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The aim of the present work is to develop high azithromycin loading powders for inhalation with optimal
physical and aerodynamic properties, and to test their in vivo potential in rats. A five-level three-factorial
central composite rotatable design was used for conducting the experiments. The optimized powder,
which had a better flowability, an aerodynamic diameter of 3.82 �m and an in vitro deposition of 51%,
was obtained under selected spray-drying conditions. The content of the powder was high (59.2%), which
met the requirement for high drug loading. The optimized powder was further examined in the in vivo
zithromycin
ry powder inhalation
entral composite rotatable design
ulmonary delivery
ung epithelial lining fluid
icrodialysis

study in rats. Lung microdialysis and blood microdialysis were simultaneously performed on each rat. The
ratio of the AUCELF value between the intratracheal route and intravenous injection was 161.6, whereas
the absolute bioavailability was only 43.5%, and the drug targeting index of the intratracheal route was
486.2. The results showed that azithromycin dry powder inhalers (DPI) could be effectively and efficiently
delivered to a specific target site and achieve a high local concentration. In conclusion, AZI DPI offers an
attractive alternative that is able to deliver high concentrations of antibiotic directly to the chosen target

syst
site while minimizing the

. Introduction

Community-acquired pneumonia (CAP) is a common respira-
ory tract infection and is of growing concern to public health
orkers worldwide. The annual incidence rates in the US range

rom 2.67/1000 to 12/1000 while in European countries the low-
st rates are reported from Denmark with 0.10–0.18/1000 and
he highest is in Spain reaching 13.4/1000 (Kohlhammer et al.,
007). Similarly, hospital-acquired pneumonia (HAP), defined as
ccurring more than 48 h after hospital admission, is the second
ost common hospital-acquired infection and is associated with

he greatest number of nosocomial related deaths (Kollef, 2005).
lthough the introduction of antimicrobial therapy has substan-

ially improved the outcome of respiratory tract infections in both
utpatients and critically ill patients, there are a remarkable num-
er of cases in which antimicrobial therapy fails to be effective.
his is largely due to the increasing presence of pathogenic micro-
rganisms with resistance to existing antimicrobial agents, which

esults in the administration of ineffective treatments.

One possible explanation for this resistance relates to the inabil-
ty of the antibiotic to achieve a high enough concentration at the
arget site. Although it has commonly been believed that most

∗ Corresponding author. Tel.: +86 24 23986343; fax: +86 24 23911736.
E-mail address: tangpharm@yahoo.com.cn (X. Tang).
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emic bioavailability and side effects.
© 2010 Elsevier B.V. All rights reserved.

antibiotics display a tissue-to-plasma ratio of almost 1, several
reports have indicated that target site drug levels may be substan-
tially lower than the corresponding plasma levels (Joukhadar et al.,
2001a). Suboptimal target site concentrations of antibiotics may
have important clinical implications, which are one explanation for
therapeutic failure in many cases (Brunner et al., 2000; Joukhadar
et al., 2001b); it is also conceivable that subinhibitory concentra-
tions in tissues may also trigger bacterial resistance (Herkner et al.,
2002).

Therefore, it is necessary to use the optimal dosage of the antibi-
otic(s) to ensure proper exposure at the site of infection (Nicasio et
al., 2009). Recently, drug delivery to the lungs by inhalation has
attracted a great deal of scientific and biomedical interest. Inhala-
tion therapy is widely employed to deliver drugs to the respiratory
epithelium, mainly for the treatment of local disorders (Learoyd
et al., 2008). Aerosolized antibiotic agents have been used for the
treatment and prophylaxis of pulmonary infections since the 1950s
mainly due to the fact that targeted drug delivery can produce high
concentrations at the site of infection in the lung while minimizing
the systemic toxicity (Hagerman et al., 2006). In the past decades,
the topical application of aerosolized antibiotics has been used for

a number of compounds and indications, e.g. gentamicin (Goldman
et al., 1990; Twiss et al., 2005), tobramycin (Pai and Nahata, 2001;
Pilcer et al., 2006), capreomycin (Giovagnoli et al., 2007), moxi-
floxacin (Ventura et al., 2008), rifampicin (Ohashi et al., 2009) and
ciprofloxacin (Li et al., 2001; Arnold et al., 2007).

dx.doi.org/10.1016/j.ijpharm.2010.05.043
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:tangpharm@yahoo.com.cn
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Dry powder inhalers (DPI) are emerging as a preferred drug
elivery method compared with metered dose inhalers and neb-
lizers due to the improved stability of the dry powders and the
ase of use of the device (El-Gendy and Berkland, 2009). Tra-
itional DPI formulations associate the use of micronised drug,
sually 1–5 �m in diameter, with larger (50–200 �m), inert crys-
alline carrier materials to form ordered mixes. On inhalation, the
rug particles are liberated from the carrier and penetrate the lung
Young et al., 2002). In most dry powder formulations, drug parti-
les are usually present in low concentrations, with a drug to carrier
atio of 1:67.5 (w/w) being typical (Zeng et al., 1998). In fact, most
ntibiotics have a lower potency and consequently require a larger
ose (e.g. oral administration of ciprofloxacin 300 mg b.i.d. and oral
dministration of azithromycin 500 mg q.d.). Although administra-
ion of aerosolized antibiotics by traditional DPI is likely to achieve
herapeutic effects with smaller drug doses as compared with the
nteral or parenteral route, traditional DPI formulations are unable
o meet the requirement for a high dose of antibiotic.

In addition to dosage, there is the other issue worthy of consid-
ration – lung deposition in patients. As we know, the respiratory
attern of patients during aerosol intake may influence the depo-
ition of inhaled particles, because the mean flow rates of the
articles in each region of the airways are governed by the breath-

ng volume and frequency of breathing (Islam and Gladki, 2008).
he amount of deposition of an inhaled drug in an individual
atient’s lungs is variable, depending on the overall inspiratory
ow rate the patient can generate at a given time (Son and
cConville, 2008). Accordingly, if the amount of lung deposition

s low, the efficacy of inhalation therapy will be low or zero.
onversely, if too much lung deposition is achieved, as for some
rugs with a narrow therapeutic window, this could be poten-
ially very dangerous. For example, aminoglycoside antibiotics
re concentration-dependent agents. The higher the concentra-
ion at the target site, the more potent the effect is. Above the
herapeutic window, however, they may cause severe ototoxi-
ity and nephrotoxicity during long-term therapy (Pilcer et al.,
006). To date, some advances in DPI devices have also seen the
evelopment of active devices which provide energy to assist the
atient receive the correct dose (Atkins, 2005). Active DPIs over-
ome problems associated with dependence upon inspiratory air
ow exhibited by many of the present passive devices (Islam and
ladki, 2008). However, this is generally accompanied by a higher
ost.

To take these factors into account, azithromycin (AZI) was
elected for pulmonary delivery. Firstly, AZI is a broad-spectrum
ntibiotic. It has been found to be effective against a variety of
ifferent Gram-positive and Gram-negative bacterial pathogens,
nd some activity against Haemophilus influenzae and the atyp-
cal organisms Mycoplasma pneumoniae, Chlamydia pneumoniae,
nd Legionella pneumophila, which are some of the most common
auses of pneumonia (O’Doherty and Muller, 1998; Mitchell, 2005).
econdly, AZI is of time-dependent antibiotic. It exerts an opti-
al bactericidal effect when drug concentrations are maintained

bove the minimum inhibitory concentration (MIC). Therefore, as
ong as there is a certain amount of drug able to reach the lung, it
an exhibit an inhibitory effect because its concentration exceeds
he MIC for the microorganism. This effect correlates with the
etain time (t > MIC). The longer the retain time at the target site,
he stronger the effect is. Finally, of all the macrolide antibiotics,
ZI has the strongest post-antibiotic effect (PAE) up to 2.3–4.7 h

Kasahara et al., 2004), resulting in a relatively short treatment

eriod. Also, as far as pneumonia is concerned, long-term treat-
ent is not needed. These factors greatly reduce the risk of lung

amage.
In this study, high azithromycin loading dry powders were

repared by cospray-drying azithromycin (AZI) with a bulking
harmaceutics 395 (2010) 205–214

agent (mannitol), a dispersibility enhancer (l-leucine) and an anti-
electrostatic agent (poloxamer 188) in different ratios. Based on the
characterization of these powders, the dependence of the in vitro
aerosolization performance on the particle components and their
physical characteristics were evaluated with a view to produce
an optimum formulation suitable for inhalation using a five-level
three-factorial central composite experimental design. Further-
more, microdialysis studies were performed to determine the local
pharmacokinetics and site-specific target efficiency of the optimum
AZI DPI by comparing lung epithelial lining fluid (ELF) and blood
AZI levels after intratracheal administration of AZI with those after
intravenous administration.

2. Materials and methods

2.1. Materials

AZI raw material (purity: 95.5%) was purchased from Shanghai
Modern Pudong Pharmaceutical Co., Ltd (Shanghai, China); man-
nitol and l-leucine were obtained from Bodi Chemicals (Tianjin,
China); poloxamer 188 (Lutroly F68) was kindly donated by BASF
(Shanghai, China). Other reagents were of analytical or chromato-
graphic grade. Double distilled water was used throughout the
study.

2.2. Preparation of AZI powders for inhalation

A quantity of AZI raw material was weighed and added to a suit-
able volume of distilled water, and hydrochloride acid was then
added dropwise with continuous stirring until a clear solution was
obtained. The accurately weighed carriers were dissolved in dis-
tilled water and then mixed with the drug solution. The pH of the
obtained solution was adjusted with saturated sodium hydroxide
solution to 7.0, then diluted to volume and passed through a 0.22-
�m cellulose acetate filter. The final solution was spray-dried using
an SD-1000 spray dryer (EYELA, Japan) under the following oper-
ating conditions: inlet temperature, 120 ◦C; atomization pressure,
180 kPa; feed rate, 6 mL/min; aspirator setting, 0.6 m3/min. Once
the aqueous solution was used up, the outlet temperature was
maintained at∼80 ◦C for approx. 15 min by regulating the inlet tem-
perature so as to provide a secondary drying period. The resulting
dry powders were stored in a vacuum desiccator over silica gel until
required for use.

2.3. Powder characterization

2.3.1. Spray-drying yield and drug content
The yields of spray-dried powders were quantified as a percent-

age mass of the anticipated total powder yields. The AZI content of
each prepared powder was measured in triplicate by HPLC (Zhang
et al., 2009), and expressed as a percentage of the total dry powder
mass.

2.3.2. Scanning electron microscopy
Selected samples of dry powder formulations were sputter lay-

ered with gold. Representative scanning electron micrographs of
the powders were taken using a ZEISS SUPRA 35 scanning electron
microscope.

2.3.3. Powder flowability

The most frequently employed method for characterizing the

powder flowability is the angle of repose. Powders were poured
through a funnel to form a cone-shaped pile which had an angle,
˛, to the horizontal. The value of ˛ was calculated by measur-
ing the height and radius of the pile. A large angle of repose is
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Table 1
Variables in the central composite experimental design.

Factor Level

−1.68 −1 0 +1 +1.68

X1: mannitol (%, w/v) 0.38 1.2 2.4 3.6 4.42
X2: l-leucine (%, w/v) 0.19 0.6 1.2 1.8 2.21
X3: F68 (10−3%, w/v) 6.36 20 40 60 73.64

Response Constraints

Y1: angle of repose (◦) Minimize
Y. Zhang et al. / International Journ

ndicative of poor flow properties while a small angle of repose indi-
ates a free-flowing powder. The angle of repose of powders was
easured using a Powder Characteristics Tester PT-R (Hosokawa
icron Corp., Japan).

.3.4. Particle size and powder tapped density
The particle size was measured with a laser diffractometer (LS

30, Backman Coulter, USA) in dry powder form after dispersing
ith compressed air. Approximately 100 mg of each powder was
sed to achieve the required obscuration of 5%, and each sample
as measured in triplicate. The data obtained were expressed as the

olume weighted mean particle size. The tapped powder density
�) was determined by tap density measurements using a self made
apped density analyzer, which involved 1000 strokes to allow the
ensity to reach a plateau (Bosquillon et al., 2004b). Theoretical
stimates of the particle primary aerodynamic diameter (da) can be
erived from the particle sizing and tapped density data, according
o Eq. (1) (Rabbani and Seville, 2005):

a = d
(

�

�0

)1/2
(1)

here d is the geometric mean diameter obtained from particle size
nalysis, � is the tapped density and �0 is the reference density of
g/cm3.

.3.5. In vitro powder deposition
The pulmonary deposition of the dry powders was investigated

n vitro using a Twin Stage Impinger (TSI, custom made). Water
as introduced to the upper (7 mL) and lower (30 mL) stages of

he TSI. Powders (30 mg) were loaded into size 3 HPMC capsules
nd placed in an Aerolizery inhaler (Schering, Co.). The capsules
ere pierced and the liberated powder was drawn through the

SI at a flow rate of 60 L/min for 10 s. In all cases ten capsules
ere discharged into the apparatus per determination and each

xperiment was repeated in triplicate. After each determination,
he lower stage was rinsed with water and made up to a final vol-
me of 50 mL. The amount of AZI in the washings was determined
y HPLC. The respirable dose (RD) was defined as the mass of drug
ecovered from the lower stage of the TSI (effective cut-off diam-
ter 6.4 �m). The respirable fraction (RF), defined as the ratio of
he RD to the total loaded dose, was expressed as a percentage and
orrected for the actual AZI content of each powder (Rabbani and
eville, 2005).

.4. Experimental design

A five-level three-factorial central composite rotatable design
CCRD) (Design Expert, Version 7.1.3, Stat-Ease Inc., Minneapo-
is, MN) was used for conducting the experiments. CCRD requires

any fewer tests than the full factorial design and has been shown
o be sufficient to describe the majority of steady-state process
esponses. The following polynomial equation was fitted to the
ata:

= b0 + b1X1 + b2X2 + b3X3 + b12X1X2 + b23X2X3 + b13X1X3

+ b11X2
1 + b22X2

2 + b33X2
3 (1)
here Y represents the response associated with each factor level
ombination, b0 is an intercept and b1–b33 is the regression coeffi-
ients of the factors (Chopra et al., 2007). The levels of each variable
ere designated as −1.68, −1, 0, +1 and +1.68, respectively, and the

orresponding actual values for each variable are listed in Table 1.
Y2: aerodynamic diameter (�m) Minimize
Y3: RF (%) Maximize
Y4: yield (%) Maximize

2.5. In vivo studies

2.5.1. Animal model
All animal experiments were performed in strict accordance

with the protocol approved by the Institutional Animal Care
and Use Committee of Shenyang Pharmaceutical University. Male
Sprague-Dawley rats weighing between 220 and 250 g were anes-
thetized with an intraperitoneal injection of 0.2 g/mL urethane
(1.4 g/kg body weight). Each anesthetized rat was placed on its back
with its head towards the investigator, and a 6.5 cm microdialysis
probe was then advanced through the tracheostomy at an angle of
about 10◦ towards the deep lung as described by Eisenberg et al.
(1993). Subsequently, the blood microdialysis probe was implanted
within the jugular vein toward the right atrium and, at the same
time, two probes were perfused with modified Ringer’s solution
(147 mM NaCl, 2.2 mM CaCl2, 4.0 mM KCl, and pH 7.2) (de Lange et
al., 2000) and ACD (3.5 mM citric acid, 7.5 mM sodium citrate and
13.6 mM dextrose) (Wu et al., 2004) separately, at a flow rate of
3 �l/min, using the S200 Microdialysis syringe pump (KD Scientific
Company, Houston, TX) for both delivery of the perfusion solution
and sample collection.

2.5.2. Drug administration and collection of biological samples
Twelve rats were divided into two groups. Drug administration

in each group was performed following the successful implantation
of the microdialysis probe and equilibrium for 1.0 h with perfu-
sion of Ringer’s and ACD solutions. One group was given AZI DPI
(23 mg/kg) via intratracheal administration. A 2.0-cm length of PE-
240 polyethylene tubing was inserted to a depth of 0.6 cm through
the tracheostomy. AZI dry powder was administrated as previously
reported (Todo et al., 2003) using the apparatus. In brief, a certain
amount of dry powder was put in a disposable tip and dispersed in
the rat trachea by releasing air compressed (4.0 mL) in a syringe by
quickly opening the three-way stopcock connecting the tip and the
syringe. The amount of dry powder administered was calculated
by subtracting the tip weight after administration from that before
administration. Another group was given 45 mg/kg AZI solution by
intravenous injection. After administration, lung and blood dialy-
sis samples were collected at intervals of 20 min for 6.0 h, and the
samples were kept frozen at 20 ◦C and analyzed directly by UPLC-
MS/MS within 48 h according to the method of Chen (Chen et al.,
2007).

3. Results and discussion

3.1. Preparation of the dry powders
Dry powders were usually prepared by spray-drying using
GRAS (generally recognized as safe) excipients. So far, lactose is
the only excipient that is FDA-approved for inhalation largely
because it is a safe pharmaceutical excipient, readily available,
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Table 2
Observed responses for the central composite rotatable design.

Run X1 X2 X3 Y1 Y2 Y3 Y4

1 3.60 0.60 60.00 53.75 14.36 7.88 52.14
2 4.42 1.20 40.00 43.39 6.68 21.37 48.03
3 2.40 1.20 6.36 42.27 7.39 31.87 56.76
4 1.20 1.80 20.00 57.09 6.73 43.79 62.94
5 3.60 1.80 60.00 47.49 5.52 28.56 62.46
6 0.38 1.20 40.00 45.77 5.96 42.72 57.93
7 1.20 0.60 60.00 48.88 8.89 23.91 49.75
8 2.40 0.19 40.00 56.78 11.94 10.70 35.38
9 2.40 1.20 73.64 40.82 6.82 27.67 59.13

10 3.60 0.60 20.00 51.84 8.43 13.29 44.62
11 3.60 1.80 20.00 48.65 6.32 32.09 55.99
12 2.40 1.20 40.00 38.66 7.00 35.25 66.49
13 2.40 1.20 40.00 38.02 7.71 32.61 63.21

T
T
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hysico-chemically stable and compatible with the majority of
mall molecular weight drugs. There are many other pharmaceu-
ical excipients, particularly some sugars and polyols, which also

eet the criteria required for incorporation as a suitable carrier in
ry powder aerosols. In this study, mannitol was chosen because
ot only it has been used widely in the pharmaceutical industry,
ut also it is the active ingredient of Bronchitol (320 mg twice
aily), which is the key Pharmaxis product in development. Man-
itol hydrates the lungs, helps restore normal lung clearance, and
llows patients to clear mucus more effectively. A Phase 3 clinical
tudy has shown that mannitol is safe, effective, and well tolerated
hen treating patients with both cystic fibrosis and bronchiecta-

is. A second Phase 3 clinical trial is in progress in sites around the
orld and this will study the effects of mannitol on reducing the

nfectious episodes, antibiotic use and length of hospitalization for
atients with bronchiectasis. Furthermore, compared with lactose,
annitol has a better effect on powder hygroscopicity as reported

n our earlier paper (Zhao et al., 2008).
In order to deliver non-viral gene vectors via dry powder

nhalers, Seville et al. added various amino acids to the spray-drying
olution before powder processing. This was shown to significantly
mprove the in vitro deposition of these bioactive macromolecules

ith significant quantities of powder deposition in regions of the
ower respiratory tract. They also proved that the amino acids per-
ormed well in enhancing the in vitro deposition of low molecular
eight drugs (Li et al., 2003, 2005; Seville et al., 2007). In our
reliminary experiments, acidic amino acids (aspartic acid), basic
mino acids (lysine and arginine), hydrophobic amino acids (ala-
ine, valine, phenyalanine, leucine and isoleucine), and hydrophilic
mino acids (glycine and threonine) were investigated as potential
dispersibility enhancers” in spray-dried powders containing man-
itol as a primary excipient or auxiliary active ingredient and AZI as
low molecular weight model drug. The effect of amino acids on the

n vitro deposition of each formulation was arranged in descending
rder: leucine, isoleucine, glycine, lysine, valine, alanine, aspar-
ic acid, threonine, arginine and phenyalanine. Specifically, leucine
howed the strongest effect mainly due to its surfactant-like prop-
rties (Gliniski et al., 2000; Seville et al., 2007). Apart from leucine,
nother surfactant, poloxamer 188 (F68) was used to control the
urface properties of micronized particles and, thus, prevent the
articles from agglomerating and becoming highly charged.

AZI is the first clinically developed antibiotic in a new sub-
lass of macrolides, the azalides, characterized by the expansion
f the 14-membered aglycone ring of erythromycin with an
ndocyclic ionizable nitrogen. AZI is derived from erythromycin,

hich differs from erythromycin by the insertion of a methyl-

ubstituted nitrogen in the lactone ring. This modification produces
n enhanced spectrum and potency against bacteria compared
ith other macrolides and superior stability in an acidic environ-
ent (Zhang et al., 2009). AZI is poorly soluble in water at 25 ◦C.

able 3
he analysis of variance for responses Y1, Y2, Y3 and Y4.

Source Y1 Y2

F-value P-value, prob > F F-value P-value, prob >

Model 23.45 0.0002 8.17 0.0057
X1 1.97 0.2029 4.81 0.0643
X2 1.42 0.2728 30.42 0.0009
X3 0.30 0.6031 3.17 0.1184
X1X2 21.46 0.0024 10.08 0.0156
X1X3 0.27 0.6171 0.79 0.4040
X2X3 2.28 0.1745 13.05 0.0086
X1

2 24.24 0.0017 0.98 0.3550
X2

2 180.60 <0.0001 7.43 0.0295
X3

2 8.69 0.0215 0.006 0.9404
Lack of fit 11.16 0.0843 8.07 0.1139
14 1.20 0.60 20.00 47.49 5.75 31.90 58.24
15 1.20 1.80 60.00 53.75 6.15 40.68 62.29
16 2.40 2.21 40.00 58.57 7.10 38.05 59.57
17 2.40 1.20 40.00 39.29 6.98 37.65 65.08

However, as calculated using Advanced Chemistry Development
(ACD/Labs) Software V8.14 for Solaris, the mass solubility of AZI
reaches 1000 g/L over the range of pH 1–6 at 25 ◦C and is 100 g/L
at pH 7, 25 ◦C. Accordingly, different kinds of acids were added
dropwise to obtain a clear solution during the preparation process.
The pH of the solution was then adjusted with saturated sodium
hydroxide solution to 7.0, which was reported to be suitable for
the lung fluid environment (Schanker and Less, 1977) and no drug
precipitation was seen. Both monoacids (hydrochloride acid and
glacial acetic acid) and polybasic acids (phosphoric acid, sulphuric
acid, and citric acid) were investigated in our study. As a result,
the powder with hydrochloride acid as a pH modifier was found
to disperse better and provide a higher in vitro deposition. This
might be related to the sodium chloride, which was generated by
the neutralization reaction between hydrochloride acid and sodium
hydroxide. Chan et al. (1997) have reported that as the NaCl con-
tent increases, the morphology of the powder changes from spheres
with a smooth surface texture to spheres with a surface having
many apparently salt crystals. It is known that amorphous pow-
ders generally have a higher surface energy giving rise to direct
attractive forces between particles and to the adsorption of water
leading to capillary inter-particle forces compared with crystalline
powders.

3.2. Central composite rotatable design (CCRD) and analysis
In the present study, seventeen experiments were conducted
in one block, composed of eight factorial points, six axial points
and three central points. Three variables were considered: mannitol
(X1), l-leucine (X2) and F68 (X3). All the formulations were prepared
from solutions with the same AZI concentration (6%) following

Y3 Y4

F F-value P-value, prob > F F-value P-value, prob > F

61.32 <0.0001 8.99 0.0043
192.92 <0.0001 7.20 0.0314
282.15 <0.0001 37.97 0.0005

15.91 0.0053 0.47 0.5160
4.33 0.0760 0.20 0.6663
0.17 0.6894 5.47 0.0519
1.69 0.2350 0.47 0.5144
5.04 0.0596 10.28 0.0149

51.87 0.0002 25.76 0.0014
13.83 0.0075 2.31 0.1723

0.35 0.8540 5.92 0.1508
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Fig. 2. The contour plot (a) and response surface plot (b) showing effects of X1, X2

and X3 on response Y2.
Fig. 1. Response surface plot showing effects of X1 and X2 on response Y1.

he same procedure and spray-drying conditions. The considered
esponses were the angle of repose (Y1), aerodynamic diameter
Y2), RF (Y3) and yield (Y4) of the dry powder. Response data for
ll experimental runs of CCRD are presented in Table 2 and fitted
o first-order, two-factor interaction and quadratic models. For the
stimation of the significance of the model and term, analysis of
ariance (ANOVA) was carried out (Table 3). The probability P-value
f each model was relatively low (P < 0.05), indicating the signifi-
ance of the model. The resulting equations and the corresponding
2-values are presented below:

1 = 38.49 − 0.69X1 + 0.59X2 − 0.27X3 − 2.99X1X2 + 0.34X1X3

− 0.98X2X3 + 2.68X2
1 + 7.31X2

2 + 1.60X2
3 , R2 = 0.9679

2 = 7.23 + 0.61X1 − 1.53X2 + 0.49X3 − 1.15X1X2 + 0.32X1X3

− 1.31X2X3 − 0.30X2
1 + 0.83X2

2 − 0.024X2
3 , R2 = 0.9131

3 = 35.20 − 6.91X1 + 8.36X2 − 1.98X3 + 1.35X1X2 + 0.27X1X3

+ 0.84X2X3 − 1.23X2
1 − 3.94X2

2 − 2.04X2
3 , R2 = 0.9875

4 = 64.67 − 2.54X1 + 5.83X2 + 0.65X3 + 0.56X1X2 + 2.89X1X3

+ 0.85X2X3 − 3.34X2
1 − 5.28X2

2 − 1.58X2
3 , R2 = 0.9203

The R-squared (R2 > 0.9) indicates a high correlation between
he experimentally observed and predicted values. According to
he equations, three dimensional response surfaces and two-
imensional contours were plotted and presented in Figs. 1–4.
hese types of plots show the effects of two factors on the response
t any time. In all the presented pictures, the third factor was kept
t level zero.

As shown in Fig. 1, at a low level of l-leucine, the angle of
epose decreased slightly, and then increased with the increasing
he amount of mannitol. Conversely, at a high level of l-leucine,
he angle of repose decreased with the mannitol content. Previ-

us research has shown that at 10–20% mannitol, the spray-dried
owders remained amorphous, whereas the 30% mannitol sam-
le crystallized at both 5 and 30 ◦C following a 1-year storage
eriod. It should be noted that at a higher level of mannitol, i.e.
0%, prior to storage, the powder exhibited an obvious crystalline Fig. 3. Response surface plot showing effects of X1 and X2 on response Y3.
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Fig. 4. Response surface plot showing effects of X1 and X2 on response Y4.

haracter (Costantino et al., 1998). It is supposed that at a low
raction of l-leucine, mannitol crystals on the surface of the pow-
ers appear and increase on increasing the amount of mannitol.
small amount of crystals reduce the surface energy, which is

avorable for the flowability. However, a large number of crystals
re likely to increase the particle size and inter-particle growth,
hich adversely affect the aerodynamic diameter and flowability

see Fig. 2a). Alternately, on increasing the fraction of l-leucine,
ts hydrophobic and surfactant-like properties may play a major
ole. This allows l-leucine to migrate to the droplet surface during
he rapid drying phase of the spray-drying and, hence, influence
he surface characteristics of the resulting particles (Gliniski et al.,
000; Seville et al., 2007). Furthermore, l-leucine is able to act as
n anti-adherent in the case of dry powders. It is assumed that
-leucine interferes with the weak bonding forces, such as Van
er Waal’s and Coulomb forces, between the small particles which
elps to keep the particles separated and these may be thought of as
eak links or “chain breakers” between the particles (Chougule et

l., 2007). These particular properties of l-leucine give the powders
better flowability and produce smaller particles, which also has a
ositive effect on the aerodynamic diameter (see Fig. 2a). Neverthe-

ess, higher concentrations of leucine might lead to highly charged
articles, thereby adversely affecting the powder flow properties.
he formulation would be diluted with the increase of manni-
ol. And the relative ratio of leucine (or relative concentration of
eucine) would also be reduced. Naturally, the increase of mannitol
revents excessive surface charge and improves the flowability to
ome extent. Similarly, in Fig. 2b, the function of F68 is to control the
urface properties of micronized particles and, thus, prevents the
articles from agglomerating and becoming highly charged. Steckel
nd Brandes have reported that F68 plays a special role in deter-
ining the spray-dried particle morphology (Steckel and Brandes,

004). They found that increasing the amount of F68 affected the
owability and dispersibility of the powders as a higher number
f fine particle fractions was obtained. However, even higher con-
entrations of F68 still lead to highly charged particles. Compared
ith l-leucine, a small amout of F68 will be more efficient. This is
ainly because l-leucine is a very weak surfactant (Gliniski et al.,

000).

The most important response is the in vitro deposition

expressed as RF). More often than not, an in vitro deposition test is
sed to simulate the in vivo inhalation process of DPI. As displayed

n Fig. 3, l-leucine has a positive effect on RF, whereas mannitol
as a negative effect. Thus, combining more l-leucine with less
Fig. 5. The relation between overall desirability and variables X1 and X2.

mannitol resulted in a relative higher concentration of l-leucine
in the total dry powder mass and then a higher RF. The contribu-
tion of l-leucine to the improved aerosolization could be due to its
surfactant-like and anti-adherent properties. When agglomerates
of particles are formed, the addition of l-leucine reduces the stabil-
ity of those agglomerates so that they are more likely to break up in
the turbulent air stream created on inhalation to form small indi-
vidual particles which are likely to reach the lower lung (Chougule
et al., 2007).

In terms of the yield, the dry powders showed great variations
(Fig. 4). It has previously been suggested that low spray-drying
yields are indicative of cohesive powders that demonstrate
poor aerosolisation properties, and the addition of formulation
excipients may change the physicochemical characteristics of
the resultant spray-dried powders, resulting in an improved
spray-drying yield and potentially enhancing the aerosolisation
properties (Li et al., 2005). Alternatively, low spray-drying yields
may be a reflection of highly adhesive particles resulting in adhe-
sion of the powders to the walls of the spray-drier (Seville et al.,
2007). In this study, the addition of l-leucine to the spray-drying
solution led to an initial increase in powder yield. However, a fur-
ther increase in the amount of l-leucine resulted in a decrease in
spray-drying yield. A similar pattern could be observed for manni-
tol. As a result, in order to obtain a formulation with a maximized
spray-drying yield, the optimum fraction of l-leucine and manni-
tol content was required to coordinate the relationship between
l-leucine and mannitol, as described before.

3.3. Optimization and characteristics

The optimum formulation was selected based on the criteria
for attaining the minimum angle of repose (Y1) and aerodynamic
diameter (Y2), while maximizing RF (Y3) and yield (Y4). An overall
desirability function dependent on all the investigated formulation
variables was used to predict the ranges of variables where the opti-
mum formulation may occur (Li et al., 2008). The desirable ranges
are from 0 to 1 (least to most desirable, respectively). The opti-
mization procedure was conducted automatically by the Design
Expert 7.1.3. The relationship between the overall desirability and

variables X1, X2 is described by Fig. 5. To check the validity of the
calculated optimal factors and predicated responses, a new batch
with the optimized formula was prepared and evaluated in tripli-
cate. Table 4 illustrates the predicated and observed responses for
the optimum formulation. The overall desirability (OD) is 0.908,
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Table 4
The observed and predicted response values for the optimized formulation.

Factor Optimized level

X1: mannitol (%, w/v) 1.82
X2: l-leucine (%, w/v) 1.35
X3: F68 (10−3%, w/v) 38
Overall desirability 0.908

Response Expected Observed Residual

Y1: angle of repose (◦) 40.5 39.3 −1.2
Y2: aerodynamic diameter (�m) 6.67 6.39 −0.28
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recovery (Rin vitro), in vitro delivery (Din vitro) and in vivo delivery
(Din vivo). Rin vitro and Din vitro were determined in in vitro simulated
experiment, while a retrodialysis method was performed to deter-
mine the in vivo delivery of AZI in three blank rats. Therefore, In
vivo recovery was calculated according to (R/D)in vitro = (R/D)in vivo.
Y3: RF (%) 40.1 40.5 0.4
Y4: yield (%) 66.2 66.0 −0.2

hich is close to 1. Furthermore, there is less residual between the
redicated and observed responses. This suggests that the optimum
ormulation is desirable.

Many researchers have found that large particles (aerodynamic
iameter, da > 5 �m) are deposited by inertial impaction in the
outh and upper airways, while smaller particles (da = 1–5 �m)

re deposited deeper in the lungs by inertial impaction and sedi-
entation, whereas very small particles (da < 1 �m) are driven by

iffusion, mostly remain suspended and are then exhaled. How-
ver, the da of the optimum formulation is beyond 5 �m, which
dversely deposits in the deeper regions of the lungs. In order to
btain a suitable particle size, the spray-drying conditions were
urther optimized. In our study, it was noted that reducing the
eedstock concentration resulted in smaller particles, which agreed
ith previous reports (Corrigan et al., 2004, 2006; Mosen et al.,

004). Finally, the feedstock solution containing 6.0 g AZI, 1.82 g
annitol, 1.35 g l-leucine and 38 mg F68 was diluted to 400 mL

nd then spray-dried under the following conditions: inlet tem-
erature, 120 ◦C; airflow rate, 0.70 m3/min; atomizing pressure,
90 kpa; feedstock rate, 4 mL/min. The optimized powder, which
ad a better flowability (repose of angle, 36◦), an aerodynamic
iameter of 3.82 �m, an in vitro deposition of 51% and a high yield of
4.9%, was obtained under above spray-drying conditions. The con-
ent of the powder was high (59.2%), which met the requirement
or high drug loading.

The SEM image is shown in Fig. 6a. The optimized powder exhib-
ted hollow spherical particles with an extremely wrinkled surface.
his can be explained by the surfactant-like properties of leucine
nd the hydrophobic nature, which made it likely to accumulate
t an air/liquid interface. Leucine molecules probably form a rel-
tively hydrophobic crust, through which the solvent located in
he interior of the droplets cannot easily pass, resulting in a build-
p of pressure within the droplets and their subsequent collapse
Seville et al., 2007). Some completely collapsed balloons were evi-
ence to support this. The advantage of wrinkled, hollow particles

s that they have a reduced tapped density and there is less contact
etween particles, thereby resulting in a better in vitro deposition.
n addition, as shown in Fig. 6b, a few salt crystals were present on
he surface of the powders. This may be sodium chloride generated
y hydrochloride acid and sodium hydroxide, which supported our
bove hypothesis.

Finally, an important aspect for in vivo applications concerns
he ability of particles to readily flow out of the apparatus for
ntratracheal administration and generate a fine aerosol so that a
roper dose can reach the deeper lung regions of rats. The image
f 10 mg optimal powder delivery, recorded by means of a digital

ideocamera, showed that the particles readily flowed out of the
pparatus generating a fine aerosol (Fig. 7). Also, there appeared
o be no aggregation of the powder exiting the apparatus. It is
uitable for inhalation administration and applied in the in vivo
tudy.
Fig. 6. Scanning electron micrographs of optimal powders (a) ×2k and (b) ×100k.

3.4. In vivo study

To estimate the true concentrations of AZI in the ELF and
blood, the relationships between AZI concentrations in the dial-
ysis samples and the ELF (or blood) surrounding the microdialysis
membrane (in vivo recovery) had to be established. Microdialysis
probe in vivo recovery was calibrated by measurements of in vitro
Fig. 7. High-speed photograh of optimal powder exit from the device loaded with
10 mg powder.
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The bioavailability was calculated by dividing the mean blood AUC
after intratracheal dosing by the mean value after i.v. adminis-
tration. The apparent ELF availability was defined as the ratio of
AUCELF,i.t./AUCELF,i.v. The degree of AZI targeting to ELF after intra-
tracheal administration can be evaluated by the drug targeting
ig. 8. Mean concentration–time profile of AZI in rat ELF after intratracheal admin-
stration at the dose of 23 mg/kg DPI (n = 6).

he concentrations of AZI in the ELF and blood were adjusted by the
ndividual in vivo recoveries. Fig. 8 shows the concentration–time
rofile of AZI in rat ELF after intratracheal administration of AZI
PI. AZI achieved a high local concentration in ELF initially, sub-

equently fell rapidly over 2 h, and was then eliminated slowly.
ccording to the method of Rennard (Rennard et al., 1986), urea
as selected as the marker of the ELF to determine the actual vol-
me of ELF in our study. It was calculated that the actual volume of
LF was 232.7 ± 59.2 �L (n = 14, rats: 220–270 g). Thus, some par-
icles dissolved in a small volume of ELF, resulting in a high local
ZI concentration. The other particles (especially with a geometric
ize 1–5 �m) may be taken up by the resident macrophages as early
s 1 h post-delivery (Bosquillon et al., 2004a). In the meantime, AZI
issolved in the ELF could rapidly penetrate and accumulate in alve-
lar macrophages. The uptake of AZI into macrophages is attributed
o its dibasic amphophilic nature, a feature common to lysoso-

otrophic agents. Within hours, the intracellular concentrations of
ZI can exceed the extracellular concentrations 100-fold, and then a

urther gradual increase occurs (Hoepelman and Schneider, 1995).
his results in the rapid decline in the AZI concentration in the ELF
ithin the first two hours and then a slow elimination. Because

f macrophage phagocytosis, only a few AZI molecules are able to
each the bloodstream through the pulmonary capillaries. It results
n a rather low blood concentration of AZI after intratracheal admin-
stration compared with that after intravenous administration, as
s shown in Fig. 9.

It is well known that the pharmacokinetics of AZI is character-
zed by very low blood concentrations and wide tissue distribution.
he tissue half-life is estimated to be greater than 2 days. It is
ssumed that AZI achieves high concentrations in phagocytic cells
uch as polymorphonuclear leukocytes (PMNs) and monocytes.
ZI uptake by both PMNs and monocytes showed an intracel-

ular to extracellular concentration ratio (I/E) of ∼200 (Hall et
l., 2002). PMNs account for 50–70% of white blood cells, while
onocytes account for only 7%. From the peripheral blood, mono-

ytes migrate to extravascular tissue where they differentiate into
acrophages. Macrophages colonize the liver (Kupffer cells), lungs

alveolar macrophages), spleen, lymph nodes, thymus, gut, mar-
ow, brain, connective tissue and serous cavities (Ahsan et al.,
002). PMNs remain in the peripheral blood for 6–12 h, and then

nter the extravascular tissue. The aging PMNs will be phagocy-
ozed and decomposed by macrophages. Also, the release of AZI
rom phagocytes is extremely slow in contrast with that observed
or erythromycin (Hoepelman and Schneider, 1995). AZI is a weakly
Fig. 9. Mean concentration–time profile of AZI in rat blood after intratracheal (thin
line style) and intravenous (thick line style) administration at the dose of 23 mg/kg
DPI and 45 mg/kg AZI solution, respectively (n = 6).

basic (dibasic) antibiotic that can be protonated and trapped within
acidic lysosomes, accounting for its prolonged cellular retention
(Hand and Hand, 2001). This was further confirmed by the low
concentration of AZI in the ELF after intravenous administration
(Fig. 10). All these factors contribute to the unique pharmacokinet-
ics of AZI.

Although microdialysis is a continuous sampling technique, the
dialysate is most often analyzed as a series of discrete samples,
collected over a finite period of time. Therefore, conceptually, a his-
togram is a more accurate graphic presentation of the microdialysis
data than a point to point curve. Each of the rectangles forming the
histogram represents a single sample with its collection time as the
rectangle base and the average ELF drug concentration during the
sampling interval as the rectangle height. The AUC over the total
collection period is the sums of the areas of the constituent rect-
angles (drug concentration × sampling interval). It is more accurate
and independent of the sampling frequency (Eisenberg et al., 1993).
Fig. 10. Mean concentration–time profile of AZI in rat ELF after intravenous admin-
istration at the dose of 45 mg/kg AZI solution (n = 6).
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Table 5
AUC values of AZI following intratracheal (i.t.) and intravenous (i.v.) administration
(n = 6).

AUCblood (mg h/L) AUCELF (mg h/L) AUCELF
AUCblood

Intratracheal
(23 mg/kg)

7.95 ± 6.03 226.31 ± 121.56 42.3 ± 30.9

Intravenous
(45 mg/kg)

35.72 ± 11.92 2.74 ± 1.18 0.087 ± 0.059

AUCi.t.×dosei.v.
AUCi.v.×dosei.t.

43.5%a 161.6b DTIc = 486.2
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a Bioavailability.
b Apparent ELF availability.
c Drug targeting index.

ndex (DTI), which can be described as the ratio of the value of
UCELF/AUCblood following intratracheal administration compared
ith that following intravenous injection. The higher the DTI, the

reater the degree of AZI targeting to ELF can be expected after
ntratracheal administration. As shown in Table 5, the bioavail-
bility of AZI obtained following intratracheal administration was
3.5%; the apparent ELF availability was 161.6. The AUCELF/AUCblood
atio (42.3 ± 30.9) after intratracheal administration differed signif-
cantly from the ratio (0.087 ± 0.059) observed after intravenous
dministration (P < 0.05). As for the DTI, the value achieved was
86.2, which is far greater than 1. The results of this study show
hat AZI DPI can be effectively and efficiently delivered to a spe-
ific target site and achieve a high local concentration. Like most
nfections, the majority of bacterial lung infections are localized to
he interstitial spaces (Blumer, 2005). The FDA and the European
gency for the Evaluation of Medicinal Products (EMEA) have rec-
gnized that blood concentrations of antimicrobial agents are not
f great relevance (Zeitlinger et al., 2005). The concentration of AZI
n the ELF is generally regarded as a more important factor than
hat in blood in terms of achieving an effective clinical treatment.
hus, AZI DPI results in effective drug concentrations at the tar-
et site with minimal systemic bioavailability and side effects. This
pproach is able to achieve therapeutic effects with smaller drug
oses compared with the enteral or parenteral route.

. Conclusion

This paper describes a new concept for the development of
PI containing a time-dependent antibiotic, azithromycin, which
as received little attention to date. The optimized powder was
btained in this study showed better flowability, a suitable aero-
ynamic diameter, high yield and high drug loading as well as a
esirable respirable fraction. It was suitable for inhalation admin-

stration and being used in an in vivo study in rats. This in vivo study
evealed that the administration of AZI offered an attractive alter-
ative, delivering high concentrations of antibiotic directly to the
arget site while minimizing the systemic bioavailability and side
ffects. Taken together, AZI pulmonary delivery DPI is likely to be
f value in future clinical applications.
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