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ABSTRACT

Polymeric nanoparticles meet the increasing interest for drug delivery applications and hold great
promise to improve controlled drug delivery to the lung. Here, we present a series of investigations
that were carried out to understand the impact of formulation variables on the nebulization perfor-
mance of novel biodegradable sildenafil-loaded nanoparticles designed for targeted aerosol therapy of
life-threatening pulmonary arterial hypertension.

Narrowly distributed poly(D,L-lactide-co-glycolide) nanoparticles (size: ~200 nm) were prepared by a
solvent evaporation technique using poly(vinyl alcohol) (PVA) as stabilizer. The aerodynamic and out-
put characteristics using the Aeroneb® Pro nebulizer correlated well with the dynamic viscosity of the
employed fluids for nebulization. The nebulization performance was mainly affected by the amount
of employed stabilizer, rather than by the applied nanoparticle concentration. Nanoparticles revealed
physical stability against forces generated during aerosolization, what is attributed to the adsorbed PVA
layer around the nanoparticles. Sildenafil was successfully encapsulated into nanoparticles (encapsula-
tion efficiency: ~80%). Size, size distribution and sildenafil content of nanoparticles were not affected
by nebulization and the in vitro drug release profile demonstrated a sustained sildenafil release over
~120 min.

The current study suggests that the prepared sildenafil-loaded nanoparticles are a promising pharma-
ceutical for the therapy of pulmonary arterial hypertension.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Pulmonary arterial hypertension is a severe, life threatening
disease that dramatically limits exercise capacity. The increase in
pulmonary artery pressure and vascular resistance with subse-
quent dysfunction of the right heart results in a seriously reduced
life expectancy with a median survival of only 2.8 years with-
out treatment (D’Alonzo et al., 1991). The specific drug therapy of
pulmonary arterial hypertension mainly comprises the intra-
venous and oral application of potent vasodilators (Galie et al.,
2009). One substance, sildenafil (Viagra®), belongs to the family of
phosphodiesterase inhibitors and is administered orally to patients
three times daily. The oral administration of sildenafil, however,
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results in systemic availability of the drug leading to significant
side effects (Galie et al., 2005; Ghofrani et al., 2006; Wilkins et al.,
2008). Meanwhile, a more selective route of administration, namely
drug delivery to the lung by inhalation, has been recommended,
due to its ability to circumvent unwanted systemic side effects. The
direct application of a drug to the lungs facilitates a targeted treat-
ment of respiratory diseases, as demonstrated for the prostacyclin
analogue iloprost (Ventavis®) in the treatment of pulmonary arte-
rial hypertension (Olschewski et al., 2002). However, the relatively
short duration of pharmacological effects after pulmonary drug
deposition is regarded as a major drawback of inhalation therapy,
therefore requiring frequent drug administrations via inhalation
(Gessler et al., 2008; Ichinose et al., 2001).

In this context, colloidal carriers such as polymeric nanoparti-
cles, seem to be promising pulmonary drug delivery systems. With
the direct delivery of nanoencapsulated therapeutics to the lung,
sustained and controlled drug release at the desired site of action
can be achieved, leading to prolonged pharmacological effects
(Azarmi et al., 2008; Beck-Broichsitter et al., 2011a). The choice
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of the nanoparticle preparation technique essentially depends
on the physicochemical properties of the polymeric nanoparticle
matrix material intended to be used and the active compound
to be encapsulated in the nanoparticles. Regarding the polymeric
nanoparticle matrix material, criteria such as biocompatibility and
biodegradability determine its selection (Vauthier and Bouchemal,
2009). In addition, nanoparticles need to meet further standards
such as sufficient association of the therapeutic agent with the car-
rier and stability against forces generated during aerosolization.
Nanoparticulate drug delivery systems composed of biodegradable
polymers have shown to fulfill these stringent requirements (Beck-
Broichsitter et al., 2009, 2010a; Lebhardt et al., 2010; Rytting et al.,
2008, 2010).

The solvent evaporation technique is known to be a convenient
nanoparticle preparation method. This technique comprises the
emulsification of an organic polymer solution in an aqueous phase
containing excipients for stabilization purpose. The employed sta-
bilizers were often found to modulate the physicochemical and
biological properties of the nanoparticle formulations (Vauthier
and Bouchemal, 2009). Despite its relevance for inhalation therapy,
the impact of formulation parameters on aerodynamic character-
istics of nebulized formulations and on nanoparticle stability to
nebulization has been so far rather underestimated for actively
vibrating-mesh nebulizers (Dailey et al., 2003a; Ghazanfari et al.,
2007; Zhang et al., 2007).

Therefore, the present study addressed the principles associated
with nanoparticle production by the solvent evaporation tech-
nique, like polymer concentration in the organic phase and concen-
tration of stabilizer in the aqueous phase. Furthermore, their effects
on the nebulization performance employing the actively vibrating-
mesh nebulizer Aeroneb® Pro were evaluated. Aerosols were char-
acterized by laser diffraction and aerodynamic parameters were
correlated with the physicochemical properties (dynamic viscosity
and surface tension). Furthermore, the stability of the nanoparti-
cles to the nebulization process was assessed by analysis of particle
size, polydispersity index, {-potential and particle morphology.
Based on these investigations, novel biodegradable sildenafil-
loaded poly(Dp,L-lactide-co-glycolide) nanoparticles were designed
and thoroughly characterized regarding their physicochemical
characteristics before and after aerosolization. In particular, con-
trolled release properties of the freshly prepared and nebulized
sildenafil-loaded nanoparticles were determined by monitoring
the in vitro drug release profile employing UV/Vis spectroscopy.

2. Materials and methods
2.1. Materials

Poly(p,L-lactide-co-glycolide) (PLGA), Resomer® RG502H, was
acquired from Boehringer Ingelheim (Ingelheim, Germany).
Poly(vinyl alcohol) (PVA), Mowiol® 4-88, was purchased from
Sigma-Aldrich (Steinheim, Germany). Sildenafil (free base) was
obtained from AK Scientific (Mountain View, USA). All other chem-
icals and solvents used in this study were of the highest analytical
grade commercially available. The actively vibrating-mesh nebu-
lizer Aeroneb® Pro was acquired from Aerogen (Dangan, Galway,
Ireland).

2.2. Methods

2.2.1. Physicochemical characterization of fluids prepared for
nebulization

2.2.1.1. Density measurements. The densities of fluids prepared for
nebulization were measured using an oscillating density meter
(DMA 4100 M, Anton Paar, Graz, Austria) at 25°C. The density of

each solution was calculated from the average of three repeated
measurements.

2.2.1.2. Viscosity measurements. The determination of viscosities
of fluids prepared for nebulization were performed at 25°C using
a temperature controlled capillary viscosimeter of the Ubbelohde
type (Schott, Mainz, Germany). The viscosity of each solution was
calculated from the average of five repeated measurements.

2.2.1.3. Surface tension measurements. The surface tensions of flu-
ids prepared for nebulization were measured at 25°C using a
temperature controlled tensiometer equipped with a Wilhelmy
plate (K11-Mk3, Kruess, Hamburg, Germany). The surface tension
of each solution was calculated from the average of five repeated
measurements.

2.2.2. Preparation of nanoparticles

Nanoparticles were synthesized using a solvent evaporation
technique (Beck-Broichsitter et al., 2011b; Scholes et al., 1993;
Vauthier and Bouchemal, 2009). At first, PLGA (with or without
drug)wasdissolved in methylene chloride. Then, 2 ml of the organic
phase (dispersed phase) were transferred to 10ml of an aque-
ous phase (continuous phase) containing PVA as surface active
stabilizer. After initial pre-mixing of the two phases using an Ultra-
Turrax® (IKA®-Labortechnik, Staufen, Germany), the emulsion was
sonicated (Sonifier 250, Branson, Danbury, USA). The organic phase
was then removed slowly using a rotary evaporator (Rotavapor®,
Biichi, Flawil, Switzerland). Particles were characterized and used
directly after preparation.

2.2.3. Characterization of nanoparticles

2.2.3.1. Size and {-potential measurement. The hydrodynamic
diameter and size distribution of nanoparticles were measured by
dynamic light scattering (DLS), and their {-potential was deter-
mined by laser Doppler anemometry (LDA) using a Zetasizer
NanoZS/ZEN3600 (Malvern Instruments, Herrenberg, Germany).
All measurements were performed at a temperature of 25 °C using
samples appropriately diluted with filtrated and double distilled
water for DLS and with 1.56 mM NaCl for LDA, respectively. All mea-
surements were carried out in triplicate directly after nanoparticle
preparation with at least 10 runs.

2.2.3.2. Determination of the adsorbed PVA layer thickness on
nanoparticles. The thickness of the adsorbed PVA layer on nanopar-
ticles was determined using DLS and {-potential measurements as a
function of electrolyte concentration (Besheer et al., 2009; Shimada
et al., 1995). Concerning DLS measurements, the adsorbed PVA
layer thickness (§) was derived from the comparison of the par-
ticle sizes of bare (dp) and coated nanoparticles (d,qs), according to
the following equation

_ dads — do
§=—5— (1)

Layer thickness from {-potential measurements was calculated
using the Gouy-Chapman approximation, which expresses the
decrease of the electrostatic potential as a function of the distance
from the surface as follows

Yx =Yg e (2)

where Y is the potential at a distance x from the surface, ¥ is
the surface potential, and «~! is the Debye length. An increase
of electrolyte concentration (NaCl) decreases the Debye length. {-
Potentials are defined as the electrostatic potentials at the position
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of the slipping plane, which is thought to occur just outside the
fixed aqueous layer of a nanoparticle. From Eq. (2) follows

Inyry = Inyrg — k- X (3)

If {-potentials (¥x) are measured in various concentrations of
NacCl (0, 0.1, 0.2, 0.5, 1, 2 and 5 mM) and plotted against x equal to
3.33¢!/2, where cis the molality of electrolytes, the slope equals the
thickness of the adsorbed polymer layer.

2.2.3.3. Scanning electron microscopy (SEM). A droplet of dilute
nanoparticle suspension was deposited on a silica wafer. Before
imaging, all samples were dried in vacuum and subsequently
coated with a platinum layer using a Gatan Alto 2500 sputter coater
(Gatan, Miinchen, Germany) for 90 s. The morphology of nanopar-
ticles was observed at 2 kV using a scanning electron microscope
(JSM-7500F, JEOL, Eching, Germany).

2.2.3.4. Transmission electron microscopy. The samples were pre-
pared by coating a carbon-coated copper grid (S160-3, Plano,
Wetzlar, Germany) with a thin layer of dilute nanoparticle sus-
pension. Dried nanoparticles were then investigated using a
transmission electron microscope (JEM-3010 TEM, JEOL, Eching,
Germany) at an acceleration voltage of 300 kV.

2.2.3.5. Determination of entrapped sildenafil. To determine the
drug content samples of nanoparticle suspensions (1 ml) were sub-
jected to centrifugation (Centrifuge 5418, Eppendorf, Hamburg,
Germany) at 16,873 x g for 30 min at 25 °C. After centrifugation the
supernatant was carefully removed and sampled to determine the
amount of unencapsulated sildenafil. The remaining pellets were
freeze-dried (Betal, Christ, Osterode, Germany), weighed, and then
dissolved in chloroform (a common solvent for PLGA and sildenafil).
The undissolved fraction (PVA) was removed by centrifugation.
After centrifugation, a sample was taken from the organic phase
to determine the amount of encapsulated sildenafil. Sildenafil con-
centrations were quantified by UV/Vis spectroscopy as described
below. The drug content of sildenafil in the nanoparticles is defined
in the following formula

sidenafil content (%(w/w))

_ mass of sildenafil in PLGA nanoparticles
~ mass of PLGA nanoparticles recovered

x100  (4)

2.2.4. Invitro drug release studies

The in vitro drug release studies were carried out in phos-
phate buffered saline at a pH of 7.4 supplemented with 0.1% (w/w)
sodium dodecyl sulfate (Sigma-Aldrich, Steinheim, Germany) over
a 480min period of time. The studies were performed with
nanoparticles containing 5% (w/w) theoretical sildenafil loading.
Samples of the nanoparticle suspensions were transferred to glass
vials and diluted with the release medium (total volume: 10 ml).
Incubation occurred at 37°C with shaking. Samples were taken
at preset time points and centrifuged prior to determining the
cumulative release of sildenafil by UV/Vis spectroscopy. In paral-
lel, sildenafil was incubated in the release medium under the same
conditions.

2.2.5. Aerosol output

The aerosol output was determined gravimetrically by weigh-
ing the nebulizer (Aeroneb® Pro) before and after each nebulization
experiment. The resulting difference in weight was used to calcu-
late the output rate in g/min.

2.2.6. Aerosol particle size determination by laser diffraction

For aerosolization the actively vibrating-mesh nebulizer
Aeroneb® Pro was employed. In order to compare the particle
size distribution of the aerosolized formulations and NaCl 0.9%
(m/v) as control, the volume median diameter (VMD) of the aerosol
droplets was determined using laser diffraction (HELOS, Sym-
patec, Clausthal-Zellerfeld, Germany). The measurements were
performed as previously described (Clark, 1995). All data were ana-
lyzed in Mie mode. The density of the nebulized solutions was set to
unit density and thus the measured VMD equaled the mass median
aerodynamic diameter (MMAD). The geometric standard deviation
(GSD) was calculated from the laser diffraction values according to
the following equation

dgss
GSD = 4 [ -8%% (5)
di6x
where d, is the diameter at the percentile n of the cumulative dis-
tribution. The fine particle fraction (FPF) is given as the volume
fraction of the aerosol with particles sizes below 5.25 pm.

2.2.7. Nanoparticle stability during nebulization

To study the stability of nanoparticles during nebulization, neb-
ulized nanoparticle suspensions were collected and investigated
as previously described (Dailey et al., 2003a,b). Briefly, samples of
nanosuspensions were aerosolized at an airflow rate of 51/min and
collected by placing a glass microscopic slide in front of the nebu-
lizer T-shaped mouthpiece allowing the aerosol droplets to deposit
on the glass. The resulting condensation fluid was collected for
further analysis. The stability of the nebulized nanoparticles was
investigated using DLS and SEM. In addition, the amount of encap-
sulated sildenafil of the aerosolized drug-loaded nanoparticles was
estimated.

2.2.8. Sildenafil quantification by UV/Vis spectroscopy

Sildenafil concentrations were determined by UV/Vis spec-
troscopy using a spectrophotometer (Ultrospec® 3000, Pharmacia
Biotech, Freiburg, Germany). Absorption of all samples was assayed
at a wavelength of 291 nm. The sildenafil content was calculated
using a calibration curve.

2.2.9. Statistics

All measurements were carried out in triplicate and values are
presented as the mean =+ S.D. unless otherwise noted. Statistical
calculations were carried out using the software SigmaStat 3.5
(STATCON, Witzenhausen, Germany). To identify statistically sig-
nificant differences, one-way ANOVA with Bonferroni’s post t-test
analysis was performed. Probability values of p <0.05 were consid-
ered significant.

3. Results

3.1. Factors affecting the preparation of nanoparticles by the
solvent evaporation technique

Nanoparticles composed of poly(b,L-lactide-co-glycolide) were
prepared by a solvent evaporation technique. The sizes of nanopar-
ticles are displayed as a function of the inverse of the PVA
concentration (1/cpya) in Fig. 1A. The concentration of PLGA in
the organic phase was kept constant at 50 g/l, whereas PVA con-
centration varied between 1 and 50 g/l. Fig. 1A clearly illustrates
the linear dependency of particle size from 1/cpya (R?=0.991). As
the stabilizer concentration was increased, the mean particle size
of obtained nanoparticles decreased to ~200 nm. PVA concentra-
tions above 10 g/l led only to a negligible change of mean particle
size of obtained nanoparticles, but to an unwanted foaming dur-
ing nanoparticle preparation that caused a loss of nanoparticle
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Fig. 1. Influence of the inverse of the poly(vinyl alcohol) concentration (1/cpya) in
the aqueous phase (A) and the poly(p,L-lactide-co-glycolide) concentration (cpica)
in the organic phase (B) on the particle size of nanoparticles prepared by the solvent
evaporation technique. The straight line in (A) represents the linear fit of the exper-
imental data (R?=0.991). The inset in (B) shows a typical picture of nanoparticles
from scanning electron microscopy (Scale bar=1 wm). Values are presented as the
mean+S.D (n=4).

suspension. Polydispersity index (PDI) decreased with higher sta-
bilizer concentrations; PVA concentrations above 5 g/l resulted in
PDI values below 0.1.

The sizes of nanoparticles as a function of PLGA concentration
(cpiga) are displayed in Fig. 1B. The concentration of PVA was kept
constant at 10 g/l, whereas PLGA concentration varied between 5
and 100 g/1. As the polymer concentration increased, the mean par-
ticle size of obtained nanoparticles changed from ~150 nm for a
polymer concentration of 5 g/l to ~230 nm for a polymer concen-
tration of 100 g/1. The PDI was found to be optimal (<0.1) between
10 and 50 g/1 (data not shown).

Freshly prepared nanoparticles (cpiga =50g/l, cpya =10 g/1) had
a mean particle size of 195.1+9.6nm (mean+S.D., n=4) and
a narrow PDI of 0.0784+0.002 (mean+S.D., n=4). The surface
charge, displayed by the {-potential, was found to be negative
(=5.7+ 0.8 mV; mean=+S.D., n=4). Nanoparticles were visualized
by scanning electron microscopy and showed spherical shape
(Fig. 1B, inset). Data from dynamic light scattering were in good
agreement with results from SEM.

3.2. Factors affecting the aerosol performance of nanoparticle
suspensions

All formulations were nebulized with the actively vibrating-
mesh nebulizer Aeroneb® Pro. In order to compare the particle

size distribution of the aerosolized formulations, the mass median
aerodynamic diameter, the geometric standard deviation and the
fine particle fraction of the aerosol was determined using laser
diffraction. The output rate was determined gravimetrically. As
described above, the nanoparticles were prepared by a solvent
evaporation technique using PVA as stabilizer. Therefore, the
impact of PVA on the nebulization process was evaluated first of
all. PVA solutions with concentrations ranging from 1 to 15g/1
were investigated. Higher PVA concentrations were not nebu-
lizable using the Aeroneb® Pro. The MMAD is illustrated as a
function of PVA concentrations in Fig. 2A. As the PVA concentra-
tion was increased from 1 to 10g/l, a decrease in MMAD from
5.1+03 pm(mean=+S.D., n=4)t04.1 +£0.2 pum(mean+S.D.,n=4)
was observed. A further increase of PVA concentration to 15g/1
led to larger aerosol droplets (MMAD =4.5+0.1 wm; mean=+S.D.,
n=4). The GSD as a function of PVA concentrations is shown in
Fig. 2B. A decrease of GSD of the aerosol droplets was observed
over the whole PVA concentration range studied. While the GSD
at a PVA concentration of 1g/l was measured to be 1.89 4 0.02
(mean+S.D., n=4), at a PVA concentration of 15g/l the GSD was
reduced to 1.664+0.07 (mean +S.D., n=4). The FPF as a function
of PVA concentrations is displayed in Fig. 2C. The FPF increased
from 52.3+3.8% (mean+S.D., n=4) to 67.1+1.1% (mean=+S.D.,
n=4) when the amounts of PVA present were increased from 1
to 10g/l. A higher PVA concentration of 15g/l led to a reduced
FPF (62.9 +£1.1%; mean+S.D., n=4). The output rate as a func-
tion of PVA concentrations is illustrated in Fig. 2D. The output
rate decreased notable from 0.49 +0.03 g/min (mean+S.D., n=4)
to 0.1140.02 g/min (mean =+ S.D., n=4) for PVA concentrations of
1g/land 15 g/], respectively.

The nebulization performance of nanoparticle formulations as
a function of nanoparticle concentration (2, 5 and 10 mg/ml) as
well as PVA concentration (5, 7 and 10g/1) is displayed in Fig. 3.
The MMAD of the employed formulations gradually decreased
as the PVA concentration was raised (Fig. 3A). The MMAD for
nanoparticles prepared in 5g/l PVA ranged between 4.7 + 0.2 pum
and 5.0 +0.2 pm (mean=+S.D., n=4), while MMADs for nanopar-
ticles prepared in 10g/l PVA were found between 4.3+ 0.1 pm
and 44+0.1 pm (mean=+S.D., n=4). The GSD of the employed
formulations successively dropped as the PVA concentration was
increased (Fig. 3B). Nanoparticles prepared in 5 g/l PVA had GSDs
between 1.82 +£0.03 and 1.86 +£0.03 (mean=+S.D., n=4). The GSD
for nanoparticles prepared in 10 g/l PVA was between 1.71 £0.01
and 1.73 £ 0.04 (mean + S.D., n=4). The FPF of the employed formu-
lations increases as the PVA concentration was raised (Fig. 3C). The
FPF for nanoparticles prepared in 5 g/l PVA ranged from 53.6 +2.1%
to 57.1+£2.9% (mean £ S.D., n=4), while the FPF for nanoparticles
prepared in 10 g/l PVA was between 62.6 +1.2% and 65.14+0.8%
(mean +S.D., n=4). The output rate of the employed formulations
decreased as the PVA concentration was increased (Fig. 3D). The
outputrate for nanoparticles prepared in 5 g/l PVA was measured to
be between 0.33 +0.04 g/min and 0.31+0.02 g/min (mean=+S.D.,
n=4). The output rate for nanoparticles prepared in 10g/l PVA
ranged from 0.174+0.02 g/min to 0.18 +0.03 g/min (mean+S.D.,
n=4). Employed nanoparticle concentrations revealed to have no
clear trend on the nebulization performance for a given PVA con-
centration.

The physicochemical properties of the employed formulations
for nebulization are shown in Fig. 4. A linear escalation in the
dynamic viscosity for PVA solutions was measured as the concen-
tration was increased (Fig. 4A). The obtained value for 1g/l was
0.9414+0.009 mPas (mean=+S.D., n=4) and 1.54440.033 mPas
(mean+S.D., n=4) for a PVA concentration of 15g/l. The sur-
face tension as a function of the PVA concentration showed no
concentration dependency over the investigated concentration
range (Fig. 4A). All studied PVA concentrations reduced the surface
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Fig. 2. Aerodynamic and output characteristics of poly(vinyl alcohol) solutions of different concentrations (cpya) nebulized with the Aeroneb® Pro. Aerodynamic properties
were measured by laser diffraction, while the output rate was determined gravimetrically. Values are presented as the mean+S.D (n=4).
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tension to values between 40 and 50 mN/m. The dynamic viscosity
for different nanoparticle concentrations in PVA solutions of differ-
ent concentration are displayed in Fig. 4B. Increasing the employed
nanoparticle concentration for a given PVA concentration caused
only a marginal change of dynamic viscosity of the employed
formulations, while an escalation of the employed PVA concentra-
tion for a given nanoparticle concentration led to a considerably
increased dynamic viscosity. At a PVA concentration of 5g/l,
dynamic viscosities of 1.081 + 0.005 mPas, 1.100 4+ 0.016 mPa s and
1.125+0.026 mPas (mean+S.D., n=4) for a nanoparticle con-
centration of 2, 5 and 10mg/ml were measured, respectively.
A PVA concentration of 10g/l caused dynamic viscosities of

1.294+0.012mPas, 1.323 £0.015mPas and 1.332+0.0163 mPas
(mean+S.D., n=4) for a nanoparticle concentration of 2, 5 and
10mg/ml, respectively. The alteration of surface tension for
different nanoparticle concentrations in PVA solutions of different
concentration is shown in Fig. 4C. Keeping the PVA concentra-
tion constant at 5, 7 and 10g/l and increasing the employed
nanoparticle concentration led to considerably increased surface
tension of the employed formulations, but keeping the nanopar-
ticle concentration constant at 2, 5 and 10 mg/ml and escalating
the employed PVA concentration caused only a marginal change
of surface tension of the employed formulation. While surface
tensions of 45.6 4+ 0.8 mN/m, 45.3 + 0.8 mN/m and 44.4 4+ 1.1 mN/m
(mean+S.D., n=4) were measured at a nanoparticle concentra-
tion of 2 mg/ml and PVA concentrations of 5, 7 and 10 g/, surface
tensions of 49.5 4+ 0.8 mN/m, 48.5 + 0.9 mN/m and 47.8 &+ 0.6 mN/m
(mean +S.D.,n=4) at a nanoparticle concentration of 10 mg/ml and
PVA concentrations of 5, 7 and 10 g/l were obtained.

3.3. Factors affecting the nanoparticle stability during
nebulization

The stability of nanoparticles prepared in PVA solutions of
different concentrations to nebulization with the vibrating-mesh
nebulizer Aeroneb® Pro is shown as final to initial particle size (s¢/s;)
and polydispersity index (PDI¢/PDI;) ratio for different amounts
of nanoparticles (Fig. 5). The nebulized nanoparticle suspension
was collected and investigated using DLS and SEM. Only negligi-
ble changes of particle size after nebulization were seen for all
investigated PVA and nanoparticle concentrations (Fig. 5A). The
PDI¢/PDJ; ratio only disclosed signs of instability to nebulization for
high nanoparticle concentrations prepared in low amounts of PVA
(nanoparticle concentrations of 5 and 10 mg/ml, PVA concentra-
tion of 5g/1) (Fig. 5B). Moreover, the particle morphology, particle
size and particle size distribution as seen by SEM for nebulized
nanoparticles remained unchanged (Fig. 5C).

The thickness of the adsorbed PVA layer on nanoparticles was
determined by three different techniques. The first one involved the
preparation of uncoated nanoparticles by a nanoprecipitation tech-
nique (Beck-Broichsitter et al., 2010b). The prepared nanoparticles
composed of PLGA had a mean size of 171.7 £3.5nm (mean +S.D.,
n=4). This particle size is comparable to that of PLGA nanoparticles
prepared by the solvent evaporation technique in this study. The
uncoated nanoparticles were then incubated in PVA solutions of
varying concentrations (0.001-10g/1) and the increase in nanopar-
ticle size due to adsorption of PVA on nanoparticles was determined
by DLS. The obtained coating layer thickness for PVA on uncoated
nanoparticles as a function of PVA concentration is found in the
plateau of the adsorption isotherm in Fig. 6A and amounted to
~15nm. The second method to determine the thickness of the
adsorbed PVA layer on nanoparticles involved the measurement
of the {-potential of nanoparticles prepared by the solvent evapo-
ration technique as a function of electrolyte concentration. Freshly
prepared and nebulized nanoparticles were incubated with differ-
ent amounts of NaCl (0-5mM) and the {-potential was measured.
As the electrolyte concentration was heightened, an exponential
change in {-potential was determined. Nanoparticles in distilled
water (0 mM NaCl) had a {-potential of ~—40 mV, while a NaCl con-
centration of 5mM resulted in a {-potential of ~—2 mV (Fig. 6B).
No difference was seen between freshly prepared and nebu-
lized nanoparticles. Plotting of In(|{-potential|), versus 3.33c!/2 for
freshly prepared and nebulized nanoparticles yielded straight lines.
The thickness of the adsorbed polymer layer is given by the slope («)
of the corresponding lines of regression. In this manner the plot for
freshly prepared and nebulized nanoparticles gave adsorbed PVA
layer thicknesses of 13.4+0.4nm (mean+S.D., n=4; RZ=0.995)
and 13.8+0.9nm (mean=S.D., n=4; R =0.999), respectively. No
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Fig. 5. Stability of poly(p,L-lactide-co-glycolide) nanoparticles prepared in
poly(vinyl alcohol) solutions of different concentrations (cpya) to nebulization with
the Aeroneb® Pro. The stability is shown as final to initial particle size (s¢/s;) (A)
and polydispersity index (PDI¢/PDI;) (B) ratio for different amounts of nanoparticles
(open bars =2 mg/ml, grey bars = 5 mg/ml and closed bars = 10 mg/ml). A representa-
tive scanning electron microscopy picture of nebulized nanoparticles is shown in (C)
(Scale bar =1 wm). Aliquots of nanoparticle suspensions were collected during neb-
ulization for analysis of nanoparticle stability to nebulization. Values are presented
as the mean+S.D (n=4).

statistically significant difference between the thicknesses of the
adsorbed PVA layer of freshly prepared and nebulized particles
was found. The third applied method for the determination of the
thickness of the adsorbed PVA layer on nanoparticles prepared by
the solvent evaporation technique involved the use of transmis-
sion electron microscopy (TEM). The adsorbed polymer layer is
visible in TEM as a thin corona around the nanoparticle (Fig. 6D).
The determined PVA thickness on nanoparticles from TEM ranged

between 10 and 20 nm. Overall, the results from the three employed
methods for the determination of the adsorbed PVA layer thickness
were in good agreement.

3.4. Stability of sildenafil-loaded nanoparticles to nebulization

Sildenafil-loaded PLGA nanoparticles were prepared with a the-
oretical drug loading of 5% (w/w). For that purpose, 2 ml of the
organic phase containing polymer and drug (in total 50 mg/ml)
were transferred to 10 ml of an aqueous phase containing 10g/1
PVA as stabilizer. The aqueous phase was adjusted to pH 8 with
4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid-sodium salt.
Freshly prepared sildenafil-loaded nanoparticles were of spherical
shape, showed a mean particle size of 197.1 £ 1.7 nm (mean £+S.D.,
n=4) and a narrow particle size distribution (PDI=0.074 & 0.005,
mean + S.D., n=4). The surface charge, displayed by the {-potential,
was found to be negative (—5.1+0.3 mV; mean=+S.D., n=4). The
actual sildenafil content was 4.05+0.15% (w/w) (mean=+S.D.,
n=4), corresponding to an encapsulation efficiency of ~80%.

The aerodynamic and output characteristics of NaCl 0.9% (m/v)
and sildenafil-loaded nanoparticles when nebulized with the
Aeroneb® Pro together with the physicochemical properties of the
two formulations are given in Table 1. The prepared nanoparticle
formulations had a significantly smaller MMAD, GSD and output
rate compared to NaCl 0.9% (m/v) (p <0.05). The FPF for sildenafil-
loaded nanoparticles was significantly increased (p<0.05). The
nanosuspensions exhibited a significantly higher dynamic viscosity
and lower surface tension compared to NaCl 0.9% (m/v) (p <0.05).

The stability of sildenafil-loaded nanoparticles to nebulization is
shown as final to initial nanoparticle property (property¢/property;)
ratio (Fig. 7). Aliquots of nanoparticle suspensions were collected
during nebulization and the stability of the nebulized nanoparti-
cle suspensions was investigated using DLS and SEM. In addition,
the amount of encapsulated sildenafil of the aerosolized sildenafil-
loaded nanoparticles was estimated. Nebulized sildenafil-loaded
nanoparticles showed no signs of physical instability to nebuliza-
tion. Particle size, PDI and drug content remained unchanged after
nebulization (Fig. 7A). Moreover, no change of particle morphology,
particle size and particle size distribution was seen in SEM (Fig. 7B).

The invitro sildenafil release from the nanoparticle formulations
before and after nebulization is displayed in Fig. 8. Free sildenafil
powder served as a control. The free drug was immediately dis-
solved in the release medium (<15 min). No loss of sildenafil was
detected. Freshly prepared sildenafil-loaded nanoparticles released
the whole encapsulated amount of sildenafil (>95%) during incu-
bation time. A sustained release of sildenafil was observed over
~120 min. The drug release behavior of sildenafil-loaded nanopar-
ticles was not affected by nebulization and the release pattern
of nebulized nanoparticles superimposed that of freshly prepared
nanoparticles.

4. Discussion

4.1. Factors affecting the preparation of nanoparticles by the
solvent evaporation technique

Several strategies have been proposed for the preparation of
polymeric nanoparticles used as drug delivery systems in the field
of nanomedicine. Among the numerous manufacturing procedures,
the solvent evaporation technique is known to be a conve-
nient method for the production of biodegradable nanoparticles
(Vauthier and Bouchemal, 2009). The preparation of nanoparticles
composed of poly(Db,L-lactide-co-glycolide) by the solvent evapo-
ration technique involved the emulsification of an organic PLGA
solution in an aqueous phase containing poly(vinyl alcohol) as
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Fig. 6. Adsorbed poly(vinyl alcohol) layer thickness on poly(D,L-lactide-co-glycolide) nanoparticles as a function of PVA concentration (cpya) (A) and {-potential of PLGA
nanoparticles prepared in PVA solutions shown as a function of electrolyte concentration (B). The slope (k) of the In|{-potential| versus 3.33c'/2 plot gives the thickness of the
adsorbed polymer layer (C). Open and closed symbols in (B) and (C) represent characteristics of freshly prepared and nebulized nanoparticles, respectively. The straight lines
in (C) represent linear fits of the experimental data (R? >0.99). The adsorbed polymer layer is also visible in the representative transmission electron microscopy picture (D)

(Scale bar=20nm). Values are presented as the mean+S.D (n=4).

surface active stabilizer. After emulsification the organic phase
was removed by evaporation and the polymer precipitated in the
form of colloidal particles. The size of obtained nanoparticles was
on the one hand a function of the employed PVA concentration
and on the other hand a function of the applied PLGA concen-
tration (Fig. 1). Small nanoparticles (~200 nm) with narrow size
distributions were obtained at increasing PVA concentrations, as
it is already described for various surface active agent/polymer
combinations (Bazile et al., 1992; Beck-Broichsitter et al., 2011b;
Bodmeier and Chen, 1990; Desgouilles et al., 2003; Lamprecht et al.,
1999; Scholes et al., 1993). Thus, the limiting factor to get smaller
nanoparticles is the ability of the surface active agent to occupy
the new interface formed between organic and aqueous phase. The
sufficient coverage of the emulsion droplet surface with the stabi-
lizer (PVA) evoked an improved stability of the emulsion droplets
from coalescence and consequently led to smaller nanoparticles
after solvent evaporation (Fig. 1A). The reduction of nanoparticle
size upon lowering of the polymer amount in the organic phase
is attributed to a lower viscosity of the dispersed phase (Fig. 1B)
(Lamprecht et al., 1999; Scholes et al., 1993). In this study, opti-
mal nanoparticle preparation conditions were found for a PVA

Table 1

concentration of 10g/l combined with a PLGA concentration of
50¢g/l.

4.2. Factors affecting the aerosol performance of nanoparticle
suspensions

Over the past decades the generation of therapeutic aerosols
has primarily been reserved to pneumatic- and ultrasound-driven
nebulizers. Recent technological advances have led to improved
nebulizer design employing vibrating-mesh technology for aerosol
generation, like for example implemented in the Aeroneb® Pro
device (Dhand, 2002; Waldrep and Dhand, 2008). Vibrating-mesh
nebulizers have been shown to overcome the main drawbacks of
pneumatic- and ultrasound-driven nebulizers, i.e. concentration
of medicaments and temperature changes inside the nebulizer
reservoir, high residual volumes and induction of nanoparticle
aggregation during nebulization (Dailey et al., 2003a,b; Dhand,
2002; Waldrep and Dhand, 2008). The aerodynamic characteris-
tics of aerosols generated by the Aeroneb® Pro were shown to
be significantly affected by the physicochemical properties, like
surface tension, viscosity and ion concentration of the fluids applied

Aerodynamic, output and physicochemical characteristics of the employed formulations.

Formulation MMAD? [um] GSDP FPF¢ [%] Output [g/min] Dynamic viscosity [mPas] Surface tension [mN/m]
NacCl 0.9% (m/v) 49 £ 0.1 1.94 £ 0.02 549 £ 19 0.53 £+ 0.04 0.923 + 0.004 70.3 £ 0.5
Sildenafil-loaded nanoparticles 46 £0.1* 1.77 + 0.04* 60.5 + 2.4* 0.19 + 0.05* 1.332 £ 0.016* 47.8 + 0.6*

Values are presented as the mean +S.D. (n=4). The asterisks denote statistically significant differences compared to NaCl 0.9% (m/v) (p <0.05).

3 Mass median aerodynamic diameter.
b Geometric standard deviation.
¢ Fine particle fraction.
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nebulization with the Aeroneb® Pro. The stability is shown as final to initial
nanoparticle property (propertyg/property;) ratio (A) (PDI = polydispersity index). A
representative scanning electron microscopy picture of nebulized nanoparticles is
shown in (B) (Scale bar =1 pm). Aliquots of nanoparticle suspension were collected
during nebulization for analysis of nanoparticle stability to nebulization. Values are
presented as the mean+S.D (n=4).

for nebulization. For example, an increased viscosity resulted in
smaller aerosol droplets and increased fine particle fraction. Beside
the aerodynamic characteristics, other important attributes are also
influenced by the physicochemical properties of the used fluids, like
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Fig. 8. In vitro drug release profiles of sildenafil-loaded poly(D,L-lactide-co-
glycolide) nanoparticles (circles). Open symbols represent release characteristics
of freshly prepared sildenafil-loaded nanoparticles, whereas closed symbols show
the release characteristics of nebulized sildenafil-loaded nanoparticles. Aliquots
of nanoparticle suspension were collected during nebulization for analysis of the
impact of nebulization on the release profile of sildenafil from nanoparticles. For
comparison the dissolution profile of sildenafil powder (closed squares) in the
release medium is also included. Values are presented as the mean £S.D (n=4).

output rate. In general, an increased viscosity led to a prolonged
nebulization time and reduced output rate (Ghazanfari et al., 2007;
Zhang et al., 2007). Similar effects were observed in this study,
when we measured the aerodynamic and output characteristics for
PVA solutions and for nanoparticle-containing PVA solutions. An
increase in PVA concentration decreased the mass median aerody-
namic diameter, the geometric standard deviation and increased
the FPF. A higher viscosity led to a prolonged nebulization time and
reduced output rate (Figs. 2 and 4A). The surface tension of nebu-
lized fluids had minor influence on the nebulization properties in
this study (Fig. 4A).

The presence of nanoparticles disclosed trends comparable to
that of PVA solution alone. A gradual decrease of MMAD and
GSD was observed, while the FPF was gradually increased. A
potent decay in output rate was detected as the PVA concentration
was escalated. The investigated nanoparticle concentration ranges
revealed no clear trend on the nebulization performance for a given
PVA concentration (Fig. 3). This behavior is attributed to the vis-
cosity characteristics as a function of PVA concentration (Fig. 4B).
The presence of nanoparticles was shown to have an influence
on the surface tension of PVA solutions, but was of minor impor-
tance on the nebulization characteristics of the used formulations
(Fig. 4C). Higher nanoparticle concentrations (higher total surface
area) “immobilized” more PVA on their surface and impeded the
PVA to reduce the surface tension at the air-water interface.

4.3. Factors affecting the nanoparticle stability during
nebulization

The nanoparticle production process necessitated the addition
of a surface active agent (PVA) to the continuous aqueous phase.
During emulsification, PVA binds tightly to the newly created inter-
face which leads to coverage of the nanoparticle surface after the
solvent has been removed. Hence, a thin protective layer is formed
around the nanoparticles during preparation.

The aggregation of nanoparticles during aerosolization is depen-
dent on both the nanoparticle surface characteristics and the
technique for aerosol generation. Dailey et al. (2003a) showed
a reduced aggregation tendency for nanoparticles exhibiting a
more hydrophilic surface. Coating of nanoparticle surfaces with
hydrophilic polymers was also shown to improve the nebuliza-
tion stability of biodegradable nanoparticles (Dailey et al., 2003b).
Furthermore, the use of vibrating-mesh nebulizers is suitable
for the aerosolization of sensitive structures, like biodegrad-
able nanoparticles (Dhand, 2002; Waldrep and Dhand, 2008).
Indeed, biodegradable nanoparticles were not affected by nebu-
lization using the Aeroneb® Pro as demonstrated by atomic force
microscopy and dynamic light scattering (Beck-Broichsitter et al.,
2009). A similar result was obtained in the current study, where
size, size distribution and morphology of nanoparticles showed to
be unaffected by forces generated during aerosolization (Fig. 5).

The thin protective PVA layer formed around the nanoparti-
cles during the preparation is thought to improve the nebulization
stability. Adsorbed polymers have been often found to modulate
the physicochemical and biological properties of the employed
nanoparticles (Besheer et al., 2009; Dailey et al., 2003b; Sahoo et al.,
2002; Stolnik et al., 2001). Common techniques for the analysis of
nanoparticle surfaces include X-ray photoelectron spectroscopy,
Fourier transform infrared spectroscopy and static secondary ion
mass spectrometry (Mu et al., 2004; Scholes et al., 1999). Poly-
mer coated nanoparticles are furthermore characterized by means
of DLS, laser Doppler anemometry and transmission electron
microscopy with regard to the determination of the adsorbed
polymer layer thickness on nanoparticles. In this manner, we deter-
mined the adsorbed PVA layer thickness on nanoparticles to be
between 10 and 20 nm by different methods (Fig. 6). No significant
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change of the adsorbed PVA layer thickness was measured
upon nebulization what affirmed our hypothesis. The determined
PVA layer thickness on nanoparticles in this study was in the
range of previously reported magnitudes for other surface active
agent/polymer combinations (Besheer et al., 2009; Stolnik et al.,
2001).

4.4. Stability of sildendfil-loaded nanoparticles to nebulization

The usefulness of polymeric nanoparticles as controlled drug
delivery systems to the lung is limited to a successful encapsulation
of the employed drug substance, in addition to the considera-
tion of nebulization performance and nebulization stability, and
is often limited to lipophilic drugs (Lebhardt et al., 2010; Rytting
etal., 2008). As shown previously, the encapsulation of hydrophilic
drugs in nanoparticles is a difficult task and strongly depends
on the interaction of the therapeutic agent and the polymer that
is used as nanoparticle matrix material (Beck-Broichsitter et al.,
2009, 20104, 2011b; Rytting et al., 2010). Manipulation of the pH
of the aqueous phase was found to improve the encapsulation
efficiency of various drugs in polymeric nanoparticles prepared
by nanoprecipitation as well as by the solvent evaporation tech-
nique (Beck-Broichsitter et al., 2011b; Govender et al., 1999; Song
et al., 1997; Ueda and Kreuter, 1997). Sildenafil is an ampho-
teric drug with a pH-dependent solubility profile, with limited
solubility at neutral pH values (Wang et al., 2008). Hence, sildenafil-
loaded nanoparticles were prepared in an aqueous phase with
an adjusted pH value of 8 using a buffer salt. The entrapment
of sildenafil into nanoparticles prepared by the solvent evapo-
ration technique was not found to change the physicochemical
properties of the nanoparticles significantly for a theoretical drug
loading of 5% (w/w). The high sildenafil content in nanoparticles
(~4% (w/w)) that was achieved under the above mentioned exper-
imental conditions is attributed on the one hand to the affinity
of sildenafil to the PLGA nanoparticle matrix and on the other
hand to the adjustment of the aqueous pH value, that decreased
the solubility of the drug in the aqueous phase and hence, caused
minor drug leakage into this phase during nanoparticle forma-
tion.

As stated above, the aerodynamic and output characteris-
tics of nanoparticles were a function of the viscosity of the
employed formulation. The aerodynamic and output character-
istics of sildenafil-loaded nanoparticles were comparable to the
nebulization performance of blank PLGA nanoparticles prepared
under identical conditions, but differed significantly from NaCl 0.9%
(m/v) as nebulization medium. The decreased MMAD, GSD and out-
put rate as well as the increased FPF are attributed to the higher
viscosity of the employed nanoparticle formulations (Table 1). In
this regard, surface tension seems to play a subordinate role. The
higher output rate for NaCl 0.9% (m/v) is beside its lower vis-
cosity also influenced by the high ion concentrations present. A
high ion concentration increases the output rate of diverse liquids
employing the Aeroneb® Pro as nebulizer at the expense of the
aerodynamic properties of the produced aerosols (Ghazanfari et al.,
2007; Zhang et al., 2007).

The physicochemical parameters associated with the stability
of drug-loaded colloidal carriers like liposomes and lipid nanopar-
ticles to nebulization have been addressed by a number of authors
(Elhissi et al., 2007; Hureaux et al., 2009; Kleemann et al., 2007;
Liu et al., 2008), but however, only scant information is available
regarding the integrity of drug-loaded biodegradable nanopar-
ticles after nebulization (Beck-Broichsitter et al., 2009, 2010a).
Sildenafil-loaded nanoparticles used in this study showed only neg-
ligible changes in shape, particle size, particle size distribution
(polydispersity index) and drug content after nebulization using
the Aeroneb® Pro (Fig. 7). Again, the thin protective PVA layer

around the nanoparticles is thought to improve the nebulization
stability of nanoparticles, due to an increased nanoparticle surface
hydrophilicity (Dailey et al., 2003a,b).

The release pattern from drug delivery systems is a key concern
in the development of successful controlled release formulations
used in the field of medicine and pharmacy. In vitro drug release
studies are conducted with the aim to afford a rapid evaluation
tool for developmental and quality control purposes. The in vitro
release pattern is not intended to have one-to-one correlation
with in vivo results, but as soon as animal data are available the
in vitro model becomes quite useful as a quality control. Although
the release from biodegradable nanoparticles in vitro is normally
fast (several minutes to hours), prolonged pharmacological effects
could be observed ex vivo and in vivo when drug-loaded nanopar-
ticles were compared to free drug (Beck-Broichsitter et al., 2009,
2010a; Rytting et al., 2010). These studies demonstrated excel-
lent agreement of the in vitro results with the effects observed in
biological systems, thereby serving as examples highlighting the
importance of in vitro release studies. In the present study, free
sildenafil was rapidly dissolved in the release medium (<15 min),
whereas a sustained drug release was observed over ~120 min
for freshly prepared sildenafil-loaded nanoparticles (Fig. 8). The
entrapment of sildenafil within the nanoparticle matrix implied a
longer distance for sildenafil to diffuse out of the particles, result-
ing in a significantly retarded drug release. This release behavior
can be considered as an important improvement regarding the
aerosol therapy of pulmonary arterial hypertension. Moreover,
no difference in the release profile of sildenafil from nebulized
nanoparticles compared to freshly prepared nanoparticles was
observed, as nanoparticles were stable to nebulization using the
Aeroneb® Pro.

5. Conclusion

The current study examined the properties of nanoparticulate
drug delivery vehicles intended for pulmonary drug administra-
tion. Biodegradable nanoparticles were successfully synthesized
using a solvent evaporation technique. The applied stabilizer
during nanoparticle production was shown to influence the aero-
dynamic and output characteristics of aerosols generated using
an actively vibrating-mesh nebulizer (Aeroneb® Pro) by creating
an impact on formulation viscosity properties. The formed thin
protective stabilizer layer around the nanoparticles improved the
stability of nanoparticles to nebulization. Sildenafil was encapsu-
lated into nanoparticles with high entrapment efficiency and the
sildenafil-loaded nanoparticle formulation was transferred to an
aerosol applicable for deposition in the respiratory part of the
lung. Size, size distribution and sildenafil content of nanoparti-
cles were not affected by nebulization. The prolonged drug release
achieved with this novel pulmonary drug delivery system for
sildenafil will lead to a decrease of administration frequency of
drug-loaded nanoparticles compared to free drug and would there-
fore improve patients’ convenience and compliance. Overall, the
obtained sildenafil-loaded nanoparticles are a promising tool for
the therapy of pulmonary arterial hypertension. Further studies
will be carried out to firm up this hypothesis.
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