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a b s t r a c t

The use of colloidal carrier systems for pulmonary drug delivery is an emerging field of interest in
nanomedicine. The objective of this study was to compare the pulmonary absorption and distribu-
tion characteristics of the hydrophilic model drug 5(6)-carboxyfluorescein (CF) after aerosolization
as solution or entrapped into nanoparticles in an isolated rabbit lung model (IPL). CF-nanoparticles
were prepared from a new class of biocompatible, fast degrading, branched polyesters by a modi-
fied solvent displacement method. Physicochemical properties, morphology, encapsulation efficiency,
in vitro drug release, stability of nanoparticles to nebulization, aerosol characteristics as well as
pulmonary dye absorption and distribution profiles after nebulization in an IPL were investi-
gated.

CF-nanoparticles were spherical in shape with a mean particle size of 195.3 ± 7.1 nm, a polydispersity
index of 0.225 ± 0.017 and a �-potential of −28.3 ± 0.3 mV. Encapsulation efficiencies of CF were as high

as about 60% (drug loading of 3% (w/w)); 90% of the entrapped CF were released during the first 50 min in
vitro. Nanoparticle characteristics were not significantly affected by the aerosolization process utilizing a
vibrating mesh nebulizer. After deposition of equal amounts of CF in the IPL, less CF was detected in the
perfusate for CF-nanoparticles (plateau concentration 9.2 ± 2.4 ng/ml) when compared to CF aerosolized
from solution (17.7 ± 0.8 ng/ml).

In conclusion, the data suggest that inhalative delivery of biodegradable nanoparticles may be a viable
rug d
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. Introduction

Pulmonary drug delivery offers several advantages in the treat-
ent of respiratory diseases over other routes of administration.

nhalation therapy enables the direct application of a drug within
he lungs. The local pulmonary deposition and delivery of the
dministered drug facilitates a targeted treatment of respiratory
iseases, such as pulmonary arterial hypertension (PAH), without
he need for high dose exposures by other routes of administration
Badesch et al., 2004). The intravenous application of short acting
asodilators has been the therapy of choice for patients with PAH

ver the past decade (McLaughlin et al., 2002). The relative severity
f side effects led to the development of new prostacyclin analogues
nd alternative routes of administration (Rich and McLaughlin,
999). One such analogue, iloprost (Ventavis®), is a worldwide
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elivery. Moreover, a targeting effect to the lung tissue is claimed.
© 2008 Elsevier B.V. All rights reserved.

pproved therapeutic agent for treatment of PAH (Olschewski et
l., 2002). Inhalation of this compound is an attractive concept
inimizing the side effects by its pulmonary selectivity (Gessler

t al., 2001). Unfortunately, the short half life of iloprost requires
requent inhalation manoeuvres, ranging up to 9 times a day
Gessler et al., 2008). Therefore, an aerosolizable controlled release
ormulation would improve a patient’s convenience and compli-
nce.

Controlled drug delivery systems have become increasingly
ttractive options for inhalation therapies. A large number of
arrier systems have been developed and investigated as poten-
ial controlled drug delivery formulations to the lung, including
rug loaded lipid and polymer based particles (Zeng et al., 1995).
mong the various drug delivery systems considered for pul-

onary application, nanoparticles demonstrate several advantages

or the treatment of respiratory diseases, like prolonged drug
elease, cell specific targeted drug delivery or modified biological
istribution of drugs, both at the cellular and organ level (Pison
t al., 2006; Sung et al., 2007; Azarmi et al., 2008; Yang et al.,

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:tobias.gessler@innere.med.uni-giessen.de
dx.doi.org/10.1016/j.ijpharm.2008.09.017
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2.2.2. Preparation of nanoparticles
CF loaded nanoparticles were prepared by a modified sol-

vent displacement technique, that has been described in detail
70 M. Beck-Broichsitter et al. / International

008). Nanoparticles composed of biodegradable polymers show
ssurance in fulfilling the stringent requirements placed on these
elivery systems, such as ability to be transferred into an aerosol,
tability against forces generated during aerosolization, biocom-
atibility, targeting of specific sites or cell populations in the lung,
elease of the drug in a predetermined manner, and degradation
ithin an acceptable period of time (Rytting et al., 2008).

In order to combine the advantages of the direct access to
he lung via inhalation with the unique properties of nanotech-
ology, the authors designed and characterized in vitro different
anocarrier systems for aerosol application, such as biodegrad-
ble nanoparticles (Dailey et al., 2003a,b). The most promising
anoparticle preparation has been formulated from a hydrophilic
oly(lactide-co-glycolide) (PLGA) derivative, composed of short
LGA chains grafted onto an amine-substituted poly(vinyl alcohol)
ackbone, namely poly[vinyl 3-(diethylamino)propylcarbamate-
o-vinyl acetate-co-vinyl alcohol]-graft-poly(d,l-lactide-co-
lycolide), abbreviated as DEAPA. The amphiphilic properties
f DEAPA make it highly suited for pulmonary formulations
n several ways. On the one hand the flexibility of this type of
olymer was shown through modifications in the degree of amine
ubstitution and PLGA chain length, especially with regard to the
ontrolled variability of biodegradation rates (Unger et al., 2008)
nd in vitro cytotoxicity (Unger et al., 2007). Moreover, this type
f biodegradable polyester revealed no signs of inflammatory
esponse in vivo (Dailey et al., 2006). On the other hand nanopar-
icles can be generated from DEAPA without the use of additional
urfactant stabilizers. Furthermore, it has been reported that the
ddition of varying amounts of a polyanionic excipient, such as
extrane sulfate or carboxymethyl cellulose (CMC), to the polymer
uring nanoparticle formulation can generate nanoparticles of
ariable physicochemical properties. This attribute was used to
esign nanoparticle systems with greater stability in the face of
hear forces and adjustable nanoparticle alveolar epithelial cell
nteractions (Dailey et al., 2003a).

Different methods are used to assess the behaviour of pul-
onary administered drug loaded delivery systems ranging from

n vitro to in vivo systems (Sakagami, 2006). Ex vivo isolated,
erfused and ventilated lung models have been utilized in numer-
us pharmacological and toxicological studies to elucidate the
ate of inhaled drug or toxic substances (Ewing et al., 2006,
008).

The purpose of the present study was to compare the pulmonary
bsorption and distribution characteristics of the hydrophilic
odel drug 5(6)-carboxyfluorescein (CF) after aerosolization as

olution or entrapped into nanoparticles in an isolated, perfused
nd ventilated rabbit lung model (IPL). The preparation method
f nanoparticles made up of a promising new class of biocompat-
ble, fast degrading, branched polyester (DEAPA) loaded with CF
y a modified solvent displacement technique is described. The
article size, particle size distribution, �-potential, particle mor-
hology, drug encapsulation efficiency and in vitro drug release
f the prepared CF loaded DEAPA nanoparticles were investi-
ated using photon correlation spectroscopy (PCS), laser Doppler
nemometry (LDA), atomic force microscopy (AFM) and fluores-
ence spectroscopy. Furthermore, the stability of the nanoparticles
o the nebulization procedure utilizing an actively vibrating mesh
evice (Aeroneb® Professional) was determined using the above
entioned techniques. The aerosol characteristics of both formula-

ions were analyzed by laser light scattering. Finally, the pulmonary

ye absorption profiles for the two formulations after nebulization

n an IPL were compared by monitoring the CF concentration in the
erfusate over the time. Additionally, the dye distributions in the
ifferent compartments of the IPL at the end of the experiments
ere also evaluated.
l of Pharmaceutics 367 (2009) 169–178

. Materials and methods

.1. Materials

The biocompatible, fast degrading, branched polyester, namely
oly[vinyl 3-(diethylamino)propylcarbamate-co-vinyl acetate-co-
inyl alcohol]-graft-poly(d,l-lactide-co-glycolide), synthesized and
haracterized as described earlier by Wittmar et al. (2006) was used
s polymeric nanoparticle matrix material. These polyesters were
pecifically designed for drug delivery to the lung and are com-
rised of short poly(d,l-lactide-co-glycolide) (PLGA) chains grafted
nto an amine-substituted poly(vinyl alcohol) (PVA) backbone. As
bbreviation A(x) − y is used. A is the abbreviation of the type of
mine substitution (DEAPA = 3-diethylamino-1-propylamin), x is
he total average number of amine functions on the PVA back-
one, and y the PLGA side chain length. In this study DEAPA(39)-10
as used with the molecular structure depicted in Fig. 1. Car-
oxymethyl cellulose (CMC) (Tylopur® C 600) was purchased from
lariant (Sulzbach, Germany). The pharmacologically inert fluores-
ent dye 5(6)-carboxyfluorescein (CF) (Fluka, Buchs, Switzerland)
as chosen as a water soluble model drug. Alveofact® was a gift

rom Boehringer Ingelheim (Ingelheim, Germany). All other chem-
cals and solvents used in this study were of the highest analytical
rade commercially available.

.2. Methods

.2.1. Preparation of dye solution
The dye solution containing CF was prepared in isotonic

hosphate-buffered saline (PBS) at pH 7.4 to yield a final concen-
ration of 50 �g/ml.
Fig. 1. Structure of the polymer used in this study: DEAPA(39)-10.
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lsewhere (Jung et al., 2000). To avoid artificial surfactants, the
reparation was modified in the following manner: 5.0 mg of
EAPA(39)-10 was dissolved in 1 ml of acetone at 25 ◦C. In addi-

ion CF was dissolved in acetone to add up to a final concentration
f 500 �g/ml. 1 ml of the polymer stock solution (5.0 mg/ml) was
ixed vigorously with 0.5 ml of the CF stock solution (500 �g/ml).

he resulting solution was subsequently injected into a magneti-
ally stirred (500 rpm) aqueous phase of 5 ml of filtrated and double
istilled water (pH 7.0, conductance 0.055 �S/cm, 25 ◦C) containing
0 �g CMC/mg DEAPA(39)-10 according to the findings of Dailey
t al. (2003a) using a special apparatus. The apparatus consists of
n electronically adjustable single-suction pump which was used
o inject the organic solution into the aqueous phase through an
njection needle (Fine-Ject® 0.6 × 30 mm) at a constant flow rate
8.0 ml/min). The pump rate was regulated and constantly mon-
tored by electric power control. After injection of the organic
hase, the resulting colloidal suspension was stirred for ∼3 h under
educed pressure to remove the organic solvent. Particles were
haracterized and used directly after preparation.

.2.3. Physicochemical characterization of nanoparticles

.2.3.1. Particle size measurement. The average particle size and
ize distribution of the obtained nanoparticles were determined
y photon correlation spectroscopy (PCS) using a Zetasizer
anoZS/ZEN3600 (Malvern Instruments, Herrenberg, Germany).
he analysis was performed at a temperature of 25 ◦C using sam-
les appropriately diluted with filtrated and double distilled water

n order to avoid multiscattering events. The DTS V. 5.02 software
as used to calculate particle mean diameter (Z-Ave) and the width
f the fitted Gaussian distribution, which is displayed as the poly-
ispersity index (PDI). Each size measurement was performed with
t least 10 runs. All measurements were carried out in triplicate
irectly after nanoparticle preparation.

.2.3.2. �-Potential measurement. The �-potential was mea-
ured by laser Doppler anemometry (LDA) using a Zetasizer
anoZS/ZEN3600 (Malvern Instruments, Herrenberg, Germany).
he analysis was performed at a temperature of 25 ◦C using
amples appropriately diluted with 1.54 mM NaCl solution in order
o maintain a constant ionic strength. The DTS V. 5.02 software
as used to calculate the average �-potential values from the data
f multiple runs. All measurements were carried out in triplicate
irectly after nanoparticle preparation.

.2.4. Atomic force microscopy
Morphology of nanoparticles was analyzed by atomic force

icroscopy (AFM). Samples were prepared by placing a sample
olume of 10 �l onto commercial glass slides (RMS < 3 nm). The
lides were incubated with the nanoparticle suspension for 10 min
efore washing twice with distilled water and drying in a stream of
ry nitrogen. Samples were investigated within 2 h after prepara-
ion. AFM was performed using a NanoWizard® (JPK Instruments,
erlin, Germany) in intermittent contact mode to avoid damage to
he sample surface. Commercially available Si3N4 tips attached to
-type cantilevers with a length of 230 �m and a nominal force con-
tant of 40 N/m (NSC16 AlBS, Micromasch, Tallinn, Estonia) were
sed. The scan frequency was between 0.5 and 1 Hz and antipro-
ortional to the scan size. The results were visualized as trace signal

n amplitude mode.
.2.5. Determination of entrapped CF
The encapsulation efficiency was calculated indirectly by deter-

ining the remaining concentration of CF in the supernatant
fter centrifugation. Samples of 175 �l were subjected to ultra-
entrifugation (Airfuge®, Beckman Coulter, Krefeld, Germany) at

r
U
p
p
(

l of Pharmaceutics 367 (2009) 169–178 171

10,000 rpm (199,000 × g) for 20 min at 4 ◦C. The supernatant con-
aining the dissolved free model drug CF was used to determine
he concentration by fluorescence spectroscopy. The amount of
ntrapped CF was calculated as relative encapsulation efficiency
rom the supernatant (CFsup) after centrifugation to the total
mount of CF (CFtot) using the following equation:

ncapsulation efficiency (%) = 100 − CFsup · 100
CFtot

.2.6. In vitro release studies
The in vitro drug release studies were carried out in PBS pH

.4 and Alveofact® (0.5 mg/ml in PBS pH 7.4), respectively, over a
40 min period of time, according to the run-time of the experi-
ents with the isolated, perfused and ventilated rabbit lung model.

he studies were performed with nanoparticles containing 5%
w/w) theoretical CF loading. Samples of the nanoparticle suspen-
ions (0.4 ml) were transferred to 15 ml plastic tubes and diluted
ith the release medium resulting in a volume of 10 ml. Incuba-

ion occurred at 37 ◦C while undergoing vertical rotation (20 rpm)
Rotatherm®, Gebr. Liebisch, Bielefeld, Germany). Samples of 175 �l
ere taken at predetermined time points and centrifuged prior to

urther determining the cumulative release of CF by fluorescence
pectroscopy. In parallel, nanoparticle suspensions without CF and
ure CF were incubated in the release medium under the same con-
itions to exclude background fluorescence caused by the polymer
r loss of CF during incubation time, respectively.

.2.7. Isolated, perfused and ventilated lung model (IPL)
The isolated, perfused and ventilated lung model has been previ-

usly described (Seeger et al., 1994). Briefly, male rabbits weighing
.5–3.5 kg were gradually anesthetized with a mixture of ketamine
Ketavet®, Pharmacia, Erlangen, Germany) and xylazine (Rompun®,
ayer Vital, Leverkusen, Germany) in a ratio of 3 to 2 and anticoag-
lated with heparin (1000 U/kg). After achieving a deep anestheti-
ation the animals were ventilated with room air via a tracheal can-
ula using a Harvard respirator (cat/rabbit Ventilator, Hugo Sachs
lektronik, March Hugstetten, Germany). Catheters were inserted
nto the left atrium and the pulmonary artery after a midster-
al thoracotomy. Perfusion with ice-cold Krebs-Henseleit buffer
Serag-Wiessner, Naila/Bayern, Germany) with a pulsatile flow of
0–20 ml/min was immediately started. The lungs were removed
rom the thorax and placed in a temperature equilibrated chamber
t 4 ◦C, freely suspended from a force transducer for monitoring
he lung weight. Then the perfusion flow was slowly increased to
00 ml/min. At the same time the temperature of the perfusion fluid
nd the housing chamber was raised to 39 ◦C. After a 30 min steady-
tate period, the perfusion fluid was exchanged once by fresh buffer
total volume 345 ml). With the onset of artificial perfusion an air

ixture of 21% O2, 5.3% CO2, and 73.7% N2 was used for ventilation
tidal volume 30 ml, frequency 30 strokes/min). A positive end-
xpiratory pressure of 1 cmH2O was used throughout. Pulmonary
rterial pressure (PAP), pulmonary venous pressure (PVP, measured
n the left atrium), inflation pressure, and the weight of the iso-
ated lung were registered continuously. Left atrial pressure was
et 1.5 mmHg in all experiments. Only those lungs were selected
or the study that fulfilled three criteria: firstly homogeneous white
ppearance with no signs of haemostasis, oedema, or atelectasis;
econdly a pulmonary artery and ventilation pressure in the normal

ange; and thirdly no weight gain during the steady-state period.
sually, sampling, evaporation and fluid dripping caused losses of
erfusate during the experiments (in total ∼50 ml/240 min). The
erfusate drops which escaped from the whole surface of the lungs
∼6 ml/240 min) were collected and analyzed.
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.2.8. Nanoparticle stability during nebulization
To study the stability of CF loaded DEAPA(39)-10 nanoparticles

uring nebulization a actively vibrating mesh nebulizer (Aeroneb®

rofessional, Aerogen Inc., Dangan, Galway, Ireland) was used. The
ollection of the nebulized nanoparticle suspension and the inves-
igation of nanoparticle stability were performed as previously
escribed (Dailey et al., 2003a). Briefly, samples of 3 ml suspension
ere aerosolized at an airflow rate of 10 l/min to exhaustive neb-
lization of the reservoir. Samples of the nebulized aerosol were
ollected by placing a glass microscopic slide in front of the neb-
lizer T-shaped mouthpiece and allowing the aerosol droplets to
eposit on the glass. The resulting condensation fluid was collected
or further analysis. The stability of the nebulized nanoparticle sus-
ensions was investigated using PCS, LDA and AFM. In addition, the
mount of encapsulated CF of the aerosolized nanoparticles was
uantified as described above.

.2.9. Aerosol particle size determination by laser diffraction
For aerosolization the actively vibrating mesh nebulizer

eroneb® Professional was employed. In order to compare parti-
le size distribution of the two aerosolized formulations and NaCl
.9% (m/V) as control, the mass median aerodynamic diameters
MMAD) of the aerosol droplets were determined using laser light
cattering (HELOS, Sympatec, Clausthal-Zellerfeld, Germany). The
easurements (six runs of 100 × 50 ms duration each) were per-

ormed with an additional air flow rate of 10 l/min through the
-shaped mouthpiece of the Aeroneb® Professional nebulizer. Fur-

hermore, the aerosol particle size was investigated at the entrance
f the inspiratory tubing system to the trachea of the lung ( in
ig. 2) with the Aeroneb® Professional connected to the inspiratory
ystem between the ventilator and the end of the inspiration tubing.
ll data were analyzed in Mie mode. The density of the nebulized

D

w
t

ig. 2. Schematic of the isolated, perfused and ventilated rabbit lung model as used
etermination of the formulation aerosols MMAD and GSD at the entrance of the inspirat
l of Pharmaceutics 367 (2009) 169–178

olution was set equal to unit density and thus the measured vol-
me median diameter (VMD) equalled the MMAD. The geometric
tandard deviation (GSD) was calculated from the laser diffraction
alues according to the following equation:

SD =
√

84% undersize
16% undersize

.2.10. Aerosol output and lung deposition
The total aerosol output was determined gravimetrically by

eighing the nebulizer (Aeroneb® Professional) before and after
ach nebulization experiment. The resulting difference in weight
as used to calculate the aerosol output rate in g/min.

The amount of aerosol deposited in the IPL was examined in sep-
rate experiments using 99mTc-enriched saline. 99mTc (10–14 MBq,
epartment of Nuclear Medicine, Universitaetsklinikum Giessen
nd Marburg GmbH, Germany) was dissolved in 10 ml saline and
ml of this solution were nebulized with the Aeroneb® Professional

or approximately 5 to 7 min into the lung. In order to prevent dif-
usion of deposited 99mTc into the perfusate, the lung was clamped
nd perfusion was stopped during aerosol delivery. After nebuliza-
ion, the lung was immediately removed from the system and the
adioactivity of the lung (lung deposition) and the expiratory filter
exhaled fraction) were measured by a gamma-counter (Raytest,
traubenhardt, Germany). The deposition fraction (DF) was calcu-
ated as follows:
F = LD
IF

= LD
LD + EF

here LD is the lung deposition, EF the exhaled fraction, and IF is
he inhaled fraction = LD + EF.

for absorption studies of 5(6)-carboxyfluorescein in this study (“1”: site for the
ory tubing system to the trachea of the lung).
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.2.11. Pulmonary absorption and distribution characteristics of
ebulized CF formulations in the IPL

A detailed description of the IPL as used for the
ulmonary absorption and distribution experiments of 5(6)-
arboxyfluorescein in this study can be found elsewhere (Lahnstein
t al., 2008). A schematic of the IPL is depicted in Fig. 2. Briefly, for
erosol delivery of the two formulations the Aeroneb® Professional
as connected to the inspiratory tubing between the ventilator

nd the rabbit lung to be passed through by the inspiration
as. Three millilitres of either the CF solution (50 �g/ml) or the
anoparticle suspension containing a total CF amount of 50 �g/ml
ere nebulized for approximately 5–7 min into the IPL. In order

o determine the CF perfusate concentrations, 800 �l samples
ere taken from the venous part of the system. The sampling

nterval was every 10 min up to 240 min. Additionally, the dye
oncentration in the collected perfusate drops and the amount of
uorescent dye remaining in the lung lining fluid were determined.
herefore, the lung was lavaged with a total of 150 ml of fresh
erfusion fluid at the end of the experiment. A 50 ml fraction was

ntratracheally instilled and reaspirated three times. The total
ecovery of lavage fluid was 80–95%. Before measurement, the
avage and the dripping fluid were centrifuged at 300 × g for 10 min
o remove cells. The fluorescence caused by CF in the samples was
etermined by fluorescence spectroscopy.

In order to consider loss of perfusate during the experiments the
easured fluorescent concentration was corrected by the following

ormula:

corr(t) = c(t)Vp(t) + [Vp(0) − Vp(t)]c(t)/2
Vp(0)

= c(t)
2

[
Vp(t)
Vp(0)

+ 1

]

here ccorr(t) is the corrected dye concentration in perfusate after
ime t, c(t) the measured dye concentration in perfusate after time
, Vp(t) the perfusate volume after time t, and Vp(0) is the perfusate
olume at the beginning.

The pharmacokinetic parameters, i.e. the time until a stable
lateau was accomplished (tmax), the plateau concentration (cmax),
he half time to reach the plateau concentration (t½) and the con-
entration at t½ (c½), for both formulations delivered to the IPL were
alculated from the obtained perfusate concentration–time pro-
les. In addition the mean residence time (MRT) of CF in the lung
as calculated (Dost, 1958) and is given by the following equation:

RT = ABC
M(tmax)

here ABC is the area between the curve and the line through cmax,
nd M(tmax) the amount of CF in the perfusate after reaching a stable
erfusate plateau concentration.

.2.12. CF quantification by fluorescence spectroscopy

Samples collected from freshly prepared nanoparticle suspen-

ions, during the release or the nanoparticle nebulization stability
xperiments, respectively, were centrifuged as described above to
eparate the free from the incorporated model drug CF. The super-
atants containing the dissolved free model drug were diluted

n
s
b
a
a

able 1
roperties of CF loaded DEAPA(39)-10 nanoparticles before and after nebulization with th

anoparticles Size (nm) Polydispersity Index

reshly prepared 195.3 ± 7.1 0.225 ± 0.017
ebulized 185.9 ± 4.4 0.214 ± 0.015

alues are presented as the mean ± S.D.
= 4.
o statistically significant differences were observed between the sample values.
l of Pharmaceutics 367 (2009) 169–178 173

ith Tris 0.1 M (pH 8) to reach a CF concentration between 2
nd 50 ng/ml. Samples from the IPL were collected, centrifuged
s described above and analyzed for fluorescence intensity with-
ut further treatment. The concentration of CF in the samples was
etermined using a fluorescence plate reader (FL600, Bio-Tek, Bad
riedrichshall, Germany) equipped with the following filter: �ex:
85/20, �em: 530/25. 100 �l of each sample were placed in 96-well
lates (Costar, Cambridge, USA) and the fluorescence intensity was
easured immediately. The CF content was calculated using a cal-

bration curve. The linearity range of CF is found to be between 2
nd 50 ng/ml (R2 = 0.9995). Care was taken to protect the samples
rom light throughout the experiments.

.2.13. Statistics
All measurements were carried out in triplicates and values

re presented as the mean ± S.D. unless otherwise noted. Statis-
ical calculations were carried out using the software SigmaStat
.5 (STATCON, Witzenhausen, Germany). To identify statistical sig-
ificant differences, the non-parametric Mann–Whitney rank sum
est was performed. Probability values of p < 0.05 were considered
ignificant.

. Results

.1. Nanoparticle characteristics

The measured physicochemical characteristics of the CF loaded
EAPA(39)-10 are summarized in Table 1. A representative AFM

mage of the freshly prepared nanoparticles is shown in Fig. 3a).
reshly prepared nanoparticles were of spherical shape with a
ean particle size of 195.3 ± 7.1 nm (mean ± S.D., n = 4), a polydis-

ersity index of 0.225 ± 0.017 (mean ± S.D., n = 4) and a �-potential
f −28.3 ± 0.3 mV (mean ± S.D., n = 4), respectively. The preparation
ethod assured an encapsulation efficiency of CF in the DEAPA(39)-

0 nanoparticles of 59.4 ± 2.5% (mean ± S.D., n = 4), resulting in a
rug loading of 2.97 ± 0.13% (w/w) (mean ± S.D., n = 4).

.2. In vitro release studies

The in vitro release profile of the nanoparticle preparations is
epicted in Fig. 4. In both release media, PBS pH 7.4 and Alveofact®,
espectively, a pronounced burst effect was detected. During the
rst 50 min of incubation 90% of the encapsulated CF was released,

ollowed by a negligible release for 3 h. Background fluorescence
aused by the polymer or loss of CF during incubation time, respec-
ively, was not detected.

.3. Nanoparticle stability during nebulization

The results from the investigation of CF loaded DEAPA(39)-10

anoparticles after nebulization utilizing the Aeroneb® Profes-
ional are shown in Table 1. The nanoparticles were spherical (Fig. 3
)) with a mean particle size of 185.9 ± 4.4 nm (mean ± S.D., n = 4),
polydispersity index of 0.214 ± 0.015 (mean ± S.D., n = 4) and
�-potential of −30.9 ± 1.9 mV (mean ± S.D., n = 4), respectively.

e vibrating mesh nebulizer Aeroneb® Professional.

�-Potential (mV) Encapsulation efficiency (%)

−28.3 ± 0.3 59.4 ± 2.5
−30.9 ± 1.9 62.2 ± 4.5



174 M. Beck-Broichsitter et al. / International Journal of Pharmaceutics 367 (2009) 169–178

F
1
m

T
t
(
(
f
n

3

C
(
n
C
c
w

F
c
a

c
f
1
n
b
N
(
o
i
w
(
c

3

The total aerosol output, determined gravimetrically by weigh-
ing the nebulizer before and after exhaustive nebulization of the
reservoir, and aerosol output rate amounted to 2.67 ± 0.12 g and
0.56 ± 0.01 g/min for NaCl 0.9%, 2.75 ± 0.21 g and 0.55 ± 0.01 g/min
for CF solution, 2.72 ± 0.14 g and 0.44 ± 0.08 g/min for the CF loaded
ig. 3. Representative AFM images of 5(6)-carboxyfluorescein loaded DEAPA(39)-
0 nanoparticles; (a) freshly prepared and (b) after nebulization with the vibrating
esh nebulizer Aeroneb® Professional.

he determined value for the encapsulation efficiency of CF in
he DEAPA(39)-10 nanoparticles after nebulization was 62.2 ± 4.5%
mean ± S.D., n = 4), resulting in a drug loading of 3.11 ± 0.23% (w/w)
mean ± S.D., n = 4). No statistically significant differences were
ound between the values for freshly prepared and aerosolized
anoparticles.

.4. Aerosol particle size distribution

The mean MMAD and GSD of the aerosolized saline and both
F formulations are presented in Fig. 5. MMAD was 5.12 ± 0.16 �m

mean ± S.D., n = 3) for NaCl 0.9%, 5.48 ± 0.32 �m (mean ± S.D.,
= 3) for CF solution and 5.35 ± 0.20 �m (mean ± S.D., n = 3) for the
F loaded DEAPA(39)-10 nanoparticle formulation with a statisti-
ally significant difference between NaCl 0.9% and CF solution as
ell as between NaCl 0.9% and CF loaded DEAPA(39)-10 nanoparti-

F
a
M
t
a
c

ig. 4. Release characteristics of DEAPA(39)-10 nanoparticles loaded with 5(6)-
arboxyfluorescein (CF) in PBS pH 7.4 (�) and Alveofact® (�), respectively. Values
re presented as the mean ± S.D. (n = 4).

le formulation (p < 0.005). GSD was 2.05 ± 0.09 (mean ± S.D., n = 3)
or NaCl 0.9%, 2.13 ± 0.12 (mean ± S.D., n = 3) for CF solution and
.91 ± 0.06 (mean ± S.D., n = 3) for the CF loaded DEAPA(39)-10
anoparticle formulation with a statistically significant difference
etween NaCl 0.9% and CF solution (p < 0.005) as well as between
aCl 0.9% and CF loaded DEAPA(39)-10 nanoparticle formulation

p < 0.05). The mean MMAD and GSD of NaCl 0.9% at the entrance
f the inspiratory tubing system to the trachea of the lung (“1”
n Fig. 2) are also given as NaCl 0.9% (IPL) in Fig. 5. The MMAD
as 3.12 ± 0.13 �m (mean ± S.D., n = 3) and the GSD was 1.69 ± 0.06

mean ± S.D., n = 3). Both values are statistically significant different
ompared with the values for NaCl 0.9% (p < 0.005).

.5. Aerosol output and lung deposition
ig. 5. Particle sizes (MMAD) and geometric standard deviation (GSD) of the
erosolized 5(6)-carboxyfluorescein formulations in comparison to NaCl 0.9%. The
MAD and GSD of NaCl 0.9% at the entrance of the inspiratory tubing system to the

rachea of the lung (“1” in Fig. 2) is also given as NaCl 0.9% (IPL). Values are presented
s the mean ± S.D. (n = 3). The asterisks denote statistically significant differences
ompared to NaCl 0.9% (*p < 0.05; *** p < 0.005).



M. Beck-Broichsitter et al. / International Journal of Pharmaceutics 367 (2009) 169–178 175

Table 2
Pharmacokinetic parameter estimates of both formulation exposures to the isolated, perfused and ventilated rabbit lung model.

Formulation tmax (min) cmax (ng/ml) t½ (min) c½ (ng/ml) MRT (min)

Solution 140.0 ± 10.0 17.7 ± 0.8
Nanoparticles 140.0 ± 10.0 9.2 ± 2.4

Values are presented as the mean ± S.D.
n = 3 for each formulation.

Fig. 6. Perfusate concentration–time profiles of 5(6)-carboxyfluorescein (CF) in the
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solated, perfused and ventilated rabbit lung model after nebulization of 3 ml of CF
olution (50 �g/ml) (�) and 3 ml of DEAPA(39)-10 nanoparticle suspension loaded
ith CF (50 �g/ml) (�), respectively. Values are presented as mean ± S.D. (n = 3 for

ach formulation).

EAPA(39)-10 nanoparticle formulation (mean ± S.D., n = 3 for all
easurements). No statistically significant difference was seen

or the aerosol output rates of both formulations compared to
aCl 0.9%. Lung deposition, as assessed by nebulization of 99mTc-
nriched saline, was 0.37 ± 0.03 ml (mean ± S.D., n = 3). In the
xpiratory filter 0.16 ± 0.01 ml (mean ± S.D., n = 3) were found and
herefore the deposition fraction was calculated to 70.0 ± 0.2%
mean ± S.D., n = 3).

.6. Pulmonary absorption and distribution characteristics of
ebulized CF formulations in the IPL

Fig. 6 shows the concentration–time profiles of CF in the per-
usate following the pulmonary administration by inhalation. The
erfusate concentration–time profiles for CF solution and CF loaded
EAPA(39)-10 nanoparticles showed similar characteristics with

egard to the curve progression. After a continuous increase in CF
erfusate concentration a plateau concentration was accomplished.

he absorption degree of CF from nanoparticles by the IPL was less
han those of CF from solution denoted by a lower plateau concen-
ration in the perfusate.

Table 2 summarizes the pharmacokinetic parameters for both
ormulation exposures to the IPL. After 140 ± 10.0 min (mean ± S.D.,

r
p
w
d
d

able 3
inal distribution of the fluorescent dye CF for both formulations in the different compart

ormulation Lavage (ng) Perfusate (ng)

olution 1093 ± 361 5110 ± 355
anoparticles 878 ± 161 2365 ± 519

alues are presented as the mean ± S.D.
= 3 for each formulation.
29.6 ± 9.6 8.8 ± 0.4 38.9 ± 11.1
38.8 ± 2.1 4.6 ± 1.2 46.6 ± 4.6

= 3) of continuous increase in CF perfusate concentration a sta-
le plateau of 17.7 ± 0.8 ng/ml (mean ± S.D., n = 3) was reached for
he CF released from solution. CF loaded DEAPA(39)-10 nanopar-
icles showed an increasing CF perfusate concentration for the
rst 140.0 ± 10.0 min (mean ± S.D., n = 3). The resulting steady-state
oncentration was 9.2 ± 2.4 ng/ml (mean ± S.D., n = 3). The MRT of
F in the lung from solution and nanoparticles was estimated to be
8.9 ± 11.1 min (mean ± S.D., n = 3) and 46.6 ± 4.6 min (mean ± S.D.,
= 3), respectively.

The final CF distribution within the experimental system is
iven in Table 3. After administration of aerosolized CF solu-
ion to the IPL a total of 7042 ± 517 ng (mean ± S.D., n = 3) CF
as recovered with 5110 ± 355 ng (mean ± S.D., n = 3) in the per-

usate and 1093 ± 361 ng (mean ± S.D., n = 3) in the lavage fluid. A
ower recovery of only 3923 ± 1127 ng (mean ± S.D., n = 3) was mea-
ured in the experiments with administration of aerosolized CF
oaded DEAPA(39)-10 nanoparticle to the IPL with 2365 ± 519 ng
mean ± S.D., n = 3) in the perfusate and 878 ± 161 ng (mean ± S.D.,
= 3) in the lavage fluid.

. Discussion

The CF loaded DEAPA(39)-10 nanoparticles were prepared by
modified solvent displacement technique. Due to their unique

roperties, such as biocompatibility and controlled variability of
iodegradation rates, the DEAPA polymers are highly suited for
ulmonary application (Dailey et al., 2005). Furthermore, their
mphiphilic attributes facilitate nanoparticle generation without
he requirement of surfactants. The addition of varying amounts of
polyanionic excipient, such as dextrane sulfate or carboxymethyl

ellulose (CMC), to the polymer during nanoparticle formula-
ion causes precipitation into highly reproducible nanoparticles
ith a size of approximately 200 nm in diameter and adjustable
hysicochemical properties (Dailey et al., 2003a). In this study,
MC, a customary pharmaceutical excipient, was chosen as sta-
ilizer, whose use led to a negative surface charge of the prepared
EAPA(39)-10 nanoparticles. However, the role of CMC may be sub-

tituted by any other polyanion, including dextran sulfate, which
as been previously used in the pulmonary tract as a mucolytical
gent in cystic fibrosis research (Sudo et al., 2000).

Nanoparticle preparation methods, particular the solvent
isplacement technique, often incur the drawback of poor incorpo-

ation of low molecular weight hydrophilic drugs into nanoparticles
repared from hydrophobic polymers, like PLGA. Encapsulation of
ater soluble drugs is a difficult task, due to the low affinity of the
rug compounds to the polymers on the one hand, and the short
istances drugs have to cover to diffuse out of the particles on the

ments of the isolated, perfused and ventilated rabbit lung model.

Dripping fluid (ng) Samples (ng) Total (ng)

436 ± 340 403 ± 23 7042 ± 517
495 ± 403 185 ± 74 3923 ± 1127
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ther hand (Govender et al., 1999; Peltonen et al., 2004). The solvent
election and addition of different excipients to the inner organic
hase, like surfactants, was found to improve encapsulation effi-
iency. Same results were made by manipulating the outer water
hase by pH changes or an addition of salts. However, these meth-
ds were not feasible for nanoparticles prepared of DEAPA(39)-10
y the solvent displacement method used in this study. Salt addi-
ion to the CMC solution led to notable flocculation, resulting in
ecreased nanoparticle yields (data not shown). We reached high
ncapsulation efficiencies of approximately 60% for the water sol-
ble model drug CF, whose log P (logarithm of the octanol/water
artition coefficient) was reported to be −3.45 (Lahnstein et al.,
008), by vigorously mixing together with the DEAPA(39)-10 poly-
er prior to the nanoparticle preparation process. It has been

reviously reported that small molecules containing anionic groups
an be complexed and encapsulated efficiently via electrostatic
nteractions with the amino groups attached to the polymer back-
one (Wittmar et al., 2006). This concept is also proposed for the
F loaded DEAPA(39)-10 nanoparticles.

The aspect of drug release from pulmonary delivery systems
aries according to the used delivery system as well as to the physic-
chemical properties of the drug. Therefore, the in vitro release
rofile of the CF loaded DEAPA(39)-10 nanoparticle preparations
as investigated. A pronounced burst effect was detected in PBS
H 7.4 as release medium. Hence, a second release medium was
ested mimicking the composition of the respiratory tract fluid. For
his reason Alveofact®, a naturally derived surfactant, was chosen
nd added to PBS pH 7.4. Neither a difference in curve progression
or a difference in the released amount of CF was seen (Fig. 4).
he release rates of drug compounds from nanoparticulate drug
elivery systems is thought to be dependent upon desorption of
he surfacebound, adsorbed drug, diffusion through the nanopar-
icle matrix, rate of polymer degradation and a combined process
f degradation and diffusion. Thus, diffusion and biodegradation
overn the process of drug release (Soppimath et al., 2001). We sup-
ose that the burst effect for CF loaded DEAPA(39)-10 nanoparticles
as attributed to two effects. Firstly, the dilution of the nanopar-

icle suspensions with an excess of PBS pH 7.4 and Alveofact®,
espectively, favoured diffusion of the encapsulated dye into the
elease medium, and secondly, this diffusion was facilitated by dis-
inct swelling of the nanoparticles in aqueous media at 37 ◦C (J.
itterberg, personal communication).

As described above, the nanoparticle preparation method allows
he generation of nanoparticles with adjustable properties. This
ttribute was used to design nanoparticle systems with greater
tability in the face of shear forces. Dailey et al. (2003a) have
nvestigated the influence of the stabilizer CMC on the nebuliza-
ion stability of nanoparticles composed of DEAPA polymers. They
ound out that increasing amounts of CMC led to improved neb-
lization stability, with an optimum at 50 �g CMC/mg DEAPA
tilizing both air jet and ultrasonic nebulizers. This formulation,

n contrast to nanoparticles made from polymers more hydropho-
ic in nature, such as PLGA, was not prone to aggregation during
he process of nebulization, as was shown by laser light scatter-
ng and AFM images (Dailey et al., 2003b). Recently, a new type
f vibrating mesh nebulizers have been commercialized (Dhand,
002). These nebulizers may overcome the drawbacks of com-
only used nebulizers and have been shown to be suitable for

elivery of delicate structures such as liposomes (Kleemann et
l., 2007). In this study the actively vibrating mesh nebulizer

eroneb® Professional was used for nebulization. The investiga-
ion of nanoparticle formulation stability to the aerosolization
rocess ensued that the characteristics and encapsulation efficien-
ies were not significantly affected by nebulization. There was
nly a negligible change in particle size, polydispersity index,

T
t
o
t
c

l of Pharmaceutics 367 (2009) 169–178

-potential and encapsulation efficiency (Table 1). The size mea-
urements gained by PCS were in good agreement with the AFM
ata (Fig. 3).

The performance of vibrating mesh nebulizers depends strongly
n the fluid physicochemical properties. To produce aerosols appli-
able for deposition in the respiratory bronchioles and alveolar
egion, density, surface tension, viscosity and ion concentration
f the applied fluids have to be considered. Beside the aerosol
haracteristics other important attributes, like output rate, are
lso influenced (Ghazanfari et al., 2007). We demonstrated a high
erosol output rate for NaCl 0.9% and the CF solution using the
eroneb® Professional and suppose this is due to the high ion con-
entrations present in both liquids. This is in good agreement with
he findings of Zhang et al. (2007), who investigated the influence
f ion concentration on the output rate of diverse liquids. They were
ble to increase the aerosol output rate for solutions by an addition
f saline. The aerosol output rate for the CF loaded DEAPA(39)-
0 nanoparticle formulation was less when compared with NaCl
.9% and the CF solution, but no statistically significant differences
ere observed between the sample values. For both CF formu-

ations the duration for nebulization of 3 ml was pleasant. Since
he aerodynamic properties, displayed by the MMAD and GSD, are
mportant parameters for the aerosol deposition within the lungs
he size distribution of the formulation aerosols was determined
y laser diffraction. This method is well established for size anal-
sis of aerosols and has shown good correlation with pulmonary
eposition findings (Clark, 1995). The mean MMAD and GSD of
he aerosolized saline and both CF formulations were in the range
f previously reported magnitudes for other liquids (Zhang et al.,
007; Lahnstein et al., 2008). Although statistically significant, the
ifferences in the values for MMAD and GSD between NaCl 0.9% and
he two formulations are negligible regarding pulmonary deposi-
ion. In addition, we investigated the particle size distribution of
aCl 0.9% at the entrance of the inspiratory tubing system to the

rachea of the lung. The MMAD decreased significantly by approxi-
ately 2 �m (the GSD by approximately 0.4), due to evaporation of

iquid from the aerosol droplets and impaction and sedimentation
f larger aerosol droplets in the tubing system of the IPL (p < 0.005).
he aerodynamic properties of the generated aerosol entering the
solated rabbit lung were well suitable for deposition in termi-
al respiratory bronchioles and in the alveolar region (Raabe et
l., 1977). In fact, after inhalative administration of 99mTc-enriched
aline to the IPL a high, reproducible pulmonary deposition was
chieved.

In a previous study the authors have compared the chemical
roperties of three structurally diverse fluorescent probe molecules
nd investigated the pulmonary absorption and distribution fol-
owing their inhalative intrapulmonary administration in an IPL
Lahnstein et al., 2008). They concluded that CF is a suitable model
rug for the examination of pulmonary drug delivery formulations

n an IPL. Therefore CF was chosen as a water soluble model drug
nd encapsulated in nanoparticles composed of DEAPA(39)-10. As
xpected by the promising results from in vitro (Unger et al., 2007)
nd in vivo toxicological studies (Dailey et al., 2006), after nebuliza-
ion of nanoparticles to the IPL the lungs fulfilled the three claimed
riteria. During the whole experiment they maintained homoge-
eous white appearance with no signs of haemostasis, oedema,
r atelectasis; a pulmonary artery and ventilation pressure in the
ormal range; and isogravimetry. Regarding the lung architecture,
here are only very small amounts of liquid at the respiratory site.

hus, we expected that the burst effect, which occurred upon dilu-
ion with release medium, would not be found after aerosolization
f the nanoparticle suspensions to the IPL. Indeed, the CF absorp-
ion by the IPL from CF loaded DEAPA(39)-10 nanoparticles was less
ompared to the absorption after deposition of the same amount of
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F aerosolized as solution denoted by a lower plateau concentration
n the perfusate (Table 2, Fig. 6). If the burst would have occurred to
he same extent as found during the in vitro release, the perfusate
oncentrations following application of CF loaded nanoparticles
ould have hardly differed from those of CF absorbed from the solu-

ion. Thus, we suppose that due to the smaller liquid volume in the
ung, the burst effect was reduced. On the other hand, the concen-
ration in the perfusate was higher as expected by the absorption of
nencapsulated CF only. Hence, the free unencapsulated CF and a
mall amount of CF released from the CF loaded nanoparticles were
bsorbed by the IPL and appeared in the perfusate. This idea is in
greement with the estimated MRT of CF for both formulations in
he lung. Empirical distribution functions are characterized by their
tatistical moments, e.g. MRT. The increase in perfusate concentra-
ion over the time is due to absorption of released drug from the
dministered formulation. The MRT, as defined by Dost (1958), is
he arithmetic mean of individual absorption times of drug released
rom its formulation. Similar formulations yield similar MRT values.
his was the case for the two formulations used in this study with
egard to curve progression. The nanoparticle formulation resulted
n a slightly higher MRT value compared with the solution, denot-
ng absorption of free unencapsulated CF and a small amount of
F that has been released from the CF loaded nanoparticles by
he IPL. We suppose that nanoparticles either reached the inter-
titial spaces or were internalized into lung cells. The localization
n the interstitial spaces led to a dilution of the nanoparticle sus-
ensions, resulting in release of CF from the nanoparticles. From
here it could be readily adsorbed by pore diffusion and osmoti-
ally driven processes, as described previously (Pohl et al., 1998,
999). Dailey et al. investigated the cell association and internal-
zation of nanoparticles of the same type as used in this study
n vitro with the alveolar epithelial cell line A549 (Dailey et al.,
003a). Nanoparticle internalization could be detected by confocal

aser scanning fluorescence microscopy (CLSFM). The distribution
f CF in the different compartments of the IPL (Table 3) was in good
greement with this observation. Compared to the distribution pat-
ern of free CF, those of CF from nanoparticles differed. While the
ecovered CF applied as solution was approximately 7.0 �g from
he different compartments of the IPL, only 3.9 �g of the CF from
he nanoparticle suspensions were found. Assuming the localiza-
ion of nanoparticles in the interstitial spaces, lavage would have
ed to release of CF from the carriers upon dilution and an increased
mount of CF would have been found in the lavage fluid. But this
as not the case. The decreased total recovery of only 56% for the
F from nanoparticles compared to the total recovery for free CF,
ight have been attributed to internalization of nanoparticles into

ung cells, hence not recovered during lavage. The localization of
EAPA(39)-10 nanoparticles as well as entrapped and free CF in
ifferent cell types and lung regions after their administration to
he IPL was investigated by CLSFM. Unfortunately, the strong green
utofluorescence of the lung tissue superimposed the fluorescence
ignals of CF. However, alternative effects, which might have led to
he reported concentration–time profiles and dye recovery, have to
e considered. The interaction of the nanoparticles with surfactant
omponents and lung cells are only two examples of a magni-
ude of possibilities. Thus, more sophisticated in vitro investigations
ccounting for the fluid composition and volumes that can be found
n the respiratory space, as well as studies on the localization of the
anoparticles in lung cells and in different lung compartments after
erosol application are indicated to fully explain the absorption

attern reported in this study. Currently, experiments to localize
anoparticles as well as drug within the lung and mechanistic
tudies concerning their uptake into lung cells are under investi-
ation using different techniques, such as quantum dots and will
e reported elsewhere.

D

E

l of Pharmaceutics 367 (2009) 169–178 177

In conclusion, this study showed that the solvent displacement
ethod is feasible to encapsulate hydrophilic drugs into poly-
eric nanoparticles. High encapsulation efficiencies of the model

rug CF were reached using the biocompatible, fast degrading,
ranched polyester DEAPA(39)-10. In vitro release studies showed
distinct burst release of the encapsulated CF. Investigation of

anoparticle formulation stability to the aerosolization process uti-
izing the Aeroneb® Professional ensured that the characteristics
nd encapsulation efficiencies were not affected by nebulization.
he aerodynamic properties of the generated aerosol droplets, dis-
layed by the MMAD and GSD at the entrance of the inspiratory
ubing system to the trachea of the lung, were suitable for alveolar
eposition. In fact, after inhalative administration of both formu-

ations to the IPL, CF showed a reproducible pulmonary absorption
ith a stable concentration plateau in the perfusate. The perfusate

oncentration–time profiles exhibited similar characteristics with
egard to the curve progression. But the absorption degree of CF
eleased from nanoparticles by the IPL was less than those of CF
olution denoted by a lower concentration plateau in the perfusate.
hus, burst release in the IPL was supposed to occur to a lesser
xtent than in vitro. The amount of CF that remained in the other
ompartments of the IPL was similar for both formulations indicat-
ng a distribution of the CF loaded nanoparticles into the lung tissue.
urther investigations to characterize the behaviour of nanoparti-
les at the air/blood interface, the localization of nanoparticles as
ell as entrapped and free drug in different cell types and lung

egions after their administration need to be carried out.
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