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Abstract. An aerosolized liposome formulation for the pulmonary delivery of an anti-
asthmatic medication was developed. Asthma treatment usually requires frequent adminis-
tration of medication for a sustained bronchodilator response. Liposomes are known for their
sustained drug release capability and thus would be a suitable delivery system for prolonging
the therapeutic effect of anti-asthmatic medication. Liposomes prepared by thin film
hydration were loaded with a model drug, R-terbutaline hydrochloride(R-TBH), using an
ammonium sulfate-induced transmembrane electrochemical gradient. This technique pro-
vided an encapsulation efficiency of up to 71.35% and yielded R-TBH liposomes with a
particle size of approximately 145 + 20 nm. According to stability studies, these R-TBH
liposomes should be stored at 4°C before usage. Compared to R-TBH solution, which
showed 90.84% release within 8 h, liposomal R-TBH had a cumulative release of 73.53% at
37°C over 192 h. A next generation impactor (NGI) was used to analyze the particle size
distribution in the lungs of R-TBH liposome aerosol in vitro at 5°C. The therapeutic efficacy
of the nebulized aerosol of the R-TBH liposomes was assessed via pulmonary delivery in
guinea pigs. The results showed that, compared to the R-TBH solution group, the R-TBH
liposome group had a prolonged anti-asthma effect.

KEY WORDS: R-terbutaline nebulized aerosol; pulmonary delivery; liposome; sustained-release; guinea

pigs.

INTRODUCTION

Asthma is a chronic pulmonary disease currently affect-
ing more than 300 million people, and its prevalence is rising.
The B, adrenergic receptor agonist terbutaline (TBT) is a
cellulosic sympathomimetic amine widely used for treating
bronchial asthma, chronic bronchitis, and emphysema (1).
Similar to many other sympathomimetic drugs, TBT has two
enantiomers: an R-isomer and an S-isomer. The
bronchodilating property of f-adrenoceptor agonists has been
shown to arise from the R-enantiomers, which, for salbutamol
and TBT, have been extensively studied regarding their
pharmacokinetics and pharmacodynamics (2-6). Studies have
shown that the R-isomer of TBT has a much more potent
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anti-asthmatic effect than the S-isomer (3,4,7); moreover, the
latter may be responsible for some of the adverse effects of
racemic TBT, such as hyperresponsiveness. Commercial
pharmaceutical formulations of TBT include tablets, granules,
aerosols, and atomization solution. However, the oral admin-
istration of high doses of TBT is often associated with adverse
effects (8). Moreover, when taken orally, TBT is subject to
first-pass elimination in the liver, and its oral bioavailability is
only 10% when administrated together with food (9). Among
the alternative administration routes, pulmonary delivery
stands out, because it directly targets drugs to the lungs,
reducing unwanted systemic activity or toxicity.

Because conventional TBT aerosol formulations have a
fast pharmacokinetic profile, the dosage must be repeated
many times to sustain a bronchodilator response. However,
such a dose schedule may be inconvenient for patients.
Therefore, a sustained-release TBT formulation is desirable
to improve patient compliance (10-14). To deliver an
efficacious dose of the drug to the lungs, a suitable drug
carrier is required. Considerable research on pulmonary drug
delivery applications has been focused on liposomes because
of their potential advantages, including biocompatibility,
biodegradability, sustained drug release, and local irritation
reduction. Furthermore, liposomes are the only sustained-
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release strategy for pulmonary delivery that has reached
clinical development (15).

Liposomes are mainly produced from neutral, positively
charged or negatively charged natural or synthetic phospho-
lipids. The most commonly used phospholipids are lecithins,
phosphatidylethanolamines, sphingomyelins,
phosphatidylglycerol, and phatidylserines (16). Liposomes
comprise an aqueous volume surrounded by a single layer
or bilayer of lipids and are capable of encapsulating both
hydrophobic and hydrophilic drugs (17). Studies have re-
vealed that liposomal-based aerosol formulations increase
drug stability and bioavailability, protect drugs from enzy-
matic degradation, prolong the retention half-life, enable
intracellular delivery, and overcome pulmonary clearance
(18).

Using liposomes for topical administration may cause
TBT to be retained and localized within a reservoir at the site
of administration. Thus, liposome formulations with high
TBT carrying capacities and improved retention times are
desired. In this study, the R-isomer of TBT was chosen as the
model drug because of its better therapeutic effect on asthma
than the S-isomer (3,4,7). The encapsulation efficiency (EE)
and drug loading (DL) of R-terbutaline hydrochloride(R-
TBH) liposomes were optimized, and the in vitro lung
distribution and stability of liposomal R-TBH were studied.
In addition, its anti-asthmatic effects were evaluated in guinea
pigs via pulmonary delivery.

MATERIALS AND METHODS

Materials

R-TBH (=99%) was provided by Key-Pharma Biomed-
ical Inc., Dongguan, China. Soya lecithin (for injection) was
purchased from Taiwei Pharmaceutical Co., Ltd. (Shanghai,
China). Cholesterol (=99%) and histamine were supplied by
Sigma-Aldrich. Methanol and acetonitrile (both HPLC
grade) were purchased from Fisher Scientific. Sodium 1-
octanesulfonate monohydrate was obtained from Adamas
Reagent Co., Ltd. Chloroform (synthesis grade), phosphate
buffered saline (PBS 1x), and ammonium sulfate (chemical
purity) were obtained from various vendors in China. Water
was purified by a Milli-Q Ultrapure Water Purifier (Darm-
stadt, Germany).

Animals

Guinea pigs of 18 weighing 290 + 40 g were obtained
from the Laboratory Animal Center of Southern Medical
University (Guangzhou, China) and housed in acrylic cages
with food and water ad libitum under a 12-h light/dark cycle.
All procedures involving animals were carried out according
to the guidelines of the Ethics Committee of Animal Welfare
in the School of Bioscience and Bioengineering, South China
University of Technology (Guangzhou, China).

Preparation of Liposomes

Briefly, lipids (111.80 mg of soybean lecithin and
12.65 mg of cholesterol) were dissolved in a 7:3 mixture of
chloroform and methanol and dried for 15 min at 65°C at a
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speed of 100 rpm to form a thin film in a pear-shaped flask
using a rotary evaporator (IKA®RV 10, Germany) under
reduced pressure. The drug was incorporated by active
loading. For active loading, a dried lipid film was first
rehydrated with 5 mL of 250 mM ammonium sulfate
(NH,4),SO, solution (pH 4.0) for 1.5 h at 40°C. The resulting
liposomes were extruded through polycarbonate membrane
filters (100 nm) using a high-pressure extruder (Morgec
Machinery Co. Ltd., Shanghai), and small liposomes were
collected following 20 cycles of extrusion from the opposite
side of the extruder. A transmembrane gradient was gener-
ated using dialysis by exchanging external ammonium sulfate
with ammonium ion-free PBS (1x, pH 7.4) for 2 h. The drug
was encapsulated by incubating it with ammonium sulfate
entrapped in liposomes for 1 h at 40°C. The unencapsulated
drug was removed by dialysis in PBS (1x, pH 7.4) for 4 h,
which was refreshed at certain times (0.5, 1, and 2 h).
Liposomes thus prepared were stored at 4°C for future
studies.

Characterization of the R-TBH Liposomes

The average particle size, polydispersity index (PDI),
and zeta potential of the liposomes were determined on a
Malvern Zetasizer (Malvern® Instruments Limited,
Worcestershire, UK). Samples were placed in plastic dispos-
able cuvettes and equilibrated at 25°C. Each measurement
was made at least three times at 25°C.

The morphological observation of R-TBH liposomes was
performed by transmission electron microscopy (Philips
Tecnai-10, Netherlands). The R-TBH liposome suspension
was dropped on a 200-mesh copper grid followed by negative
staining with 2% phosphotungstic acid for 1 min. The excess
solution was removed by blotting.

To determine EE and DL, R-TBH liposomes (50 pL)
were lysed in 3 mL of 1:1 (v/v) methanol-water and
centrifuged to separate the drug from the lipids. The amount
of R-TBH in the supernatant was measured at 280 nm using
HPLC. The mobile phase was a buffer comprising sodium 1-
octanesulfonate monohydrate in water (6.5 mM, pH 3.40)
mixed with acetonitrile (77:23, v/v). HPLC was conducted on
an Agilent C18 column (150 mm x 4.6 mm ID, 5 pm; Agilent
Company, USA). The mobile phase flow rate was adjusted to
1 mL/min at 40°C, and the volume of automatically injected
sample was set to 20 pL. The standard curve of R-TBH
between 0.90 and 57.37 pg/mL was determined to be
y = 8631x—250.0 (+* = 1, where x is the concentration of R-
TBH, and y is the chromatographic peak area of R-TBH). The
EE and DL were calculated using Eqgs. 1 and 2, respectively.

w

EE(%) = 7”W[1[jfd x 100% (1)
ota
DL(%) _ Wencapsulated « 100% (2)

Wlipid + Wencapsulated

where Wiotal, Wencapsulateds and Wiiniq are the weight of the
drug added to the liposomes, the detected weight of the drug
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encapsulated in the liposomes, and the weight of the lipid
added to the system, respectively.

In vitro Drug Release

In vitro drug release was measured using the dialysis
method. Liposome suspension (2 mL) was added to a dialysis
cassette (molecular weight cut-off of 12,000-14,000 Da,
BIOSHARP, USA) using a pipettor. Plain R-TBH was used
as a control to evaluate whether the dialysis cassettes
themselves have any influence on drug release. The cassettes
were immersed in 50 mL of PBS in a capped bottle and
incubated at 37°C with stirring at a speed of 50 rpm. Aliquots
were drawn at predetermined time points (0.25, 0.5, 0.75, 1,
1.5,2,4,6,8, 10, 24, 35, 48, 75, 96, 120, 144, 168, and 192 h),
and the medium was immediately replenished with fresh PBS.
The amount of R-TBH released into the medium was
estimated using the HPLC method described above. The
experiments were carried out in triplicate.

Study of Liposomal Stability

The storage stability of R-TBH-loaded liposomes was
evaluated for 30 days. In this study, R-TBH liposomes (2 mL)
were stored at 4 or 25°C, and samples were withdrawn after 0, 10,
20, and 30 days and analyzed for the particle size, PDI, and zeta
potential, as described above. Then, a short-term release study
was performed to evaluate the storage stability of the R-TBH
liposomes further. EE, DL, and release dose were calculated after
the 6-h release. Furthermore, post-nebulization liposomal R-
TBH stability was evaluated. Briefly, an aliquot of liposomal R-
TBH suspension was aerosolized with the PARI Turbo boy
nebulizer (PARI Respiratory Equipment Inc.), and fine liposo-
mal droplets collected in the next generation impactor (NGI)
were evaluated for particle size, PDI, and zeta potential, as
described above. Subsequently, an 8-h release study was
performed to evaluate the liposomal R-TBH stability after
nebulization. Finally, EE, DL, and release dose were calculated.

In vitro Aerosol Characterization

The aerodynamic particle size distribution was measured
using the NGI (MSP Company, USA). The NGI was
operated at a flow rate of 15 L/min using a high capacity
pump after cooling for 90 min at 5°C according to the
specifications of Chapter 2.9.44 in the EP(European Pharma-
copoeia) (19). All tests used an LC Plus nebulizer cup filled
with 4 mL of R-TBH liposome suspension or R-TBH solution
and were operated as specified in the instruction manual to
deliver aerosol for 15 min into the impactor circuit. The pump
was kept running for an additional 10 s after each 15 min test
to wash out the remaining liquid from the nozzle. After
nebulization, the R-TBH liposomes or R-TBH solution were
deposited on the throat, seven impactor stages and micro-
orifice collector (MOC). The impactor was then dismantled,
and the samples were washed with the solvent. Then, R-TBH
liposomes were transferred into volumetric flasks filled with
the prepared solvent, i.e., sodium 1-octanesulfonate
monohydrate in water (6.5 mM, pH 3.40) mixed with
methanol(1:1, v/v); R-TBH solution were removed into
volumetric flasks which were filled with the water. Then, the

amount of R-TBH distributed at different stages was deter-
mined by HPLC.

Anti-asthmatic Effect on Guinea Pigs
Animal Model

A sensitive guinea pig model was established according
to the methods described in previous reports (19,20). Briefly,
each guinea pig weighing 240-330 g was placed in a plastic
box (4 L), and then 0.6% histamine saline solution was
sprayed into the box at a speed of 0.15 mL/min for 15 s. The
asthma latent period was defined as the time it took for the
animal to twitch and fall down after spraying of histamine.
Guinea pigs with an asthma latent period exceeding 120 s
were not included in this study. These tests were carried out
prior to the following experiments.

Selected guinea pigs were randomly divided into three
groups of six. Each group of guinea pigs inhaled either an
aerosol of blank liposomes, of R-TBH liposomes, or of free
R-TBH solution. Each guinea pig was anesthetized with
urethane (1.25 g/kg, intraperitoneal injection) and then
intubated with a tracheal cannula and chest tube. The jugular
vein was cannulated to administrate histamine. The guinea
pig was placed in a body plethysmograph (a
45 cm x 11 cm x 15 cm plastic box) in supine position. A
10-min stabilization period was conducted to record baseline
values of the respiratory flow rate, tidal volume, and
intrathoracic pressure. An asthmatic response was evoked
with histamine (15 pg/mL, 0.5 mL, intravenous injection) at
1 mL/min (19). The changes in R, (airway resistance) and
Cayn (dynamic compliance of lung) after the histamine
challenge were expressed as percentages of the baseline
before the histamine challenge. After being provided, addi-
tional time for stabilization, the same animal was given a
second histamine challenge (15 pg/mL, 0.5 mL, intravenous
injection) at 4 min after a 2-min inhalation of the aerosol of
blank liposome, R-TBH liposome (the concentration of R-
TBH was 1 mg/mL) or R-TBH solution (1 mg/mL). Then, the
last histamine challenge (15 pg/mL, 0.5 mL, intravenous
injection) was given at 4 h post-administration. The peak
changes in R,,, and Cgy, after the histamine challenges were
compared to the baseline values before the histamine
challenge and expressed as percentages of the baseline. The
prolonged anti-asthmatic effects were determined by the
changes in R, and Cygy, after the treatments with the blank
liposomes, R-TBH liposomes, or R-TBH solution.

Analytical Methods and Statistics

Pulmonary function was characterized with two indexes,
R, and Cgy,, which were calculated from the recorded
parameters using the following equations (21,22):

Raw = APg/AV 3)

Cayn = V1/APR (4)

where APg is the intrathoracic pressure (cmH,0), AV is the
flow rate (derivation of tidal volume, cmH,O/s), and Vr is the
tidal volume (cmH,0).
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Fig. 1. Size distribution by intensity of the R-TBH liposomes

The percent change from the baseline for R, and Cgyn
was calculated using the following equations:

Raw% = {(Rl—Ro)/Ro} x 100% (5)

Cdyn% = {(Cl—CO)/Co} x 100% (6)

where R is the maximum value of R, after the challenge, R is the
mean of R,,, before the challenge, C; is the minimum value of Cgy,
after the challenge, and Cj) is the mean of Cyy;, before challenge.

The percent change from the baseline for R, and Cqyn
at each time point after inhalation was compared with that
before the inhalation (control) in each group using a ¢ test.
*P < 0.05 was significant.

RESULTS
Characterization of the R-TBH Liposomes

Upon encapsulation of R-TBH into liposomes, the
particle size, PDI, and zeta potential of the R-TBH liposomes
were evaluated. The particle size for the R-TBH liposomes
was found to be 145.02 + 5.74 nm (n = 3), and the PDI was
0.024 £ 0.005(n = 3). As shown in Fig. 1, the size distribution
of the R-TBH liposomes was narrow. The zeta potential of R-
TBH liposomes was —7.63 + 0.49 mV (n = 3), which
contributed to the stability of the liposomes. To obtain the
information about the morphology of R-TBH liposomes,
transmission electron microscope analysis was performed.
Figure 2 shows that R-TBH liposomes had spherical-like
shapes. The content of R-TBH in liposomes was detected by
reversed-phase HPLC method, and the HPLC chromatogram
of R-TBH was shown in Fig. 3. Using the optimal prescription
enabled R-TBH to be entrapped in liposomes with an EE of
up to 71.35% and a DL of approximately 9.11%.

In vitro Release Studies

In vitro drug release studies were performed to test the
hypothesis that encapsulating R-TBH into liposomes provides
sustained drug release in physiological fluid. The in vitro
release profile of the liposomal formulations obtained in PBS

buffer at 37°C showed continuous release of the drug over
192 h. The release studies indicated that the R-TBH liposome
formulation released approximately 16% of R-TBH after 6 h
and 42.68% after 48 h. At 192 h (Fig. 4), the cumulative
release was 73.53%. By contrast, the R-TBH solution
formulation released 90.84% of the drug into the PBS
medium within 8 h, indicating that the dialysis bag was not a
limiting factor in the sustained release of R-TBH from the R-
TBH liposomes (Fig. 4). Overall, the R-TBH liposome
formulation was able to release the R-TBH in a sustained
manner, and most of the drug (>73%) was released after
192 h in vitro (Fig. 4).

Stability of the R-TBH Liposomes
Storage Stability

To examine the stability of the R-TBH liposomes, we
assessed the changes in particle size, PDI, zeta potential, and

Fig. 2. Transmission
liposomes

electron microscopy micrograph of R-TBH
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Fig. 3. The HPLC chromatogram of R-TBH

EE of R-TBH liposomes stored at 4°C for 30 days or at 25°C
for 20 days. The properties of the R-TBH liposomes were
monitored at certain intervals (0, 10, 20, and 30 days). The
data presented in Table I show that the storage temperature
of 4°C and length of storage within 30 days have little
influence on the particle size, PDI, or zeta potential (values
are within a reasonable range), suggesting that while stored at
4°C, the liposomes remained well separated from each other
and formed no aggregates. The data presented in Table I also
show that the storage temperature and length of storage have
little influence on the particle size or PDI at 25°C within
20 days, although the zeta potential increased over time. As
shown in Fig. 5 and Table I, compared to the control (0 day),
the liposomes stored at 4°C for 10 days exhibited no
significant change in drug entrapment, whereas those stored
at 4°C for 20 days exhibited an 8-16% reduction in drug
entrapment. After 30 days, the reduction in drug entrapment
was 11-22%. However, storage at room temperature (25°C)
for 20 days resulted in approximately 57-64% drug loss,
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Fig. 4. In vitro release profiles of the R-TBH solution and R-TBH-
loaded liposomal formulations in PBS (pH 7.40). Data are expressed
as the mean =+ standard deviation (n = 3)
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which is 4-5 times greater than the drug loss that occurred
upon storage at 4°C. Subsequently, a short-term release study
was performed to evaluate the storage stability of the R-TBH
liposomes (Fig. 6). According to the release profiles, R-TBH
was released from the liposomes slowly when stored at 4°C
for 30 days. However, more than 80% R-TBH was released
from the liposomes stored at 25°C for 20 days. These results
indicate that these liposomes should be stored at 4°C instead
of at room temperature for no more than 10 days before
usage, because these conditions are conducive to maintaining
a stable and high EE.

Nebulization Stability

In addition to studying the liposomal stability at different
storage temperatures and lengths, we also evaluated their
stability upon nebulization. Nebulization breaks larger drop-
lets into smaller ones and delivers the formulation in the form
of fine mists. However, the force applied during nebulization
may rupture the liposomes and release the encapsulated drug
prematurely, resulting in drug leakage from certain lipo-
somes. Therefore, we sprayed the formulation three times
into the next generation impactor to mimic intratracheal
administration and collected the liposomes after nebulization.
Next, various physicochemical properties of the R-TBH
liposomes were evaluated. The data presented in Table II
show that the PDI and EE, but not in the particle size and
zeta potential, of the R-TBH liposomes before and after
nebulization were significantly different, suggesting that
liposomal integrity was affected by the force applied by the
PARI Turbo boy nebulizer to administrate the formulations.

A proportion (8-11%) of the drug was released prema-
turely from the liposomes upon nebulization (Table II). A
short-term release study performed to evaluate the nebuliza-
tion stability of the R-TBH liposomes further (Fig. 7)
suggested that the drug was released from the liposomes
faster after nebulization. However, the cumulative release
rates after 8 h of the drug from the liposomes was
approximately 17-25% after nebulization and 16-21% before
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Table I. Influence of Storage Temperature and Length of Storage on the Parameters of R-TBH Liposomes

Storage temperature and Release dose Drug loading Entrapment efficiency Particle size Polydispersity

Zeta potential

length (days) (%)" (%)" (%)" (nm) index (mV)

0 15.94 + 3.21 8.11 + 0.31 62.90 + 2.67 145.43 +9.78 0.033 + 0.011 -7.53 £0.22
4°C, 10 15.87 + 1.62 8.19 + 0.84 60.13 + 2.69 139.94 + 1.44  0.047 = 0.031 -12.31 £ 1.93
4°C, 20 30.50 + 0.86 6.66 + 0.13 50.79 = 1.07 159.01 + 1.62 0.038 = 0.018 -10.51 = 0.79
4°C, 30 32.88 + 1.17 6.12 + 0.27 46.39 + 2.18 146.41 + 1.72  0.04 = 0.010 —13.49 + 0.54
25°C, 10 7123 £16.71  3.18 £2.42 23.69 + 18.48 160.51 + 7.54  0.071 = 0.022 =574 £ 1.17
25°C, 20 87.92 + 1.13 0.40 + 0.06 2.85 +0.38 14193 + 1.54 0.037 = 0.011 —4.69 + 0.55

Data represent mean + standard deviation (n = 3)
“Sample parameters after the release for 6 h

nebulization, indicating that after nebulization, a slow release
is still achieved over 8 h.

In vitro Aerosol Characterization

Generally, drug particles from a nebulizer will be
deposited in different parts in lungs. Those drug particles will
gradually accumulate the in primary bronchi, bronchi, termi-
nal bronchi, and alveoli in accordance with the particle size
from large to small (23). Studies have found that inflamma-
tion at distal portion of lungs play a significant role in
development and persistence of asthma symptoms, and the
aerodynamic diameter and geometric standard deviation
(GSD) may impact the delivery as well as therapeutic
response to inhaled medications (24).

To determine drug particles’ aerodynamic behavior in
the lungs in vitro, freshly prepared R-TBH liposomes or R-
TBH solution were nebulized into the NGI. The particle size
distribution profiles of R-TBH liposome aerosol and R-TBH
solution aerosol from stage 1 to the MOC are shown in Fig. 8.
Two major indexes can be generated with CITDA software
according to the amount of drug deposited at different stages:
fine particle fraction (FPF%, <5 pm) and mass median
aerodynamic diameter (MMAD). The FPF shows that more
than 60% of the R-TBH liposome aerosol were below 5 um
(Table III). MMAD is a measure of central tendency,
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Fig. 5. Influence of temperature and length of storage on drug EE.
Formulations were stored at 4°C for 30 days or 25°C for 20 days.
Data are expressed as the mean + standard deviation (n = 3)

whereas GSD indicates the magnitude of the dispersity from
the MMAD value (25). Particles MMAD values between 1
and 5 pm are subject to sedimentation by the gravitational
force in smaller airways and respiratory bronchioles (26).
Using these three indices to evaluate the particle size
distribution in the lungs, in vitro of the R-TBH liposome
aerosol and R-TBH solution aerosol (Table IIT) showed that
these two formulations are significantly different in MMAD,
FPF, and GSD.

Evaluation of Anti-asthmatic Effects of R-TBH Liposome
Aerosol via Pulmonary Delivery in Guinea Pigs

The anti-asthmatic effect of the R-TBH liposome aerosol
was studied in guinea pigs with histamine-induced asthma.
The asthmatic response evoked by histamine (15 pg/mL,
0.5 mL) was indicated by an increase in airway resistance and
a decrease in dynamic compliance. Aerosols of R-TBH
liposomes, free R-TBH solution, or blank liposomes were
administered to three groups of guinea pigs (n = 6 per group)
via pulmonary delivery to monitor their anti-asthmatic effect.
The results showed that there were no significant differences
(P > 0.05) in control treatment between groups.

In the control treatment of R-TBH liposome group, the
peak R, and Cgy, expressed as percentages of the baseline
values during the asthma response before the inhalation of R-
TBH liposome aerosol were 1477.38 + 619.08% and
—91.30 + 2.08%, respectively. However, when an animal was
pretreated with inhaled R-TBH liposome aerosol for 2 min
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Fig. 6. Short-term release profile of R-TBH from liposomes in PBS at
37°C. These R-TBH liposomes were stored at different temperatures
and for different intervals. Data are expressed as the mean + standard
deviation (n = 3)
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Table II. Characterization of the R-TBH Liposomes before and after Nebulization

Nebulization Size (nm) Polydispersity index Zeta potential (mV) Entrapment efficiency (%)
No 128.222 + 0.385 0.07 + 0.004 =7.7 £ 0.035 66.08 + 0.533
Yes 130.411 + 6.139 0.08 + 0.003%* =7.5 + 0.460 56.33 + 0.604%*

Data represent mean + standard deviation (n = 3, **P < 0.01)

(the concentration of R-TBH is 1 mg/mL), the increase in the
peak R, during histamine-induced asthma after 4 min of
administration was 44.36 + 23.26%, which was much lower
than the increase observed for the control; furthermore, the
peak Cgyn was —58.56 + 11.53%, which was a significant
increase (P < 0.01) compared to the control. At 4 h post-
administration, the peak R, and Cgy, during the asthma
response were 623.23 + 358.95% and —86.99 + 3.37%,
respectively. Compared to the control, the former was
decreased significantly (P < 0.01), and the latter was
increased significantly (P < 0.05), indicating that the inhala-
tion of the R-TBH liposomes can significantly relieve asthma,
even at 4 h post-administration (Fig. 9a, b).

A similar test was conducted by administering the same
dose of the R-TBH solution aerosol before the histamine
challenge. The asthmatic response was recorded at certain
intervals (at 4 min and 4 h post-administration). In the control
treatment, the peak increase in R,,, and peak decrease in Cgyyy
before the inhalation of R-TBH solution aerosol were
1206.98 + 383.09% and -90.82 + 4.55%, respectively.
However, compared with the control, the peak R,,, reduced
greatly and peak Cgy, increased greatly (P < 0.01) at 4 min
post-inhalation of the R-TBH solution aerosol, whereas no
significant changes in R,,, and Cgy,, were detected at 4 h post-
administration. The above results indicated that the anti-
asthmatic effect of the R-TBH solution aerosol on guinea pigs
was not sustained up to 4 h after inhalation (Fig. 9a, b).

The two groups of guinea pigs treated with the R-TBH
liposome suspension or free R-TBH solution displayed an
anti-asthmatic effect, whereas no anti-asthmatic effects were
observed for the blank liposome group. As shown by the data
(Fig. 9a, b), the R,,, or Cayy, in the blank liposome group were
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Fig. 7. Short-term release profile of R-TBH from liposomes before
and after nebulization. Data are expressed as the mean =+ standard
deviation (n = 3)

Cumulative Release(%)

not significantly different before and after inhalation of the
aerosol in terms of the percent change from the baseline.

The results from our pharmacodynamic experiments
proved that R-TBH liposome aerosol exhibited a more
prolonged anti-asthmatic effect in guinea pigs than free R-
TBH solution aerosol.

DISCUSSION

TBT is a short-acting f3,-adrenergic receptor agonist and
has a short elimination half-life (27,28). Several studies in the
literature have focused on developing a long-acting TBT
formulation to improve patient compliance (29-33). R-TBH,
a more potent enantiomer of terbutaline, was chosen as the
model drug for developing a sustained-release R-TBH
formulation in this study. For the treatment of the asthma,
inhalation therapy is accepted as the prioritized therapy (34).
Liposomes are particularly suitable drug delivery vehicles for
pulmonary administration, because liposomes are not only
safe and well tolerated by the lungs but also capable of
serving as sustained release carriers for the drug. Several
studies of TBT liposomes have shown that encapsulation in
liposomes prolongs the residence time of TBT in the lungs,
thus providing the possibility of prolonged therapeutic
efficacy (35-37). In the studies on TBT liposomes,
intratracheal instillation was used for pulmonary delivery;
however, the distribution and absorption of inhaled aerosols
in the lungs and airways are different from those of instilled
liquids (36-39), and therefore, that the therapeutic efficacy of
aerosol formulations may differ considerably from
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Fig. 8. Drug deposition rate for the R-TBH solution aerosol and R-
TBH liposome aerosol at different stages. Data are expressed as the
mean =+ standard deviation, (n = 3, **P < 0.01)



Table III. Particle Size Distribution under Cooling for Two Aerosol

Formulations
Sample MMAD (um) FPF% GSD
R-TBH 3.28 +£0.20 74.14 £ 3.26 1.87 + 0.04
R-TBH liposomes  4.00 + 0.10%*  62.16 + 1.48** 1.97 + 0.003**

Cooling condition: 5°C

Data are expressed as mean + SD, n = 3, **P < 0.01

MMAD mass median aerodynamic diameter, FPF fine particle
fraction, GSD geometric standard deviation

therapeutic efficacy of instilled formulations. Thus, in this
study, we developed a sustained-release nebulized aerosol of
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Fig. 9. Changes in R,, (a) and Cgy, (b) at 4 min and 4 h after
inhaling blank liposomes, R-TBH liposomes, or R-TBH solution. The
animals were divided into three groups (each group has six guinea
pigs, three males and three females): I, the control treatment followed
by inhaling blank liposomes (2 min); II, the control treatment
followed by inhaling R-TBH liposomes (1 mg/mL, 2 min); and III,
the control treatment followed by inhaling R-TBH solution (1 mg/
mL, 2 min). Data are expressed as the mean + SE, n = 6.*P < 0.05,
**P < 0.01 vs. the control treatment
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R-TBH liposomes that may contribute to obtaining a
prolonged anti-asthmatic effect.

First, negative charged liposomes were prepared by the
thin film dispersion method, and small-sized particles were
obtained from an extruder. Particle size is a critical factor in
the nebulization process. The smaller the particle size, the
greater the number of nanoparticles accommodated in the
micron-sized aerosol droplets, thereby improving the delivery
of the drug to the deep lung because of the increased
diffusional mobility (40). Smaller particle size also increases
the rate of drug absorption by promoting a more uniform
drug distribution (26). Since TBT is a weakly basic hydro-
philic molecule with a low affinity for phospholipids, achiev-
ing a high EE in lipid-based formulations is difficult (41,42).
For this reason, we optimized the EE of TBT in liposomes
using active loading methods by varying the pH of the
(NH,4),SO4 medium, the incubation time of the drug with
blank liposomes, and the concentration of the drug added
into the liposomes. The results showed that with a liposomal
internal pH of 4, a 1-h incubation time and a drug
concentration of 3.5 mg/mL (data are shown in the
supplemental material), optimal drug entrapment is achieved.
According to the optimal prescription of Rac-TBT sulfate
liposomes (data are shown in the supplemental material), R-
TBH was efficiently encapsulated into liposomes with an EE
of up to 71.35% because of the similar physicochemical
properties of the two drugs. Storage stability studies showed
that greater than 80% R-TBH was released from the
liposomes stored at 25°C for 20 days (Table I). Therefore,
extending the stability test at room temperature to 30 days
was not necessary. Generally, liposomes are not stored at
room temperature. Because liposomes comprise phospho-
lipids and cholesterol, temperature affects the hydrolysis of
liposomes, and 4°C is the optimum temperature for storing
liposomes. Moreover, the cholesterol and phospholipids used
to prepare liposomes are unlikely to undergo degradation
during storage at 4°C (43). Furthermore, liposomal formula-
tions have been shown to release drugs over intervals ranging
from 2 weeks to several months (44), indicating that the
integrity of liposomes is unlikely to be adversely affected in
physiological fluid.

The anti-asthmatic study of liposomal R-TBH conducted
in guinea pigs showed that the R-TBH liposome aerosol
exerted an anti-asthmatic effect at 4 h post-administration,
whereas no anti-asthmatic effect was observed for the R-TBH
solution aerosol at 4 h post-administration. Encapsulating R-
TBH in liposomes likely protects the drug from being
metabolized quickly, and the efficacious dose of R-TBH
released from the liposomes was available in the lungs of
guinea pigs at 4 h post-administration, which plays a
significant role in the observed anti-asthmatic activity. By
contrast, 4 h after inhalation of the aerosol of R-TBH not
encapsulated in liposomes, the drug may have been metab-
olized from the lungs, and asthma was not relieved. The rapid
decline in R,,, and increase in Cqy, was shown 4 min after
inhaling the R-TBH liposome aerosol and indicated that some
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free R-TBH was available in the R-TBH liposome suspension
after nebulization. According to the results of the stability test
of R-TBH liposomes during nebulization, a small amount of
drug was released from the liposomes prematurely because of
spray damage, which may play a significant role in the anti-
asthma effect observed at 4 min after administration.
However, the remaining drug in the liposomes continued to
be released over 4 h and significantly relieved asthma
(Fig. 9a, b). Because the duration of anesthesia restricts the
tests of normal physiological indicators to only approximately
4-5 h, the anti-asthmatic effect of the R-TBH liposomes was
monitored for only 4 h in our study. However, the anti-asthma
effect of the R-TBH liposomes was significant at 4 h post-
administration, indicating that a sustained release of R-TBH
from the liposomes for at least for 4 h in vivo was achieved.
Thus, the results of anti-asthmatic study of liposomal R-TBH
conducted in guinea pigs led to the conclusion that the R-
TBH liposome aerosol exerted a more prolonged anti-
asthmatic effect than the R-TBH solution aerosol because of
the sustained release of R-TBH from the liposomes.

CONCLUSION

In this study, water-soluble R-TBH was efficiently
encapsulated into liposomes. The high EE and in vitro
sustained release of R-TBH from the liposomes were
achieved. The MMAD and FPF% of the R-TBH liposomal
aerosols are beneficial for its anti-asthmatic efficacy. The
pharmacodynamic study in a guinea pig model suggests that
liposomes prolonged the anti-asthmatic effect of R-TBT
administered via pulmonary delivery in comparison to the
immediate bronchodilating effect of unencapsulated R-TBH.
Future studies may need to further improve the stability of
this liposomal aerosol formulation for pharmaceutical
therapy.
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Tablel. EE(%)and DL (%)at different pH values. The concentration of the drug is 15

mg/mL, and the incubation timeis 1 h.

pH value inside of the Encapsulation
Drug Loading(%)
liposome efficiency(%)
pH=3 18.09 9.85
pH=4 20.67 11.04
pH=5 20.17 10.81
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Figure 1. Effect of the incubation time and drug concentration on the EE (%)and DL
(%) of Rac-TBT liposomes. A, The concentration of the drug is 15 mg/mL, and the
liposomal internal pH is 4. B, Theincubation timeis 1 h, and the liposomal interna

pH is4.
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