not surprising since a slower absorp-
tion has been shown to increase the cumulative systemic effect
for a given dose (15). Our experiments, however, indicate that
the increase in pulmonary effects was more pronounced and,
consequently pulmonary selectivity was enhanced. This can be
rationalized as the free (pharmacodynamically active) drug
concentration in the lung exceeded that in the systemic circula-
tion (liver) over a prolonged period of time when the drug
release rate was slowed down. The clinical relevance of these
findings is that by administering glucocorticoids in slow release

Table 2. Cumulative Receptor Occupancy (AUC), Pulmonary Targeting and Mean Pulmonary Effect Times (MET) After Intratracheal Adminis-
tration of Escalating Doses of TAP in 800 nm Liposomes

p—

Dose (pg/kg)

25 75 25 100 450
Cumulative change from baseline (AUC %*hr)

Lung 90 = 30 340 = 130 345 + 110 1070 = 70 1260 * 160
Liver 78 £ 30 110 = 85 130 = 50 700 = 140 1080 = 90
Pulmonary Targeting

(%*hr) AUCjyny — AUChie 14 *+ 40 230 = 70 21550 370 £ 70 140 + 100
Pulmonary Targeting

(%*hr) AUC;,, )/ AUC iy 1.2 3.0 2.7 1.5 12
Mean Pulmonary Effect
Time (hr) 25 39 40 >6.2 >8.1
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preparations, the frequency of administration as well as the dose
can be decreased possibly leading to a reduction of systemic
side effects while therapeutically desirable pulmonary effects
are sustained.

Mucociliary clearance and macrophage phagocytic uptake
of particles are normally operant and represent independent
clearance mechanism for particles deposited in the lung. It
could be argued that differences in mucociliary clearance and/or
phagocytic uptake rather than differential release characteristics
might account for differences observed in pulmonary targeting.
Because of the small size of our liposomes (<1 pm), it is
unlikely that that size-dependent mucociliary clearance or depo-
sition after inhalation or instillation could have accounted for
differences in pulmonary targeting, as both factors have been
found to be independent of liposome size, and in the case of
inhalation, depend on the droplet (not liposome size) of the
aerosolized substance (16). It is also unlikely that the magnitude
of differences we observed in pulmonary targeting could be
accounted for by differential rates of phagocytic uptake of
liposomes by lung macrophages. We base this assumption on
uptake studies using CF-loaded liposomes and THP-1 macro-
phage monolayers (a human derived macrophage cell line).
These experiments revealed that 99.8 and 99.5% of liposomal
CF was not taken up by macrophages after a 2 hour incubation
at 37°C with 200 and 800 nm CF-loaded liposomes, respectively
(RGR unpublished observations). These results were obtained
even in the absence of glucocorticoids which slow down the
phagocytic activity of macrophages (17).

The administration of escalating doses of TAP-lip 800 nm
showed a typical bell shaped curve with a maximum at 100 p.g/
kg (Table 2), and a significant difference between pulmonary and
hepatic receptor occupancy increased until a maximum was
reached (Figure 3 panels B, C, D). At low doses, pulmonary and
systemic receptors are hardly occupied with small differences
between pulmonary and systemic receptors. Pulmonary recep-
tors are getting saturated at high doses and at a certain point, a
further increase in dose will not result in a further increase in
receptor occupancy. However, more drug will enter the systemic
circulation, resulting in an increase in the systemic receptor occu-
pancy and a loss of pulmonary targeting. Thus, both low (2.5 wg/
kg) and high (450 pg/kg) doses of TAP resulted in close superim-
position of lung and liver receptor occupancy and, consequently,
in low pulmonary targeting (Figure 3A, 3E). These experiments
suggest there is a dose “optimum” for which maximum pulmo-
nary selectivity is observed. Although it is recognized that a dose
optimum might not necessarily be directly indicative of clinical
response in asthma of varying severity, our findings clearly show
that overdosing and “under”-dosing will always go parallel with
a decreased pulmonary targeting.

Recent approaches to increase pulmonary selectlvxty of
glucocorticoids have included the development of drugs with
higher systemic clearance and lower oral bioavailability. This
study together with previously derived computer simulations
(6) suggest that drug release rate and dose should also be
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considered during drug development and for evaluating dosage
regimens with minimized systemic side effects.
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