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Pulmonary drug delivery is the preferred route of administration in the treatment of respiratory diseases and some nonrespiratory
diseases. Recent research has focused on developing structurally stable high-dosage drug delivery systems without premature
release. To maximize the deposition in the desired lung regions, several factors must be considered in the formulation. The special
issue includes seven papers deal with aerosol-assisted fabrication of nanostructured particles, aerosol deposition, nanoparticles
pulmonary exposure, and controlled release.

The delivery by inhalation utilizes the extensive surface
area of the alveoli, avoiding hepatic first-pass metabolism
and enabling noninvasive administration of larger doses to
the lungs, leading to greater therapeutic efficacy without
increasing toxicity. Pulmonary drug delivery is the preferred
route of administration of aerosolized drugs in the treatment
of respiratory diseases including asthma and cystic fibrosis,
infectious diseases, in particular tuberculosis, and some
nonrespiratory diseases such as type I diabetes. Recent
research has focused on developing structurally stable high-
dosage drug delivery systems without any premature release.
To maximize the deposition in desired lung regions, a for-
mulation must be carefully engineered to ensure the carriers
have appropriate aerodynamic diameter, size distribution,
porosity, density, surface chemistry for optimal dispersibility,
and lung targeting. To overcome the problems with the
instability of the formulation and poor loading efficiencies,
sol gel approaches and wet chemistry have been applied
for fabrication of nanocomposite particles with corrugated
surfaces, reduced surface energy, and adjustable hydropho-
bicity/hydrophilicity to improve particle dispersion.

The seven papers presented in this special issue investi-
gate aerosol-assisted fabrication of nanostructured particles,
aerosol deposition, nanoparticle pulmonary exposure, and
controlled release.

In the first paper, cerium corrosion inhibitors are encap-
sulated into hexagonally ordered nanoporous silica particles
via single-step aerosol-assisted self-assembly. The core/shell
structured particles are effective for corrosion inhibition of
aluminum alloy AA2024-T3. The release can be controlled
by the pore size, pore surface chemistry, and the inhibitor
solubility.

In the second paper, azobenzene ligands are uniformly
anchored to the pore surfaces of nanoporous silica particles
with single-crystal NaCl. The addition of amphiphilic sol-
vents into the release medium delays NaCl release. The func-
tionalized particles demonstrate a photocontrolled release by
trans/cis isomerization of azobenzene moieties.

In the third paper, hydrogel particles are produced from
sprayed polymeric nano/microdroplets by a nebulization
process that is immediately followed by gelation in a cross-
linking fluid. Particle synthesis parameters such as type of
nebulizer, type of crosslinker, air pressure, and polymer
concentration are investigated for their impact on the mean
particle size, swelling behavior, and morphology of the
developed particles.

In the fourth paper, smart magnetically responsive
hydrogel nanoparticles are prepared by a novel spray
gelation-based method for biomedical and drug delivery
applications. Oligoguluronate and PEG-grafted chitosan
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are synthesized and characterized. Magnetically responsive
hydrogel nanoparticles based on alginate and alginate/G-
blocks are synthesized via aerosolization followed by either
ionotropic gelation or both ionotropic and polyelectrolyte
complexation using CaCl2 or PEG-g-chitosan/CaCl2 as
crosslinking agents.

In the fifth paper, the authors study the feasibility of
magnetically targeted delivery of high aspect ratio particles
loaded with iron-oxide nanoparticles to the site of the tum-
our. Iron sensitive magnetic resonance images of the lungs
are acquired to determine the iron concentrations in the right
and left lung of each animal. The right/left ratio increases in
the middle and basal regions of the lung. It is anticipated
that with further optimization, this technique could be an
effective method for increasing the dose of drug delivered to
a specific site within the lung.

In the sixth paper, nanoparticles instilled through both
an intratracheal tube and an inhalation system can exacer-
bate the lung inflammation by bacterial endotoxin. Repet-
itive pulmonary exposure to nanoparticles has aggravating
effects on allergic airway inflammation, including adjuvant
effects on Th2-milieu. Nanoparticle exposure may syn-
ergistically facilitate pathological inflammatory conditions
in the lung via both innate and adaptive immunological
abnormalities.

In the final paper, controlled release of inhaled nanopar-
ticles is evaluated using isolated, perfused, and ventilated
lung models. Ex vivo models are thought to overcome the
common obstacles of in vitro tests and offer more reliable
drug release and distribution data that are closer to the in
vivo situation.

Xingmao Jiang
Yung-Sung Cheng
Hugh D. C. Smyth
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Cerium (Ce) corrosion inhibitors were encapsulated into hexagonally ordered nanoporous silica particles via single-step aerosol-
assisted self-assembly. The core/shell structured particles are effective for corrosion inhibition of aluminum alloy AA2024-T3.
Numerical simulation proved that the core-shell nanostructure delays the release process. The effective diffusion coefficient
elucidated from release data for monodisperse particles in water was 1.0×10−14 m2s for Ce3+ compared to 2.5×10−13 m2s for NaCl.
The pore size, pore surface chemistry, and the inhibitor solubility are crucial factors for the application. Microporous hydrophobic
particles encapsulating a less soluble corrosion inhibitor are desirable for long-term corrosion inhibition.

1. Introduction

Controlled release is of particular interest for a broad
spectrum of studies dealing with corrosion inhibition, fer-
tilizers, and medical applications such as gene delivery, tissue
engineering, and diagnostic agents. Long-term cost-effective
corrosion inhibition of steels and alloys requires a controlled
release of corrosion inhibitors especially for protecting the
aluminum alloy AA2024-T3 used in aeronautic applica-
tions [1]. AA 2024 is composed of (in weight percentage)
93.5% Aluminum (Al), 4.4% Copper (Cu), 0.6% Manganese
(Mn), and 1.5% Magnesium (Mg). Currently, carcinogenic
chromate compounds have been widely used as corrosion
inhibitors [2, 3], but these are expensive to process and
maintain. The most potent and less toxic candidate inhibitors
for aluminum alloys, according to the study by Scully’s
group and Tailor’s group, are lanthanide, metavanadate,
molybdenum, and cobalt ions [1, 4]. The inhibitors not only

suppress cathodic reactions in the alloys that are essential for
corrosion inhibition and copper replating, but they provide
self-healing for the alloys as well. Much effort has been made
to investigate corrosion inhibition, ranging from barrier
to conversion coatings or pigmentation of the inhibitors
[5–8]. Layered clays have been tried for encapsulating the
inhibitors by ion exchange [9]. A multifunctional organic
coating containing silica can be formed by the in situ sol-gel
process. However, this method lacks appropriate storage and
slow release of corrosion inhibitors [10–13]. Nanoporous
silica is a mechanically and thermally stable, cheap, and an
environmentally benign ceramic, and it has found various
applications in adsorption, separation, and catalysis [14, 15].
The well-controlled pore size, narrow pore size distribution,
and controllable functionality and pore surface chemistries
of self-assembled nanoporous silica materials suggest their
use as the encapsulating material for controlled release of
corrosion inhibitors. The promising nanocapsules can be
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Figure 1: TEM images of nanostructured particles (a–d) with different loadings of Ce. The molar ratios of the precursor sol compositions
are TEOS : EtOH : H2O : HCl : CTAB : CeCl3 = 1 : 7.7 : 24.8 : 0.00125 : 0.18 : x, where x = 0, 0.06, 0.12, and 0.18, respectively, for particle
samples (a)–(d).

dispersed as pigments into a protective epoxy coating for a
long-term cost-effective protection of the alloys.

In this paper, we report a novel single-step method
for encapsulating cerium (Ce) corrosion inhibitors into
nanoporous silica particles by aerosol-assisted evaporation-
induced self-assembly (EISA). Nanostructured particles with
a core of Ce compounds and a shell of ordered nanoporous
silica were prepared. These core-shell nanostructured par-
ticles are effective for inhibiting corrosion of aluminum
alloy AA2024-T3. We investigated the controlled release of
inhibitors and found that long-term corrosion inhibition can
be realized using hydrophobic microporous nanocapsules.

2. Results and Discussion

The core-shell nanostructured particles were synthesized via
aerosol-assisted EISA using cetyltrimethylammonium bro-
mide (CTAB) as a structure-directing agent. Figure 1 shows

representative transmission electron microscopy (TEM)
images of calcined silica particles. At low Ce loading the
particles keep a hexagonally ordered mesoporous silica
structure featuring parallel aligned stripes and hexagonally
arranged pores (Figure 1(a)), reflecting differing orientations
of a 2D hexagonal silica mesophase confined within a
spherical shell. By increasing the loading of cerium chloride
(CeCl3), the mesostructure turns into a core-shell structure
(Figures 1(b) and 1(c)). At high loading (Figure 1(d)), the
particles became worm-like or even less ordered, especially
near the particle center.

Core-shell structured sample c has been characterized by
X-ray diffraction (XRD) and nitrogen isothermal sorption.
The nitrogen sorption isotherm of the nanostructured
core-shell Ce/silica particles shown in Figure 2 was measured
using liquid nitrogen at 77 K and yielded a type IV isotherm
with a very narrow hysteresis loop, typical of hexagonal
MCM-41-like mesoporous silicas. The pore size was
determined to be 1.95 nm with a narrow distribution using
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Figure 2: Nitrogen sorption for core-shell mesoporous particle b
(Figure 1). Inset shows the BJH pore size distribution.
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(Figure 1).

the Barrett-Joyner-Halenda (BJH) model. The Brunauer-
Emmett-Teller (BET) surface area is 615 m2/g. The low-angle
peaks are associated with the 2D hexagonal silica mesophase.
As can be seen from the XRD patterns shown in Figure 3,
compared to pure mesoporous silica the mesostructural
order for sample c (Figure 1) is reduced as measured by less
intense diffraction peaks.

The TEM image and the energy-filtered elemental TEM
maps of Ce and silica for particle sample c are shown in
Figure 4 and clearly reveal that Ce is located mainly at the
core. The core is composed of mostly Ce compounds com-
bined with a little amount of silica. The surrounding crust
contains less Ce, and it is dominantly composed of silica.

A high resolution TEM image (Figure 5) for the core of
a nanostructured particle shows that the core is composed

of multiple crystallites ∼3 nm in size. The inset selected area
electron diffraction pattern (SAED) evidences the nanocrys-
talline cubic CeO2 structure. CeCl3 is easily hydrolyzed
and further oxidized into Ce dioxide at high temperature.
Figure 6 shows the energy dispersive X-ray (EDX) spectrum
for the particle sample, indicating that most of the CeCl3
has been hydrolyzed and the Cl/Ce ratio is much less than
the stoichiometric value of 3. The existence of various forms
of Ce compounds and the cocondensation of hydrolyzed Ce
species with silica acid limit the growth rate of crystallites and
favor the formation of multicrystals instead of single crystals
within the particles. Hence, the particle samples showed
different colors, varying from white, purple, to yellow, with
the increasing oxidation. As shown in Figure 7, the electron
paramagnetic resonance experiment (EPR) for sample c
(Figure 1) proved that only 32% of the Ce is in the state
of Ce3+. Care should be taken to keep the system from air
during aerosol generation and succeeding calcination.

The evaporation of solvents, condensation kinetics, and
the mass and heat transport together determine the final
structure and the morphology. To better understand the
formation process of the core-shell structure, the HCl
concentration in precursor sol was intentionally increased
10 times for sample c, and the as-synthesized particles have
an inner hollow structure composed of Ce compounds
as shown in Figure 8. The reduced Ce salt solubility and
quicker condensation/gelation due to accelerated hydrolysis
and condensation under more acidic condition impede
the ions’ diffusion and seize the formed Ce salt crystallite
before the ions diffuse inward along with the receding
aqueous phase (effective aqueous diffusion coefficient for
CeCl3 in CTAB-templated mesoporous silica is estimated at
∼1.0 × 10−14 m2/s at 25◦C). For comparison, a silica-free
dilute ethanol solution of Ce(NO3)3·6H2O with a molar
ratio of 664 EtOH : 1 Ce(NO3)3·6H2O was also sprayed
into the particle-generating system as the precursor sol.
Even though no silica species existed, the much lower
solubility of Ce(NO3)3·6H2O in ethanol than in water and
the much quicker evaporation of the more volatile ethanol
in the absence of a silica network accounted for the early
nucleation and succeeding crystallization. Decomposition
of the salt and Oswald ripening during aerosol particle
generation and succeeding calcination rendered the hollow
particles spherical and uniform in thickness (Figure 8(a)).
The hollow spherical particle size and the thickness depend
on the precursor composition, salt type, and the solvent
evaporation rate. Further calcination of the particles makes
hollow spherical Ce oxide or Ce dioxide, depending on
the calcination environment. A less volatile good solvent
and lower heating temperature help form smaller hollow
spherical particles of a thicker Ce species layer or even form
solid Ce species particles. Figure 9 shows a snapshot of an
aerosol particle collected at the end of a 200◦C heating glass
tube by a cryofinger kept at 77 K. With the evaporation of the
solvents and a growing silica/surfactant gel layer, liquid sol
recedes toward the droplet’s center, and the silica/surfactant
crystal phase starts the EISA into the ordered mesostructures.

A mechanism for the formation of the core-shell nanos-
tructure is proposed here. Starting from an homogeneous
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Figure 4: (a) TEM image, (b) energy-filtered Ce map, and (c) energy-filtered silica map for core-shell structured particle sample c (Figure 1).

1,1,1
2,0,2

1,3,1

6 nm

Figure 5: High resolution TEM image for the core part of
nanostructured particle (inset is selected area electron diffraction
(SEAD) pattern).

solution with the initial CTAB concentration much less than
critical micelle concentration (CMC), the evaporation of
solvents within each droplet creates growing radial gradients
in surfactant, solvent, and salt concentrations that keep
maximum concentrations for the surfactant and Ce salt
at the droplet surface, resulting in an inward diffusion of
the salt and surfactant and outward diffusion of solvents.
The relatively lower mobility of surfactant due to the high
molecular weight and the strong interaction (electrostatic
and/or hydrogen bonding) with the silica network causes
an inward drift of Ce species relative to the silica/surfactant
phase of the droplet’s core along with the receding aqueous
phase. CMC is first exceeded at the droplet surface after
a certain evaporation time. Once that happens, the CMC
location continuously moves to the core of the droplet
throughout the course of the EISA process. The surfac-
tant enrichment induces silica-surfactant self-assembly into

Cu

Cu
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Ce

Ce
Ce

Ce
Ce

Ce CeCe

Cl
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0 Si
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Figure 6: EDX spectrum of the core-shell particles observed on the
surface of a carbon-coated copper grid.
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Figure 7: EPR spectra for CeCl3 standard and particle sample c
(Figure 1).

micelles and their further organization into liquid-crystalline
mesophases. The receding liquid-vapor interface causes
silica-surfactant liquid-crystalline domains to grow radially
inward, leaving a growing CTAB-templated liquid-crystalline
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Figure 8: TEM images. (a) Hollow Ce/silica particle synthesized using precursor sol with molar ratio TEOS : EtOH : H2O : HCl :
CTAB : CeCl3 = 1 : 7.7 : 24.8 : 0.0125 : 0.18 : 0.18. (b) Hollow Ce oxide particles.
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Figure 9: TEM image of a frozen evaporating droplet collected on
a TEM copper grid by a cryofinger kept at 77 K.
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Scheme 1: Schematic of particle and droplet for diffusion.

state. The evaporation and resulting inward moving liquid-
vapor interface boundary concentrate the salt solution.
The partitioning of CeCl3 in the CTAB-templated liquid-
crystalline state is quite lower than that in the aqueous phase.
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As evaporation proceeds, part of the Ce salt is hydrolyzed
into a less soluble Ce hydroxide due to the increased
temperature and steep temperature gradient. Hydrolyzed Ce
species may take part in the cocondensation along with the
silica species. To a point of evaporation, less soluble Ce
species nucleate and precipitate. The salt crystallites cannot
grow into a big single crystal in the presence of other Ce
species as impurity. The oversaturated Ce chloride and Ce
hydroxide nucleate and precipitate are collected/filtered by
increasingly dense liquid-crystalline mesophases. The held-
up Ce species undergo continued hydrolysis and have a
higher tendency to be hydrolyzed than the inner salt does
due to the steep temperature gradient. However, they cannot
continue to grow because of the limited Ce source and
existence of the well-assembled bi-continuous CTAB/silica
liquid-crystal phase. EDX data prove that smaller particles
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have a higher Ce/Cl ratio, and the ratio is lower at the center
than at the crust. At the final period of evaporation, the
vapor-liquid boundary shifts to the core. With the increasing
temperature and salt concentration, Ce salt nucleation and
crystal growth continues and causes phase separation of
the mixture. Bigger Ce chloride/Ce hydroxide crystallites are
formed at the center. The crystallites distort the assembled
liquid-crystal phase and make the mesostructured silica less
ordered at the center.

2.1. Mathematical Modeling on Transport. A simple model
has been developed to evaluate the effective diffusivity. It
is assumed that the particles have uniform size and each
particle is surrounded symmetrically by an equal amount of
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solution. As shown in Scheme 1, the particle has a radius of
rp and the outer boundary of the solution surrounding the
particle is rL. The concentration of solute in the particle and
solution are Cp and Cs, respectively. The general diffusion
equation (1) in spherical coordinates was used to begin the
evaluation process:

∂C

∂t
= D

1
r2

∂

∂r

(
r2 ∂C

∂r

)
. (1)

A numerical method is used to evaluate the effective
diffusion coefficient, Deff, by comparing the calculated Cs-t
curve with the measured release profiles based on initial
conditions (2) and boundary conditions (3). Using the
Crank-Nicolson method and assuming a constant Deff, a
matrix of the concentration profile at any time is obtained
based on the initial conditions and boundary conditions.
There is no limitation of Deffδ/(δr)2 ≤ 1/2 for this method.
The Cs value is averaged by an integration method and
plotted as a function of time:

Cp(r, 0) = C0(r), Cs(r, 0) = Cs,0, (2)
(
∂Cp

∂r

)
r=0

=
(
∂Cs

∂r

)
r=rs

= 0,

Deff

(
∂Cp

∂r

)
r=rp

= DS

(
∂Cs

∂r

)
r=rp

,

Cp

(
rp, t

)
= Cs

(
rp, t

)
.

(3)

A few factors such as the effective diffusion coefficients in
the particles (Deff) and in the bulk solution (DS), particle size
effect, dilution level, and distribution of the active corrosion
inhibitor have been taken into consideration.

Figure 10 shows how external diffusion, DS (the diffusion
in deionized (DI) water), affects the predicted release of
2.5 μm particles with an uniformly distributed inhibitor. The
dilution level, DI water/particle (weight), is kept as 100, and



Journal of Nanomaterials 7

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

U
V

ab
s.

0 0.5 1 1.5 2 2.5 3

Time (hr)

Calc., D = 1E − 14
Expt.

Figure 14: Release of Ce/silica particles in DI water.

0

20

40

60

80

100

C
on

d.
(μ

S)

0 0.05 0.1 0.15 0.2 0.25 0.3

Time (hr)

Calc., D = 2.5E − 13
Expt.

Figure 15: Release of NaCl/silica particles in DI water.

the internal diffusion coefficient, DP , is set as 1 × 10−15 m2/s.
We can see that external transport resistance can be negligible
for a DS/DP greater than 100. The release curves are the
same for the DS of a value of 1 × 10−9, 1 × 10−10, and
1 × 10−12 m2/s. The diffusion coefficients of ions in water are
within this range. For the release process, stirring does not
speed the release as also evidenced by the experiment. There
is no need to obtain the exact value for DS. We can select a DS

with a value 10−10 or 10−9 m2/s without compromising the
accuracy of DP in the simulation. The internal diffusion has
also been examined. Figure 11 shows the effect of DP on the
release with a DS fixed as 1 × 10−10 m2/s. The characteristic
release time is reverse to DP . The particles with a higher DP

show a quicker release. The release time also depends on the
particle size. As shown in Figure 12, bigger particles show
delayed release.
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Figure 16: Ce release in alcohols for hydrophobic MTES-derived
Ce/silica particles.
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Figure 17: Effect of pore size and hydrophobicity on the release
process.

Figure 13 shows simulated release results for 2.5 μm
particles using the same inhibitor loading. The DS was set
as 1 × 10−10 m2/s, DP as 1 × 10−15 m2/s, and a dilution
level of 100. Compared to uniformly distributed particles,
core-shell structured particles demonstrated delayed release,
giving them a much longer service time.

To elucidate, actual effective diffusion coefficients for
monodisperse Ce/silica and NaCl/silica particles of 10 μm
were made by a vibrating orifice aerosol generator (VOAG),
TSI Atomizer 3076. The particles were dispersed in DI water.
The solution concentrations were characterized by measur-
ing the conductivity or absorbance of the solution at different
release times. The release profiles are shown in Figures 14 and
15 for Ce/silica and NaCl/silica particles, respectively. The
effective diffusion coefficient is 2.5 × 10−13 m2/s for NaCl
and 1.0 × 10−14 m2/s for Ce3+.
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(a) (b) (c)

Figure 18: Optical microscopic images for aluminum alloy AA2024-T3 (scale bars = 25 μm). (a) Original uncorroded alloy. (b) Alloy
corrosion after immersion in 0.05 M NaCl solution for 100 h. (c) Alloy corrosion after immersion in 0.05 M NaCl and Ce/silica particle
solution for 100 h.

(a) (b) (c)

Figure 19: Optical microscopic images for aluminum alloy AA2024-T3 (scale bars = 25 μm). (a) Initial superhydrophobic Ce/silica-coated
AA2024-T3 alloy. (b) Corrosion of superhydrophobic and Ce/silica-coated alloy after immersion in 0.05 M NaCl solution for 447 h. (c)
Corrosion of bare, uncoated AA2024-T3 alloy after immersion in 0.05 M NaCl solution for 447 h.

The release behavior has been checked for the release rate
in different n-alcohols. As shown in Figure 16, the constant
release rate in various solvents over a long time suggests
a solubility control for the release. The longer the solvent
chain, the slower the release. The lower solubility and lower
diffusion coefficient due to high viscosity account for the
slower and straight release in high-carbon alcohols. For long-
term corrosion inhibition, the inhibitors can be selected or
converted to the form of suitable solubility in the corrosion
medium. Highly soluble inhibitors are not a judicious choice
from this point of view, but they may be if the inhibitor
concentration is higher than the critical level required for
inhibition.

Figure 17 shows release profiles for various Ce/silica par-
ticles. Methyltrimethoxysilane (MTES)/TEOS-derived hyd-
rophobic particles and the microporous particles templated
by triethylene glycol (TEG) demonstrated slow release.
The estimated effective corrosion inhibition time for TEG-
templated particles is greater than 3000 h.

The nanostructured core-shell Ce/silica particles were
evaluated for corrosion inhibition of aluminum alloy
AA2024-T3. As shown in Figure 18, without the nanos-
tructured Ce/silica particles the alloy was easily corroded,
and many pits were formed after 100 h of immersion in a
0.05 M NaCl solution; see Figure 18(b). However, dispersing
1 g of nanostructured silica particle b (Figure 1(b)) mixed
into 100 mL 0.05 M of NaCl solution efficiently inhibited

corrosion (Figure 18(c)). A superhydrophobic coating layer
containing the particles was also checked for corrosion
protection. As can be seen in Figure 19, the coating protected
the alloy well (Figure 19(b)). Without the core-shell particle
coating, the alloy turned black and many pits appeared on the
surface (Figure 19(c)). For comparison, the superhydropho-
bic coating without addition of the particles was checked for
protection. Even though there was a lag time to sufficiently
wet the sample, after being immersed in the solution for
447 h, the sample containing only the superhydrophobic
turned black as well. The controlled release of the parti-
cles’ corrosion inhibitors inhibited the corrosion and self-
healed the corroded surface. This preliminary data clearly
demonstrate the effectiveness of Ce3+ as corrosion inhibitor
for protecting alloy AA2024-T3, because the inhibitor is
releasable from the nanostructured particles.

Mathematical modeling for Ce3+ diffusion in the
nanoporous particles demonstrated that the core-shell struc-
ture helps delay the release process compared to uniformly
distributed Ce/silica particles. The evaluated effective diffu-
sion coefficient in water is 1.0 × 10−14 m2/s at 25◦C. The
experiment also proved that the release can be controlled
effectively by pore size and pore surface chemistry. Long-
term corrosion inhibition can be realized by particles with
small and hydrophobic pores. But a denser and thicker
coating is needed for a water/ion transport barrier. Further
corrosion test is being conducted for the particles that are
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dispersed into a protective hydrophobic or epoxy coating
layer for alloy AA2024-T3.

3. Conclusion

In conclusion, the nanostructured particles with a cerium
core and mesoporous silica shell were synthesized via
aerosol-assisted EISA and characterized using TEM, XRD,
EPR, and so forth. We also demonstrated that the core-
shell nanostructured particles were effective for corrosion
inhibition of aluminum alloy AA2024-T3.

4. Experimental

4.1. Materials. All the chemicals were used as received.
TEOS, MTES, cetyltrimethylammonium bromide (CTAB),
Ce(NO3)3·6H2O, and CeCl3·7H2O were obtained from
Sigma-Aldrich (St. Louis, MO). Hydrochloric acid was
VWR brand (VWR International, West Chester, PA), while
absolute ethanol was obtained from Aaper (Brookfield,
CT). DI water (Millipore, Billerica, MA) was used for all
experiments. Aluminum alloy AA20240-T3 was obtained as
a 3.0-mm-thick sheet from Davidson Aluminum & Metal
Corporation (Deer Park, NY).

4.2. Particles Synthesis. Silica/surfactant aerosols were gen-
erated using a commercial atomizer (Model 9302A; TSI,
Inc., St. Paul, MN) operated with nitrogen as a car-
rier/atomization gas. The procedure was the same as
described by Lu et al. [14, 15]. It starts with a homogeneous
solution of soluble silica, acid, and surfactant prepared in
an ethanol/water solvent with an initial surfactant concen-
tration much less than the CMC. The pressure drop at the
pinhole was 20 psi. The temperature for three heating zones
was kept at 400◦C. Particles were collected on a Durapore
Membrane Filter maintained at 80◦C. The precursor sol
molar ratio was 1 TEOS : 7.7 EtOH : 24.8 water : 0.0125
HCl : 0.18 CTAB : 0–0.24 CeCl3. All calcination treatments
were performed in a Lindberg tube furnace at 500◦C for 5 h
in forming gas (7% H2 and 93% N2) at a heating rate of
1◦C/min.

4.3. Characterization. XRD spectra were recorded on a
Siemens D-500 diffractometer, using Ni-filtered Cu Kα
radiation with λ = 1.5406 Å, a graphite monochromator, and
a scintillation detector; data were refined using the JADE
software package (Materials Data Inc., Livermore, CA).

TEM was performed using a JEOL 2010 HREM equipped
with Oxford-Link X-ray energy-dispersive spectroscopy
(EDS). A Gatan slow scan CCD camera was used for
recording TEM images and electron diffraction patterns,
operating at an accelerating voltage of 200 kV.

4.4. N2 Isothermal Sorption. Nitrogen isothermal adsorption
was measured at 77 K on a Micromeritics ASAP 2010
porosimeter. Surface area was estimated by using the BET
equation. The pore size was calculated using the BJH model.

4.5. EPR Spectroscopy. Electron paramagnetic resonance
(EPR) analysis was operated using a Bruker Elexsys spec-
trometer with a microwave frequency of 9.8 GHz, a mod-
ulation amplitude of 10 GHz (100 kHz), a receiver gain of
104, and a time constant of 82 ms. Samples were prepared by
mixing ground pure CeCl3 or sample c with boron nitride.
The standard sample made from pure CeCl3 had the same Ce
loading as the sample c mixtures. The Ce3+/(Ce3+ + Ce4+)
was calculated by the ratio of integrated EPR signals of
sample c to the standard sample.

Release of NaCl and Ce3+ from the particles was char-
acterized by measuring the conductivity or the absorption
using a conductivity meter or an UV-Vis spectrometer.

4.6. Corrosion Inhibition Test. The corrosion inhibition of
particles was checked by dispersing the particles in 0.05 M
NaCl aqueous solution. AA2024-T3 alloy coupons were
immersed in the solution over 100 h followed by optical
microscopy analysis.

4.6.1. Superhydrophobic Coating on AA20240-T3. Tetrame-
thylorthosilicate (TMOS), methanol, ammonium hydroxide
(35% wt), 3,3,3-trifluoropropyltrimethyoxysilane (TFPT-
MOS), and DI water were mixed in a molar ratio of
1 : 41.56 : 0.003 : 0.33 : 5.85. The mixture was stirred for
10 min and aged for 48 h at 50◦C. The formed gel was washed
with hexane and ethanol for 2 h. The gel was diluted with
1 : 1 ethanol and kept for sonification for reliquefaction.
The redispersed sol was filtered through a 1 μm glass fiber
filter. The filtered sol was mixed with core-shell Ce/silica
particles (100 : 1 wt) and was spin-coated at 200 rpm for
20 s on a AA20240-T3 alloy substrate. AA2024-T3 alloy
coupons with superhydrophobic coating containing core-
shell particles were dipped in a 0.05 M NaCl aqueous solution
for 447 h before optical microscopy analysis.
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Azobenzene ligands were uniformly anchored to the pore surfaces of nanoporous silica particles with single crystal NaCl using
4-(3-triethoxysilylpropylureido)azobenzene (TSUA). The functionalization delayed the release of NaCl significantly. The modified
particles demonstrated a photocontrolled release by trans/cis isomerization of azobenzene moieties. The addition of amphiphilic
solvents, propylene glycol (PG), propylene glycol propyl ether (PGPE), and dipropylene glycol propyl ether (DPGPE) delayed the
release in water, although the wetting behavior was improved and the delay is the most for the block molecules with the longest
carbon chain. The speedup by UV irradiation suggests a strong dependence of diffusion on the switchable pore size. TGA, XRD,
FTIR, and NMR techniques were used to characterize the structures.

1. Introduction

Mesoporous silica with well-defined structures has attracted
much attention for controlled release of dyes [1], drugs
[2, 3], perfumes, and flavorings [4, 5]. Recently nanoporous
spherical silica particles with ordered structures have been
prepared by aerosol-assisted self-assembly [6]. Ordered
mesoporous core-shell silica particles with single crystal
NaCl nanocube or Ce core have also been synthesized [7, 8],
and the core-shell structure [8] has been shown effective
for corrosion inhibition of aluminum alloy AA2024-T3. The
functionalization of pore surfaces by organic groups regu-
lates the hydrophobicity and therefore the release behavior,
and the hydrothermal stability of the silica particles has
also been improved. Long-term (years) protection of metals
and alloys requires the release of the encapsulated corrosion
inhibitors to the target surface in a well-controlled manner.
Tailorable inherent structure properties such as particle
size, pore size, pore connectivity, structure stability, and
surface chemistry, are key factors for release behavior. Active
transport triggered by external stimuli such as light [4], pH

[9], temperature [10], and electric field [11] are required
for a lot potential applications such as drug release, optical
devices, and sensors. It also provides additional flexibility
for release control. Azobenzene ligands are well known for
their active response to light and heat. For example, the
dipole moment of the azobenzene group can be reversibly
switched between approximately 3D and 0D by cis-trans
photoisomerization, resulting in an optical control of ion
channel gating for Cs+ and Na+ movement through the
pores [12]. The photoswitchable gates based on the extended
trans and the shorter cis configurations of photoisomerizable
azobenzene groups in the pore blockers regulated K+ flow
[13] in engineered K+ channel, resulting in a remote control
of neuronal firing. Azobenzene moieties bonded to cross-
linked membrane reversibly changed the transport number
of sulfate ions relative to chloride ions in electrodialysis
[14]. The adsorbed azobenzene in zeolite-azobenzene mem-
branes of ZSM-5 (MFI) and Faujasite-type (FAU) zeolites
changed gas permeation by photoinduced switching [15].
Azobenzene-functionalized glassy polymer films demon-
strated a photoresponsive gas permeability [16]. Liu et al.
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succeeded in making a photoresponsive nanocomposite
thin film by (evaporation-induced) surfactant-directed self-
assembly (EISA) of an azobenzene-modified silane, 4-(3- tri-
ethoxysilylpropylureido)azobenzene (TSUA), and tetraethyl
orthosilicate (TEOS) [17]. They went further to investigate
the photoregulation of mass transport through a photore-
sponsive azobenzene-modified nanoporous membrane [18].
The optically switchable conformation of azobenzene ligands
controlled the effective pore size and, correspondingly,
transport behavior on the nanoscale.

In this paper we modified the pore surfaces of meso-
porous silica particles of single crystal NaCl cube with
TSUA. The extent of condensation increased from 92.4% to
96.45% after the modification. The functionalization delayed
the release of NaCl significantly. The modified particles
demonstrated a photocontrolled release. The photorespon-
sive release suggests a strong dependence of diffusion on the
switchable pore size. The added amphiphilic solvents, propy-
lene glycol, propylene glycol propyl ether, and dipropylene
glycol propyl ether delayed the release in water, although the
wetting behavior was improved, and the delay is the most
for the block molecules with the longest carbon chain. A few
techniques such as TGA, XRD, FTIR, NMR, and TEM were
used to characterize the structures.

2. Experiment

2.1. Materials. TSUA was prepared in the method described
elsewhere [19]. All chemicals were used as received.
Tetraethyl orthosilicate (TEOS) and cetyltrimethylammo-
nium bromide (CTAB), toluene, propylene glycol, propylene
glycol propyl ether (98.5%), and dipropylene glycol propyl
ether (98.5%) were obtained from Aldrich; NaCl was manu-
factured by J. T. Baker. Hydrochloric acid was VWR brand,
while absolute ethanol was obtained from Aaper. Millipore
deionized water was used for all experiments.

2.2. Particles Synthesis. Ordered mesoporous silica particles
of single crystal NaCl cube were generated from TEOS as
described in a previous work [9]. 1.07 g TSUA was added
into 200 ml toluene dried beforehand by molecular sieve 4 A
under stirring at 35◦C. After the dissolution of TSUA in the
solution, 2.5 g of the NaCl/silica particles were added into
the solution refluxed at 90◦C for 12 hr. The particles were
centrifuged and washed six times using large quantity of
hexane, and vacuum dried at 70◦C for 2 days.

2.3. Characterizations. The mesostructures of the parti-
cles were verified using a combination of powder X-ray
diffraction (XRD), high resolution transmission electron
microscopy (HRTEM) and Fourier transform infrared spec-
troscopy (FT-IR), thermogravimetric analysis/differential
thermal analysis (TGA/DTA). The experiment procedures
are the same as described elsewhere [7, 8]. For TEM
nitrogen mapping, the particles were first dispersed in a
toluene solution of poly(methyl methacrylate), dried, and
then microtomed into 50 nm thin films.

NMR characterization of the particles was performed on
a Bruker DRX 400 MHz instrument. The release behaviors
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Figure 1: TGA/DTA plot of azobenzene-modified sample under air.

of the particles was checked by monitoring the conductivity
of the solutions using VWR Corning 316 conductivity meter.
Corning Acquire software was used to automatically record
the data. A 100 ml quartz beaker from Ace Glass was used for
UV (λ = 360 nm) irradiation, and a 200 W Hg-Xe arc lamp
(ORIEL, model 66002) with optical filters was used as the
light source.

3. Results and Discussion

As shown in Figure 1, the TGA/DTA of photoresponsive
mesoporous materials in air showed about 10.5% weight
loss from 177 to 357◦C for dehydration of silanols in the
silica structures and about 9.5% weight loss from 383 to
666◦C and the decomposition of the azobenzene ligands.
Considering the original NaCl/silica particles of a surface
area of 796 m2/g and pore size of 2.05 nm, the surface
coverage is estimated to be about 0.67 azobenzene ligand
nm−2, smaller than the value, 1.2 azobenzene ligands nm−2,
reported for the photoresponsive nanocomposite formed by
direct self-assembly of an azobenzene-modified silane [17].

The average axial distance in the pores between two
adjacent azobenzene ligands is 2.3 A. The modification of
pore surface is effective to anchor chemically the azobenzene
ligands to pore surfaces.

The FTIR spectra were shown in Figure 2. The sam-
ple demonstrated strong absorption near 1047 cm−1 due
to the –Si–O–Si– structure and broad absorption near
790 and 3478 cm−1 arising from Si–OH structure in the
samples. There are three characteristic vibrational bands
of the –NH–CO–NH– group: = 3344 cm−1 (N–H stretch),
1654 cm−1, and 1543 cm−1 (C=O, stretching of amides).
Besides, the sample showed characteristic absorption near
1200 cm−1 for aromatic amine and vibrational bands: 3030,
2945, 2928 cm−1 for aromatic C–H stretch. TEM image
for azobenzene-modified particles in Figure 3 showed the
ordered porous silica structures with single crystal NaCl.
The count mean diameter for the particles is ∼200 nm, and
the geometric standard deviation is ∼2. The single crystal
NaCl has a size nearly half of the particle size. The silica
shell thickness is around one-fourth of the particle size. The
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Figure 2: FTIR spectrum for azobenzene-modified sample.

50 nm

Figure 3: TEM image for azobenzene-modified sample.

TEM image obtained from ultramicrotomed sections for
modified particle samples was shown in Figure 4. Based on
the N mapping for the 50 nm ultrathin layer of microtomed
sample, TSUA molecules penetrated well inside the particles,
and the azobenzene ligands were covalently anchored within
the particles uniformly.

The XRD patterns for the samples as shown in Figure 5
indicated that after the modification the particles keep
both the orders for porous silica and crystal NaCl as also
demonstrated in Figure 3.

As shown in Figure 6 and Tables 1 and 2, studies of
the modified particles by 29Si MAS NMR spectroscopy
showed T1, T2, T3, Q2, Q3, and Q4 resonances at δ =
−51,−57.6,−65.1,−90.6,−99.7, and −108.4 ppm, respec-
tively. 10.33% of the Si were T’s, and 89.67% were Q’s
(the ratio of Si in T’s to Q’s is ∼1 : 12 based on TGA/DTA
data). The extent of condensation of the T species was
54.2%, and the extent of condensation of Q species increased
from initial 92.4% to 96.45%, while only 0.49% of Q2
existed for modified particles. The treatment is effective to
convert the –OH groups on pore surfaces and provided
covalent attachment of the azobenzene ligands to the pore
surface. The modified particles showed a delayed and

20 nm

(a)

(b)

Figure 4: Energy-filtered N mapping for cross-sectioned
azobenzene-modified particle. (a) TEM image, (b) N mapping.
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Figure 5: XRD patterns for NaCl-silica core-shell structured
particle samples.

photoresponsive release at 25◦C under a stirring at 300 rpm.
Before the modification, the release is very quick; within 1
minute, all the NaCl molecules diffused into the solution
(Figure 7). The external transport resistance is not negligible
for the situation. As shown in Figure 7, the addition of long
molecule solvent such as DPGPE delayed the release to some
degree. However, after the modification, the particles showed
a far different behavior. As shown in Figure 8, the releases
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Figure 6: 29Si NMR spectra of NaCl/SiO2 samples before/after
modification.

were delayed greatly. The concentrations got stabilized after
∼4–150 hr release for modified particles in DI water added
with various solvents. The delay depended on the amount
and the molecular size of the added solvent. As common
used amphiphilic solvents for painting, propylene glycol
(PG), propylene glycol propyl ether (PGPE), and dipropylene
glycol propyl ether (DPGPE) improved the wetting of the
particles in DI water. For the same amount of amphiphilic
solvent added, PG delayed the least release; the characteristic
release time was ∼50 hr for PGPE and ∼150 hr for DPGPE,
suggesting a strong dependence of the diffusion on pore size.
The bigger the block molecule in the pore, the more delayed
release. The amount of the added solvent was also important
for the delayed release. By comparison of the release profiles
in aqueous solution of PG added 3 g and 10 g, respectively,
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Figure 7: Release profiles for NaCl/silica particles in DI water and
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Figure 8: Release profiles for azobenzene-modified NaCl/silica
particles in various solutions.

Table 1: NMR results for unmodified particle sample.

Si species Shift (ppm) Linewidth (Hz) Integral (%)

Q2 −90.6 506 4.14

Q3 −98.9 620 22.15

Q4 −107.7 812 73.71

the release delay depended on the amount added. The more
added PG, the more the delayed release.

The photoresponse of the modified particles has been
checked for the release. The UV irradiation speeded up the
release process as shown in Figure 9. The equilibration time
in DI water was reduced from ∼4 hr to ∼1.5 hr for the
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Figure 9: Photoresponsive release of azobenzene-modified
NaCl/silica particles in DI water. The release from unmodified
NaCl/silica particles is shown for comparison.
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Figure 10: Photoresponsive release of azobenzene-modified
NaCl/silica particles in DPGPE/water solution.

Table 2: NMR results for azobenzene-modified particle sample.

Si species Shift (ppm) Linewidth (Hz) Integral (%)

T1 −51.0 500 5.15

T2 −57.6 500 3.89

T3 −65.1 500 1.29

Q2 −90.6 589 0.49

Q3 −99.7 690 11.75

Q4 −108.4 875 77.42

irradiation. As shown in Figure 10, when DPGPE was added,
the equilibration time decreased from ∼90–150 hr. The
releases demonstrated a strong photoresponsive behavior for
modified particles.

4. Conclusions

Azobenzene ligands have been successfully anchored uni-
formly to the pore surface. After the modification, the Q2
has reduced to only 0.49%, and the extend of condensation
for Q species is as high as 96.45%, only 0.49% of Q2
existed, and the particles kept the ordered structures. The
trans/cis transformation of the azobenzene moieties under
UV irradiation realized the photocontrolled release. The
addition of amphiphilic solvent into the release medium
improved the wetting. However, the releases were delayed
greatly after the addition of long block molecules. The delay
depended on the amount and the size of the solvent added.
This provides an extra external control of release in addition
to UV irradiation. Long molecule solvents or polymers can
be used as blocker to adjust the release behavior for a long-
term controlled release.
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A novel method of generating hydrogel particles for various applications including drug delivery purposes was developed. This
method is based on the production of hydrogel particles from sprayed polymeric nano/microdroplets obtained by a nebulization
process that is immediately followed by gelation in a crosslinking fluid. In this study, particle synthesis parameters such as type of
nebulizer, type of crosslinker, air pressure, and polymer concentration were investigated for their impact on the mean particle size,
swelling behavior, and morphology of the developed particles. Spherical alginate-based hydrogel particles with a mean particle size
in the range from 842 to 886 nm were obtained. Using statistical analysis of the factorial design of experiment it was found that
the main factors influencing the size and swelling values of the particles are the alginate concentration and the air pressure. Thus,
it was demonstrated that the method described in the current study is promising for the generation of hydrogel particles and it
constitutes a relatively simple and low-cost system.

1. Introduction

Polymeric nanoparticles have been widely used as carriers in
drug delivery systems because they offer several advantages
over larger particles including a larger surface area, increased
dissolution rate, enhanced bioavailability of insoluble drugs,
mass transfer from the particles into the surrounding
medium, and ability to cross the cellular membranes [1, 2].
Thus, nanoparticles have become a new formulation option,
specifically in the aerosol delivery field, where the aerosol
droplet size is crucial to the efficacy of inhalation therapy [3].

Technologies such as supercritical fluid extraction (SCF),
electrospray, high-pressure homogenization, solvent dis-
placement, and spray drying have been commonly used to
produce nano- and microparticles [1, 3, 4]. Supercritical
fluid extraction (SCF) is a method that depends on the
coprecipitation of a drug and polymer together using mainly
carbon dioxide as a supercritical fluid (nonsolvent), to
extract the solvent from the drug emulsion or solution.
However, when highly viscous solutions are used, unsteady

particle size, particle agglomeration, and incomplete encap-
sulation can occur which makes the supercritical fluid extrac-
tion a very material-specific method [4–6]. Electrospray is
a method that depends on dispersion of liquids into small
charged droplets when an electrostatic field is applied and it
was first described by Lord Rayleigh. The electrospray setup
comprises a nozzle connected to a high-voltage supply and to
the liquid or solution to be atomized. Once the high electrical
field is applied, the electrostatic forces created disperse a
liquid stream into highly fine charged droplets. Experiments
using electrospray method have demonstrated that particles
as small as 250 nm can be produced. However, a wide droplet
size distribution can be produced as a consequence of fission
of droplets. Also, this method is restricted to high-voltage
operation, rising safety and reliability issues in the consumer
use [7–9]. High-pressure homogenization is another method
that has been used to produce nanosuspensions. Here, an
aqueous solution containing the drug is passed through
a narrow homogenization gap using very high velocities
[10, 11]. The size reduction of the particles occurs due to
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induced cavitation forces within the fluid. The main dis-
advantage of this method is the temperature-induced
drug degradation [12]. Solvent displacement is considered
a simple method for preparation of nanodispersions or
nanospheres. This method involves the mixing of an aqueous
phase in presence of an emulsifier with an organic solution
containing the dissolved active compound and the polymer
[13]. The rapid diffusion of the organic solvent in the
aqueous medium leads to an instantaneous precipitation of
nanoparticles. Even though solvent displacement offers
a rapid obtaining of nanoparticles, the use of suitable water-
miscible solvents to produce spontaneous emulsification may
make it difficult. Another limitation of this method is that it
is used mainly for lipophilic drugs because of the miscibility
of solvent with the aqueous medium [14]. Spray drying is a
process that force fluid through a nozzle generating a mist,
that dried produces a fine powder, and it has become in one
of the widely used techniques for the production of micro-
and nanoparticles. Spray drying variations such as spray
freeze-drying into liquid and air nebulization spray drying
have been reported as well [1]. The principal disadvantages
of the spray drying technique are the formation of aggregates
hardly disintegrated by shaking caused for the stress during
the drying process and thermal destabilization [15].

Even though these techniques are industrially relevant
and relatively easy to scale up [1, 6], problems such as
instability, degradation, contamination by the solvent, and
a broad particle size distribution have been associated with
these processes. Therefore, particle engineering using appro-
priate systems that preserve the integrity of particles and offer
optimal physicochemical properties for drug delivery has
been required. Hence, new nanoparticles production meth-
ods have emerged for pharmaceutical applications [7, 16].
Lately, a microfluidic method has been used to direct the
assembly of liposomes-poly (N-isopropylacrylamide) hybrid
nanoparticles. As a result, this method has produced nar-
rowly dispersed lipid-hydrogel hybrid nanoparticles for con-
trolled release applications [17]. In addition, it has been
found that this technique is able to provide highly monodis-
perse spherical polymeric microparticles. Nevertheless, the
production of shape-controlled nonspherical microparticles
is still limited. Modifications of this method such as surface
acoustic wave microfluidic atomization (SAW) have been
used to generate aerosols with a narrow size distribution
within a size range that is optimal for inhalation therapy [18].

In addition to all these processing techniques, alternative
polymeric nanoparticles production methods that involve
polyelectrolyte complex formation, solvent evaporation sin-
gle/double emulsion methods, emulsion polymerization,
and ionotropic gelation techniques have been reported [1].
For example, in the polyelectrolyte complex formation tech-
nique, a polycation and a polyanion are dissolved and mixed
to produce nanoparticles. The formation of polyelectrolyte
complexes involves the ionic interactions of the ionogenic
groups of the oppositely charged polyelectrolytes and gener-
ally the reaction takes place in an aqueous solution. However,
precipitation and aggregation can occur when both oppo-
sitely charged groups approach to unity and low-molecular
weight electrolytes are used [19, 20]. In the case of the solvent

evaporation emulsion method, a polymer is dissolved in an
organic solvent, followed by emulsification in an aqueous
phase. Here, the polymeric solution is dispersed into nan-
odroplets using high-energy homogenization and a dis-
persing agent in a nonsolvent medium. Subsequently, the
polymer precipitates as nanospheres. During a second step,
the organic solvent is evaporated leading to formation of
solid nanoparticles [21]. This method has been designed
and used particularly for the incorporation of hydrophobic
entities into biodegradable micro- and nanoparticles and it is
difficult to scale up because of the high-energy requirements
[14]. In the emulsion polymerization method, a monomer
is added to an aqueous surfactant-containing solution,
followed by in situ polymerization of the dispersed phase
generating nanoparticles. Because of the requirement of
surfactants, monomers, toxic solvents, and initiator, the use
of this method has been reduced [1, 14]. Another method
that has been widely used to develop hydrogel nanoparticles
is ionotropic gelation, in which polysaccharides are dissolved
in an aqueous phase and added to solutions containing coun-
terions. The gelation process is caused by the formation of
inter- and intramolecular crosslinks within a charged poly-
mer chain, mediated by the presence of oppositely charged
ions. Moreover, it has been described that the quality of
those hydrogel nanoparticles can be further improved by the
polyelectrolyte complexation technique [20, 22, 23].

Even when a diversity of methods have been designed for
hydrogel nanoparticle production, the need for systems that
efficiently manufacture particles in a simple way with suitable
size and polymeric systems that ensure the production of
nanoparticle with optimal properties without using toxic
solvents is still required.

This study investigates a novel method of generating
hydrogel microparticles using biocompatible polymers, non-
toxic solvents, and the potential for continuous processing.
The synthesis method includes nebulization of polymeric
solutions into a gelation fluid followed by separation and
drying. For this new particle generation method, we inves-
tigated the effects of various processing parameters such
as polymer concentration, air pressure, type of crosslinking
agent, and type of nebulizer on the size, swelling, and appear-
ance of the resulting polymeric microparticles.

2. Materials and Methods

2.1. Materials. Chitosan (Cs) (medium MW, % N-deacet-
ylation; about 76.4%, as determined by elemental anal-
ysis), monomethoxy-poly(ethylene glycol) (m-PEG, MW
5000 Da), succinic anhydride and 1-hydroxybenzotrizole
(HOBt), sodium alginate (low viscosity, 250 cps for 2% w/v
aqueous solution at 25◦C), and 4-Dimethylaminopyridine
(DMAP) were purchased from Aldrich (St. Louis, MO). 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ride (EDC·HCL) was purchased from Fluka Chemical Corp
(Milwaukee, WI). Phthalic anhydride, triethyl amine,
hydrazine monohydrate, dioxane, and dimethylformamide
(DMF) were obtained from Sigma-Aldrich (St. Louis, MO,
SIAL). Calcium chloride anhydrous was purchased from
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EMD Chemicals Inc. (Darmstadt, Germany). Ethanol of ana-
lytic grade and CCl4 were used as received.

2.1.1. Preparation of PEG-g-Chitosan Copolymer. The syn-
thesis of the copolymer of m-PEG grafted onto chitosan (Cs)
was carried out by using a modified method previously
reported by our group [24]. Briefly, Cs (10 g) was reacted
with phthalic anhydride (44.8 g, 5 mol equivalent to pyranose
ring) in DMF (200 mL) at 130◦C under nitrogen atmosphere
for 8 hours to obtain N-phthaloyl chitosan (NPHCs), which
was collected after precipitation in cold water, washed with
metanol, and dried under vacuum.

The m-PEG macromer was modified to obtain m-PEG-
COOH by reacting with succinic anhydride. In brief, an
amount of m-PEG (100 g, 20 mmol) was reacted with suc-
cinic anhydride (2.4 g, 24 mmol), DMAP (2.44 g, 20 mmol),
and triethylamine (2.02 g, 20 mmol) and dissolved in dry
dioxane (350 mL). Then, the mixture was stirred at room
temperature under nitrogen atmosphere for 48 h and the
dioxane was then evaporated under vacuum. The final mix-
ture was taken up in CCl4, filtered, and precipitated in diethyl
ether to obtain m-PEG-COOH.

To graft m-PEG-COOH onto NPHCs, m-PEG-COOH
(37.9 g) was stirred with NPHCs (5.0 g, 0.4 mol equivalent
to m-PEG-COOH) in DMF containing HOBt (3.4 g, 3 mol
equivalent to m-PEG-COOH) until obtaining a clear solu-
tion. EDC·HCl (4.25 g, 3 mol equivalent to m-PEG-COOH)
was added and stirred at room temperature overnight. The
mixture was dialyzed in distilled water and washed thor-
oughly with ethanol to remove impurities.

To synthesize the PEG-g-Cs copolymer, a deprotection of
the masked NH2 groups of PEG-g-NPHCs was carried out
by using hydrazine monohydrate. Briefly, PEG-g-NPHCs
(4.0 g) was heated to 100◦C and stirred in 15 mL of DMF
under nitrogen atmosphere. Then, hydrazine monohydrate
(20 mL) was added and the mixture was stirred for 2 h. The
final mixture was then dialyzed against a mixture of water
and ethanol (1 : 1) and dried at 40◦C under vacuum.

N-Phthaloyl Chitosan (NPHCs). EA (C8H13NO5)0.2363

(C6H11NO4)0.016 (C14H13NO6)0.747, Anal. Calculated (%):
C, 55.74; H, 4.84; and N, 5.23, found (%): C, 60.31; H, 4.83;
and N, 4.92. FT-IR (νmax, cm−1), 3281 (OH stretching and
NH bending), 2961 (C–H stretching), 1775 and 1698 (C=O
anhydride), 1395 (C=C, phthaloyl), 1058 (C–O, pyranose),
and 732 (aromatic ring).

m-PEG-COOH (yield 98%). EA (C231H460O117), Anal. Cal-
culated (%): C, 54.35 and H, 9.02, found (%): C, 56.8 and
H, 9.19. FT-IR ( νmax, cm−1) 3496 (OH stretching), 2882
(C−H stretching), 1733 (C=O of carboxylic group), and
1102 (C−O−C stretching).

PEG-g-NPHCs (5.47 g). EA, found (%): C, 56.16; H, 4.96;
and N, 5.15. FT-IR ( νmax, cm−1) 3423 (OH stretching and
NH bending), 2879 (C−H stretching), 1736 (C=O ester
and anhydride), 1703 (C=O anhydride), 1096 (C−O−C
stretching), and 723 (aromatic ring of phthaloyl).

PEG-g-Cs. EA, found (%): C, 40.46; H, 4.71; and N, 14.44.
FT-IR ( νmax, cm−1) 3312 (OH stretching, NH bending, and
intermolecular H-bonding), 2879 (C−H stretching), 1708
(C=O ester), and 1096 (C−O−C stretching).

2.2. Methods

2.2.1. Spray Gelation-Based System and Preparation of the
Hydrogel Particles. The hydrogel particles were developed via
air-jet nebulization of small sprayed droplets of alginate solu-
tions followed by either ionotropic gelation in aqueous
Ca2+ solution or both ionotropic and polyelectrolyte com-
plexation in (1 : 1) aqueous solution of PEG-g-Cs/CaCl2 as
crosslinkers. Briefly, an (0.1% w/v) aqueous solution of the
synthesized copolymer, PEG-g-Cs was prepared using a few
mLs of 0.06 M acetic acid and then made up to the predeter-
mined volume with distilled water. Also, aqueous solutions
of CaCl2 (0.2 M) and sodium alginate (0.5 and 1% w/v)
were prepared. Alginate solutions of different concentrations
were added to different air-jet nebulizers (Pari LC Plus
and Aerotech II) and aerosolized by using compressed air
delivered at controlled pressures of 20 and 40 psi (Table 1).
The generated sprayed droplets were then collected into the
crosslinking solutions containing either CaCl2 (0.2 M) or a
(1 : 1) mixture of PEG-g-Cs/CaCl2 under continuous mild
stirring throughout a vacuum system leading to gelation of
the aerosol droplets. The obtained swollen hydrogel particles
were transferred to scintillation vials and freeze-dried. The
resulting hydrogel powder was then washed with water to
remove any residual crosslinker and then refreeze-dried. The
yield (%) of the resulting dry hydrogel particles powders
was calculated and then the powders were stored at room
temperature in a desiccator until further investigation.

A schematic illustration of the complete spray gelation-
based system developed in this study is shown in Scheme 1.
The system consists of a regulated compressed air source
directly connected to a nebulizer that delivers the polymeric
solutions as sprayed droplets to a feed zone comprising
tubing carrying droplets. This tubing carrying droplets was
assembled to an aerodynamic aerosol classifier connected to
a secondary vacuum system responsible of transporting
the sprayed droplets to the crosslinker solutions (collecting
fluids). An alternate empty glass collector was directly
assembled to the primary vacuum system to recover the
hydrogel microparticles dragged from the secondary vacuum
system.

2.2.2. Characterization of PEG-g-Cs Graft Copolymer. The
elemental analysis for all products involved in the syn-
thesis of PEG-g-Cs graft copolymer was carried out by
using a Costech ECS4010 Elemental Analyzer coupled to
a Thermo-Finnigan Delta Plus Isotope Ratio Mass Spectrom-
eter. FT-IR spectra were recorded on a Nicolet 6700 FT-IR
spectrometer. Differential Scanning Calorimetry (DSC) was
used to analyze all synthesized polymers using a DSC 2920
(Modulated DSC, TA Instruments, Woodland, CA). 10 to
12 mg were weighted into aluminum pans and sealed. All
measurements were performed in a range from−40 to 400◦C
at a heating rate of 10◦C/min.
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Table 1: Parameters and compositions of the hydrogel particles developed by the new spray gelation-based method.

Nebulizer Sample code Air pressure (psi) Crosslinker % Alginate (w/v) GSD

Pari LC Plus

PN1 20 CaCl2 0.5 1.2

PN2 20 PEG-g-Cs/CaCl2 0.5 1.1

PN3 40 CaCl2 0.5 1.3

PN4 40 PEG-g-Cs/CaCl2 0.5 1.1

PN5 20 CaCl2 1 1.1

PN6 20 PEG-g-Cs/CaCl2 1 1.3

PN7 40 CaCl2 1 1.3

PN8 40 PEG-g-Cs/CaCl2 1 1.2

Aerotech II

AN1 20 CaCl2 0.5 1.3

AN2 20 PEG-g-Cs/CaCl2 0.5 1.2

AN3 40 CaCl2 0.5 1.1

AN4 40 PEG-g-Cs/CaCl2 0.5 1.1

AN5 20 CaCl2 1 1.1

AN6 20 PEG-g-Cs/CaCl2 1 1.4

AN7 40 CaCl2 1 1.2

AN8 40 PEG-g-Cs/CaCl2 1 2.2

(1) Nebulizer
(2) Drying system
(3) Aerodynamic aerosol classifier(s)

(5) Collected nanoparticles
(6) Particle trapper
(7) Vacuum

(1)

(3)

(2)

(4)

(6)

(7)

(5)

P

(4) Collecting fluid

V

Scheme 1: General scheme of the composition of the new spray gelation-based system used for the production of hydrogel particles.

2.2.3. Characterization of Hydrogel Particles

Particle Size Measurements. The average size of the prepared
hydrogel particles suspended in ethanol was determined by
dynamic light scattering, DLS (Malvern nanosizer, Malvern
Instruments Ltd., Worcestershire, UK). The particle size was
also estimated using microscopy techniques including light
microscopy (Leica DMI6000B scope) with Leica application
suite advanced fluorescence 2.2.0 build 4765 software. Par-
ticle sizes for each hydrogel formulation were recorded to
be statistically analyzed to obtain the mean particle size, the
standard deviation, and the geometric standard deviation
(GSD).

Dynamic Swelling Study. The swelling behavior of the hydro-
gel particles in water was studied by determining the increase
in the mean particle diameter after 2, 5, 10, 60, and
120 minutes. The measurements of the swollen hydrogel
particles were recorded to estimate the swollen mean size.

Scanning Electron Microscopy (SEM). Scanning electron mi-
croscopy analysis was carried out to study the surface mor-
phology of the developed particles by using a Zeiss Supra
40 VP scanning electron microscope. The dried particles
were mounted on aluminum studs and coated with a 50/50
mixture of Au/Pd and scanned using an accelerating voltage
of 10 kV.
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2.2.4. Optimization of the Hydrogel Particles by a 2k Factorial
Design. A 2k factorial design was used to determine the effect
of formulation’s variables such as type of nebulizer, type of
crosslinker, polymeric concentration and the compressed air
pressure on the hydrogel nanoparticle size, and swelling for
further optimization and investigations. In addition, statisti-
cal significance was determined using ANOVA (P < .05) for
each response variable (size and swelling). Statgraphics Plus
version 5.0 software was used.

3. Results and Discussion

In the present study, a novel spray gelation-based method
was developed for the production of hydrogel particles by
using sprayed microdroplets from nebulizers. In addition,
the effects of different processing parameters on the charac-
teristics of the developed hydrogel particles such as size and
morphology were assessed. The setup of this novel method
is very simple and easy and did not require large amounts
of material. It just involved the preparation of the polymeric
solution to be sprayed and the crosslinking agent.

3.1. Synthesis of PEG-g-Cs Copolymer. The PEG-g-Cs copoly-
mer synthesized through a modified method reported previ-
ously by our group was successfully obtained [12]. A 98%
yield of m-PEG-COOH was obtained and characterized
by FT-IR and elemental analysis (EA). In the same way,
the synthesis of NPHCs was confirmed by FT-IR through
the appearance of the bands at 1395 and 732 cm−1, which
correspond to the aromatic C=C and the aromatic ring of
the phthaloyl group, respectively. The grafting of m-PEG-
COOH onto NPHCs was carried out in DMF (grafting %;
9.34). Afterwards, the PEG-g-Cs copolymer was obtained by
deprotection of NH2 groups of PEG-g-NPHCs copolymer
using N2H4·H2O. The FT-IR and EA were also used to
confirm the synthesis of the PEG-g-Cs copolymer. In the
DSC of Cs, (data were reported elsewhere) [12], endothermic
and exothermic peaks were shown at 90◦C and 312◦C,
respectively. The former peak is attributed to the loss of
moisture and the exothermic peak observed is mainly due
to the decomposition of Cs. In the case of PEG-g-Cs, an
endothermic peak at 55◦C corresponding to the melting of
the grafted PEG was observed. In addition, an endothermic
peak was shown at 119◦C as a consequence of the loss of
water. Moreover, two exothermic events appeared at 261 and
310◦C and were related to the crystallization and decom-
position of the graft copolymer, respectively [12].

3.2. Preparation of Hydrogel Particles. Different concentra-
tions of alginate solutions were used to prepare hydrogel
particles through a spray gelation process for drug delivery
applications. As shown in Table 1, several hydrogel particle
formulations were obtained based on the combination of
parameter such as nebulizers, crosslinkers, and applied air
pressure. In addition, the geometric standard deviation
(GSD) of the different formulations was listed.

Since nebulizers have been therapeutically used to con-
vert liquids into aerosols and it has been proven that they

can produce fine droplets (∼1 μm) [1], we proposed that
nebulizers may be appropriate for delivering the alginate
solutions, as example for other polymer solutions, into small
droplets under the principles of jet nebulization as a new
alternative method for production of hydrogel particles.
Alginate solutions of different concentrations were added to
the nebulizer and the driving force for the atomization of the
alginate droplets was generated by the high-velocity air that
passes through a small nozzle within the device and at the
same time draws fluid to be nebulized via the venturi effect
[25]. Then, after the sprayed anionic polyelectrolyte alginate
solutions were passed directly into an aqueous solution
containing divalent cations such as Ca2+ or polycation
such as PEG-g-Cs copolymer. Following this rapid reaction,
insoluble network structures were formed and gelation was
induced because of the diffusion of cations into the alginate
droplets or by the formation of polyelectrolyte complexes,
forming three-dimensional lattice of ionically crosslinked
polymer resulting in the formation of hydrogel particles,
which were later dried by freeze-drying. After the final
powder was collected and weighed, the spray gelation yield
was calculated resulting in a range between 30% and 90%.

Aerotech II and Pari LC Plus nebulizers were chosen
in this study because of the several literature reports [26–
28], in addition to our prestudy screening experiments
using different types of nebulizers. Also, Aerotech II and
Pari LC Plus were found to have greater aerosol output
efficiencies, produce droplets with small sizes (<5 μm),
and show higher efficiency in the aerosolization of viscous
formulations. Also, it has been reported [25] that the main
determinants of a droplet size produced by a nebulizer
include the characteristics of the solutions such as viscosity
and the velocity of the gas. Thus, the influence of polymer
concentration, air pressure, and crosslinker type on droplet
sizes was studied in these investigations.

3.3. Particle Size Analysis. Figure 1 shows the influence of the
formulation’s parameters on the mean size of the hydrogel
particles. The mean size of the particles developed using the
Pari LC Plus and Aerotech II nebulizers was found to be
842 and 886 nm, respectively, with a standard deviation of
7%–12%. The particle size of the obtained hydrogels was
also confirmed by DLS technique where, according to the
data, Pari LC Plus and Aerotech II showed very similar sizes
(around 858 nm and 889 nm, resp.).

To verify the existence of significant differences between
both sets of particle size data upon using different nebulizers
(Pari LC Plus or Aerotech II), statistical analysis was carried
out. The obtained results showed minor statistical differences
(P = .0445) (Table 2). These minor statistical differences
can be attributed to practical differences. As shown in
Figure 1(a), Pari LC Plus nebulizer generated hydrogel
particles with hardly comparable sizes (PN1 = PN5, PN4
> PN8, PN6 > PN2) of particles with different alginate
concentrations, even when it seemed that 0.5% produced
smaller particle size. The data also showed that the air
pressure is a determinant factor on the droplet size because
upon applying higher pressure (40 psi), all formulations
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Figure 1: Mean particle size (diameter, d, nm) of the dried hydrogel particles produced by spray gelation-based method using the (a) Pari
LC Plus and (b) Aerotech II nebulizers.
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Figure 2: Swelling behavior of hydrogel particles based on the con-
centration of alginate solutions (PN1 and PN2, 0.5% and PN5 and
PN6, 1%) after 2, 5, 10, 60, and 120 minutes.

(PN3, PN7, and PN8) showed the smallest particles size,
except for PN4. The influence of the type of crosslinker on
the particle size was not clearly seen.

On the other hand, in comparison with Pari LC Plus,
Aerotech II formulations showed very slightly larger particle
sizes and as mentioned before, we attributed this increase
to practical differences (Figure 1(b)). Nevertheless, they
presented more uniform sizes. This effect may be related
to the presence of a baffle that covers the aerosol stream
region preventing the formation of larger particles due to the
centered pressure applied during atomization into a constant
direction. In the case of Aerotech II formulations, relatively
smaller hydrogel particles were produced when 1% alginate
solutions were used, particularly this effect could be seen

in AN7 and AN5 formulations. This was probably because
a higher concentration of polymer shows a larger capacity
of being crosslinked leading to the formation of smaller size.
In addition, it appears that the type of the crosslinkers used
in this study has no significant effect onto the size of the
developed particles (see Table 2).

3.4. Swelling Equilibrium Study. The swelling profiles of the
hydrogel particles in water are shown in Figure 2. The effect
of alginate concentrations and type of crosslinker on the
swelling behavior of the formulations developed using Pari
LC Plus (PN1, PN2, PN5, and PN6) was investigated. The
swelling extents were estimated by determination of the
increase in the mean diameter (nm) of hydrogel particles
after 2, 5, 10, 60, and 120 minutes by microscopy. As seen
in Figure 2, the formulations containing 0.5% alginate (PN1
and PN2) showed a faster initial swelling after 2 min in
comparison with the formulations of 1% alginate, increasing
their size more than four times. For example, the size of
PN1 and PN2 increased from 869 and 807 nm when dried to
4,647 and 4,884 nm after 2 min, respectively. A continuous
increase in the mean diameter was observed after 10 min,
where the hydrogel particles reached values of 6,551 and
7,144 nm, respectively. From the figure, it can be noted that
increasing the alginate concentration to 1% has reduced
the swelling values of the hydrogel particles. These data are
consistent with the crosslinking extent, where as the alginate
concentration increases, the interaction of alginate with the
divalent cations is enhanced, leading to the formation of
a smaller mesh size in the meshwork that limits the access
of water. In this way, PN5 and PN6 formulations showed
smaller sizes when swollen. In the effect of type of crosslinker
onto swelling, it was observed that, with keeping the alginate
concentration constant at 0.5%, both CaCl2 and the PEG-g-
Cs/CaCl2 mixture showed a similar effect on the swelling of
the hydrogel particles. The same phenomenon was observed
in the 1% alginate formulations. These data were confirmed
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Table 2: Summary of the analysis of variance for mean particle size.

Factor Sum of squares DF Mean square F-ratio ∗P-value

Nebulizer 23232.0 1 23232.0 4.34 .0445

Crosslinker 11907.0 1 11907.0 2.23 .1446

Alginate 42126.8 1 42126.8 7.88 .0081

Air Pressure 34347.0 1 34347.0 6.42 .0159
∗
P < .05, DF: Degree of Freedom.

1 μm EHT = 10 kv
WD = 17.6 mm

(a)

(b)

(c)

2 μm EHT = 10 kv
WD = 17.3 mm

Signal A = SE2

Mag = 50 KX
Date: 6 Aug 2010

Signal A = SE2

Mag = 15 KX
Date: 6 Aug 2010

Figure 3: Scanning electron micrographs of alginate particles produced using the Aerotech II nebulizer using spray gelation: (a, b) AN7 and
(c) AN8.

by the P-value obtained by the analysis of variance, which
showed a nonsignificant difference between both crosslinkers
(Table 2). After 60 min, a continuous increment in the
swelling behavior of formulations containing 1% alginate
was also seen. However, from the figure, it can be noted
also that some of the hydrogel formulations (with 0.5%
alginate such as PN1 and PN2) showed a swelling decrease
at equilibrium. Generally, the fast initial swelling of hydro-
gel formulations is attributed to their hydrophilic nature
(osmotic driving forces). This is followed by occurrence of
a resistance due to the cohesive forces exerted by the
crosslinked polymer chains. These cohesive forces tend to
resist further hydrogel expansion and encourage some of
swelling fluid to be expelled which explains the swelling
decrease stage [29]. The extent of these two opposing forces
(osmotic and cohesive) depends mainly on the crosslinking
magnitude of hydrogels, and generally, the equilibrium is
reached when a balance is achieved between these two forces.

3.5. Scanning Electronic Microscopy. It is well known that the
final particle morphology (hollow and solid particles) and
the size of the sprayed or aerosol particles are dependent on
the solution characteristics, precursor concentration, viscos-
ity, droplet size, evaporation rate, and operating parameters
such aerosol generator, flow rate, and drying technique
[30, 31]. Hence, in this study we investigated the effect of
different concentrations, two aerosol generators (nebulizers),
and different air pressures on the appearance of the hydrogel
particles. Figure 3 shows some scanning electron micro-
graphs of the morphology of hydrogel particles generated by
the spray gelation method. The developed hydrogel particles
presented, in general, spherical shapes with highly rough
surfaces, especially in Pari LC Plus formulations, where
1% alginate solutions and 40 psi air pressure were applied

(Figure 3(b)). Furthermore, Aerotech II formulations also
presented spherical shapes under the same conditions
(Figure 3(c)). It seems that the concentration of both
polymer and crosslinker used played an important role in the
formation of spherical, solid, and well-crosslinked particles;
however, the type of nebulizer did not significantly change
the morphology of the particles. This may be attributed
to the fact that both nebulizers operated under the same
mechanism. Further investigation of the drying mechanism
along with some other parameters has to be carried out to
determine their effects on the hydrogel morphology.

3.6. Analysis of the Hydrogel Particles Synthesis by a 2k

Factorial Design. In this study, a discontinuous 2k factorial
design was carried out to determine the effects of nebulizer,
crosslinker, air pressure, and alginate concentration and
their interaction on the obtained hydrogel formulations.
Considering that the combination of those factors would
modify the properties of the particles, variations of each
factor in two levels were analyzed. The two levels of each
factor were coded with a low and high level to be analyzed
by response surface methodology and Pareto charts. In this
design, the particle size and equilibrium swelling values
were used as response variables. Since type of nebulizer and
crosslinker are not numeric values, −1 and 1 levels were
assigned for each nebulizer and crosslinker.

The analysis of variance for particle size obtained by
Statgraphics 5.0 shows the most influential factors in the size
and swelling behavior of the hydrogel particles at the 95%
confidence level. Then, all those factors and/or interactions
with a P < .05 value were considered the most relevant
factor for either particle size or swelling. Thus, the obtained
results showed that four effects are influencing the particle
size. Those effects and their interactions can be clearly
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Figure 4: Statistical estimation of the effect of formulation’s parameters and their interactions on the particle size of hydrogel particles
represented by (a) Pareto chart and (b) response surface methodology.
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Figure 5: (a) Pareto chart and (b) response surface methodology
graph of the effect of alginate concentration and crosslinker on the
swelling behavior of hydrogel particles.

seen in the standardized Pareto chart (Figure 4(a)), where
it is showed that alginate concentration, air pressure, the
interaction between crosslinker and air pressure, and the
type of nebulizer are the main factors that modify the size

of the hydrogel particles. The order in which they appear
corresponds to their importance in affecting the particle size.
From the figure, it seems that the alginate concentration is
the principal determinant of the size of particles, followed
by the air pressure. Therefore, modification of any of these
two factors would have a more relevant effect on the
particle size than the other factors. We also used surface
response methodology to illustrate the way in which particle
size would respond to variations in the parameter used
during the production of particles (Figure 4(b)). The results
showed that when the alginate concentration and air pressure
are maintained in their intermediate values, by using Pari
LC Plus nebulizer, smaller particle sizes can be obtained.
The effect of the type of crosslinker is considered not
significantly different. This effect can be clearly observed by
the pronounced slope that gives rises to the minimum peak
on the presented surface. Therefore, the data shown here are
consistent with the particle size data found experimentally,
where Pari LC produced relatively smaller particle sizes than
Aerotech II.

In the case of the swelling behavior, the crosslinker and
alginate concentration were the factors modified in this study
for Pari LC Plus formulations and the results in Pareto
chart (Figure 5(a)) showed that alginate concentration is
a fundamental factor in the processing of the particles and
any modification in its value would lead to an increase or
reduction in the swelling values. According to the surface
response methodology graph, particles with 0.5% alginate
would reach a larger size when swollen than the formula-
tions with 1% alginate (Figure 5(b)). These data are very
consistent with our experimental results, as seen in Figure 2.
Also, the interaction between both factors plays an important
function, showing dependence on the alginate concentration
used. However, the type of the crosslinker by itself does
not have an effect on the swelling behavior of particles
(Figure 5).
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4. Conclusion

It has been demonstrated that the spray gelation-based
system described in this study can be used as an alternative
method for the preparation of hydrogel particles with well-
defined shapes and sizes around 840 nm. Moreover, the
obtained results indicated that the size of the hydrogel parti-
cles can be optimized by changing the polymer concentration
and the applied air pressure. In addition, the developed
method offers many advantages over other methods such
relative simplicity, low cost, and ease of collecting fluid and it
does not involve the use of toxic solvents. All these advantages
make this new technique valuable for the preparation
of hydrogel particles for various applications particularly
for drug delivery purposes. However, as a novel method,
additional effort has to be done for the investigation and
optimization of the particle size and aerosolization.
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We have developed a novel spray gelation-based method to synthesize a new series of magnetically responsive hydrogel
nanoparticles for biomedical and drug delivery applications. The method is based on the production of hydrogel nanoparticles
from sprayed polymeric microdroplets obtained by an air-jet nebulization process that is immediately followed by gelation in a
crosslinking fluid. Oligoguluronate (G-blocks) was prepared through the partial acid hydrolysis of sodium alginate. PEG-grafted
chitosan was also synthesized and characterized (FTIR, EA, and DSC). Then, magnetically responsive hydrogel nanoparticles based
on alginate and alginate/G-blocks were synthesized via aerosolization followed by either ionotropic gelation or both ionotropic and
polyelectrolyte complexation using CaCl2 or PEG-g-chitosan/CaCl2 as crosslinking agents, respectively. Particle size and dynamic
swelling were determined using dynamic light scattering (DLS) and microscopy. Surface morphology of the nanoparticles was
examined using SEM. The distribution of magnetic cores within the hydrogels nanoparticles was also examined using TEM. In
addition, the iron and calcium contents of the particles were estimated using EDS. Spherical magnetic hydrogel nanoparticles with
average particle size of 811± 162 to 941± 2 nm were obtained. This study showed that the developed method is promising for the
manufacture of hydrogel nanoparticles, and it represents a relatively simple and potential low-cost system.

1. Introduction

Over the last two decades, stimuli-responsive “smart”
hydrogels, which can respond reversibly to external stimuli,
such as pH, temperature, and electric field, have attracted
a great deal of interest due to their potential applications
in various fields especially in controlled drug delivery [1].
In the recent years, a significant body of research has
focused on the development of biocompatible magnetically
responsive nanoparticles for various drug delivery and
biomedical applications such as magnetic drug targeting,
enzyme immobilization, hyperthermia anticancer treatment,
and the magnetic resonance imaging for clinical diagnosis
[2–9]. The efficiency of magnetic nanoparticles in most of
these applications depends particularly on the particle size
distribution and the morphology of the polymer/magnetic
nanoparticles [10, 11].

The magnetically responsive hydrogel nanoparticles
with high-saturation magnetization and high susceptibility
showed a good ability to trigger drug release upon applying
external magnetic stimuli [12]. The major advantage of
this drug delivery technology is attributed to the magnetic
characteristics of the carrier system, which can be controlled
remotely, and the biocompatibility of both the encapsu-
lated iron oxide nanoparticles (e.g., magnetite (Fe3O4) and
maghemite (γ-Fe2O3)) and the polymeric hydrogel matri-
ces. Superparamagnetic iron oxide nanoparticles (SPIONs)
which can be easily magnetized and concentrated in a specific
site by applying an external magnetic field and redispersed
again once the magnetic field is removed have also found a
recent considerable interest for drug delivery purposes [13].

The production of hydrogel nanoparticles such as
acrylate-based hydrogels typically utilizes bioincompatible
solvents such as dimethylformamide and acetone. Moreover,
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the processing can be costly, and particle size distributions
are typically very broad. Thus there is a need for new
processes that can efficiently produce nanoparticles with
desirable particle size in addition to exploring new bio-
compatible polymeric systems that ensure the production
of the nanoparticles with optimal characteristics using
biocompatible solvents relevant to actual clinical use. This
current contribution involves the development of a novel
spray gelation-based method (aerosol-mediated method)
which has been utilized to synthesize a series of magnetically
responsive “smart” alginate-based hydrogel nanoparticles for
biomedical and drug delivery applications. This method is
based on the production of hydrogel nanoparticles from
sprayed polymeric microdroplets obtained through an air-jet
nebulization process that is immediately followed by a gela-
tion step in a crosslinking fluid. The synthesized magnetically
responsive hydrogel nanoparticles are comprised of either
sodium alginate or a combination of sodium alginate with
oligoguluronate (G-blocks) aerosolized as microdroplets fol-
lowed by either ionotropic gelation in aqueous Ca2+ solution
or both ionotropic and polyelectrolyte complexation in
aqueous solution of PEG-g-chitosan/CaCl2 as crosslinkers.

Sodium alginate is a natural nontoxic biodegrad-
able polyanionic copolymer consist of 1,4-linked β-D-
mannuronic acid (M) and α-L-guluronic acid (G) residues
arranged either as consecutive blocks or in a random
distribution. Sodium alginate has a unique ability to form
hydrogels in the presence of divalent cations such as Ca2+,
Ba2+, or Sr2+ ions [14] through lateral association of chain
segments (ionotropic crosslinking). It has been reported that
this ionotropic chelation/crosslinking occurs particularly
between the cations and the G-blocks of alginate as described
by the “egg-box” model [15, 16] in which each divalent
cation interacts with two adjacent G residues as well as with
two G residues in an opposing alginate chain. Therefore, the
gel strength of the alginate-based hydrogels depends mainly
on the G content in addition to other parameters such as
the divalent cation concentration and the concentration and
molecular weight of the alginate. It has been also found that
sodium alginate has a strong ability to form hydrogels via
polyelectrolyte complexation with cationic polymers such as
chitosan (Cs) and its derivatives [14].

Chitosan (Cs), a cationic polymer obtained through
the alkaline N-deacetylation of chitin, has various desir-
able properties such as nontoxicity, biodegradability, and
biocompatibility [17]. Grafting of various synthetic polymers
onto the Cs backbone can further improve its characteristics
and accordingly expand its potential applications. One of
these polymers that is commonly grafted onto Cs is the poly-
(ethylene glycol) (PEG). PEG is a water-soluble nontoxic
and biocompatible polymer [18]. Owing to the character-
istics of PEG, the development of polymeric micro- and
nanohydrogel particles based on PEG graft copolymerized
onto Cs (PEG-g-Cs) has received increased attention in many
applications specifically for drug delivery purposes [19–22].

In this study, oligoguluronate residues (G-blocks) were
prepared through partial acid hydrolysis of sodium alginate.
PEG-g-Cs was also synthesized and characterized. Then a
new series of magnetic hydrogel nanoparticles was developed

using a new method. The magnetic hydrogel nanoparticles
are based on a combination of alginate with the G-blocks and
crosslinked either with Ca2+ (ionotropic gelation) or through
polyelectrolyte complexation with the cationic PEG-g-Cs.

2. Materials and Methods

2.1. Materials. Chitosan (medium MW, %N-deacetylation;
76.4%, as determined by FTIR spectroscopy and elemental
analysis), monomethoxy-poly-(ethylene glycol) (m-PEG,
Mn 5 kDa), succinic anhydride, and 1-hydroxybenzotrizole
(HOBt) were supplied by Aldrich (USA). 1-Ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC.HCL) was obtained from Fluka Chemical Corp.
(Milwaukee, WI, USA). 4-Dimethylaminopyridine (DMAP)
was provided by Sigma (St. Louis, MO, USA). Sodium
alginate (low viscosity; 250 cps for a 2% solution at 25◦C),
phthalic anhydride, dioxane, triethyl amine, and dimethyl
formamide (DMF) were obtained from Sigma-Aldrich
(St Louis, MO, USA). The superparamagnetic iron oxide
nanoparticles (SPIONs) and fluidMAG-D of size 100 nm
were purchased from Chemicell (Berlin, Germany). Ethanol,
phosphate buffer saline (PBS pH 7.4), and all other reagents
were of analytical grade and used as received.

2.2. Methods

2.2.1. Preparation of Oligoguluronate (G-Blocks). The oli-
goguluronate residues (G-blocks) were prepared using a
method similar to that described by Haug et al. [23, 24].
Briefly, sodium alginate (10 g) was dissolved in distilled
water and made up to 1 L with 0.3 M HCl. The mixture
was then heated at 100◦C for 6 h. The oligomannuronate
and oligoguluronate homopolymeric blocks that remained
intact as solid residues were collected via centrifugation for
5 min at 4000 rpm, washed, and resuspended in distilled
water. The residue was dissolved by the dropwise addition of
0.3 M NaOH. Afterwards, NaCl was added to make up a final
concentration of 0.5% (w/v). Ethanol (2 volumes) was added
and the resulting precipitate was collected by centrifugation
for 5 min at 4000 rpm. The precipitate was then washed
and redissolved in water, and the pH was adjusted to
2.85 with 1 M HCl. At this pH value, the oligoguluronate
blocks were precipitated and then collected leaving the
oligomannuronate blocks in solution. The oligoguluronate
fractions were desalted and freeze-dried.

2.2.2. Preparation of Cs Grafted with PEG. The PEG-g-Cs
copolymer was synthesized as described in our earlier study
[25] and summarized as follows.

(i) Preparation of N-Phthaloyl Cs (NPHCs). Phthalic anhy-
dride (44.8 g, 5 mol equivalent to pyranose rings) was
allowed to react with 10 g of Cs in 200 ml DMF at 130◦C
under dry nitrogen atmosphere for 8 h. The resulting NPHCs
(pale brown solid) was then collected by filtration after
precipitation in ice-water, washed with methanol, and dried
under vacuum at 40◦C.
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(ii) Preparation of m-PEG-COOH. m-PEG (100 g,
20 mmol), DMAP (2.44 g, 20 mmol), triethylamine (2.02 g,
20 mmol), and succinic anhydride (2.4 g, 24 mmol) were dis-
solved in dry dioxane (350 ml) and then stirred for 2 days
at room temperature under a dry nitrogen atmosphere. The
dioxane was evaporated using a rotary evaporator, and the
residue was taken up in CCl4, filtered, and precipitated by
diethyl ether to produce m-PEG-COOH (white powder).

(iii) Preparation of PEG-g-NPHCs. m-PEG-COOH (37.9 g)
and NPHCs (5.0 g, 0.4 mol equivalent to m-PEG-COOH)
were dissolved in 75 ml of DMF. The HOBt (3.4 g, 3 mol
equivalent to m-PEG-COOH) was then added, as a catalyst,
with stirring at room temperature until obtaining a clear
solution. Afterwards, the EDC.HCl (4.25 g, 3 mol equivalent
to m-PEG-COOH) was added, and the mixture was stirred
overnight at room temperature. A purified PEG-g-NPHCs
copolymer (5.47 g, white solid) was obtained after dialysis of
the reaction mixture against distilled water and washing with
ethanol.

(iv) Preparation of PEG-g-Cs. The PEG-g-NPHCs (4.0 g)
was dissolved in 15 ml of DMF and heated to 100◦C with
stirring under nitrogen. Afterwards, 20 ml of hydrazine
monohydrate was added, and the reaction was continued
for 2 h. The resulting PEG-g-Cs copolymer was purified via
dialysis against a mixture of deionized ethanol and water
(1 : 1) then dried under vacuum at 40◦C.

NPHCs. FTIR (υmax, cm−1): 3281(OH stretching and NH
bending), 2961 (C–H stretching), 1775, and 1698 (C=O
anhydride), 1395 (C=C, phthaloyl), 1058 (C–O, pyranose),
and 732 (aromatic ring of phthaloyl). Elemental analysis
(EA), (C8H13NO5)0.2363 (C6H11NO4)0.016 (C14H13NO6)0.747,
Anal. calculated (DS = 0.98) (%): C, 55.74; H, 4.84; N,
5.23, found (%): C, 60.31; H, 4.83; N, 4.92. m-PEG-COOH;
FTIR (υmax, cm−1) 3496 (OH stretching), 2882 (C–H
stretching), 1733 (C=O of carboxylic group), and 1102
(C–O–C stretching); EA, (C231H460O117), Anal. calculated
(%): C, 54.35, and H, 9.02, found (%): C, 56.8, and H,
9.19. PEG-g-NPHCs (5.47 g); FTIR (υmax, cm−1) 3423 (OH
stretching and NH bending), 2879 (C–H stretching), 1736
(C=O ester and anhydride), 1703 (C=O anhydride), 1096
(C–O–C stretching), and 723 (aromatic ring of phthaloyl).
EA, found (%): C, 56.16; H, 4.69; N, 5.15. PEG-g-Cs;
FTIR (υmax, cm−1) 3312 (OH stretching, NH bending, and
intermolecular H-bonding), 2879 (C–H stretching), 1708
(C=O ester), and 1096 (C–O–C stretching). EA, found (%):
C, 40.46; H, 4.71; N, 14.44.

2.2.3. Characterization of the Synthesized Polymers. The ele-
mental analysis (EA) was carried out using Costech ECS4010
elemental analyzer coupled to a Thermo-Finnigan Delta
Plus isotope ratio mass spectrometer. The FTIR spectra
were recorded using Nicolet 6700 FTIR spectrometer, and
the differential scanning calorimetry (DSC) was carried out
using a DSC 2920 (Modulated DSC, TA Instruments) in a
nitrogen atmosphere with a temperature range of −40◦C

to 400◦C at a heating rate of 10◦C min−1 for preweighed
samples of 10–15 mg. The peaks’ temperatures and the
enthalpy values were recorded.

2.2.4. Preparation of the Magnetic Hydrogel Nanoparticles
Using a Novel Aerosol-Mediated Method. The magnetic
hydrogel nanoparticles were prepared using a novel aerosol-
assisted method. This method depends on the manufac-
ture of hydrogel nanoparticles from sprayed polymeric
microdroplets obtained by an air-jet nebulization process
which is immediately followed by gelation/hardening in a
collecting crosslinking fluid. Specifically, 2% w/v aqueous
solutions of either sodium alginate or mixtures of sodium
alginate with oligoguluronate of different compositions
(Table 1) were prepared. Also, a 0.1% w/v aqueous solution
of the synthesized copolymer, PEG-g-Cs, was prepared by
dissolving it in 10 ml of 0.06 M acetic acid and made up to
the precalculated volume with distilled water. Predetermined
volumes of the SPIONs suspensions were added to the
alginate or alginate/oligoguluronate solutions (3% SPIONs
based on the total polymer weight) and homogenously dis-
tributed by sonication for 2 min. Then, the polymer/SPIONs
mixtures were transferred to an Aerotech II air-jet nebulizer
and aerosolized with the aid of compressed air delivered
at a controlled pressure of 30 psi. The generated aerosols
of SPIONs/polymer microdroplets were directed, under
vacuum, into 10 ml of a crosslinking solution of either
CaCl2 (0.2 M) or a (1 : 1) mixture of PEG-g-Cs/CaCl2 under
continuous mild stirring. The resulting suspensions of the
swollen magnetic hydrogel nanoparticles were collected and
freeze dried. The dried hydrogel powders were then washed
with distilled water to remove any residual crosslinker and
then refreezing-dried. The yield (%) of the resulting dry
powders of hydrogel nanoparticles was determined, and the
powders were stored in a desiccator at room temperature
until further use.

2.2.5. Determination of Hydrogel Particle Size. The average
size of the prepared magnetic hydrogel nanoparticles sus-
pended in 2 ml of ethanol (0.2% w/v) was determined by
dynamic light scattering (DLS) (Malvern nanosizer, Malvern
Instruments Ltd., Worcestershire, UK). The size of the
particles was also estimated using microscopy techniques
including light microscopy (Leica DMI6000B scope) with
Leica Application Suite Advanced Fluorescence 2.2.0 build
4765 software. The average diameters (d, nm) of about 100
magnetic hydrogel nanoparticles (n = 100) were recorded.

2.2.6. Surface Morphology of Hydrogel Nanoparticles. The
morphology of the developed magnetic hydrogel nanopar-
ticles was investigated by SEM (Zeiss supra 40 VP scanning
electron microscope). Dry magnetic nanoparticles were
mounted on aluminum stubs with double-sided conducting
carbon tapes and coated with a 50/50 mixture of Pt/Pd to
minimize surface charging. The samples were scanned at an
accelerating voltage of 10 kV.
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Table 1: Different compositions and particle size of the developed magnetic hydrogel nanoparticles.

Formulation code
Polymer aq. solution (2% w/v) Crosslinking fluid Particle size, (d, nm) ±SD

Alginate (w%) G-block (w%) CaCl2 (0.2 M)
CaCl2/PEG-g-Cs

(1 : 1)
1Dry (DLS) 2Dry (LM) 2Swelled (LM)

IA 100 00 † − 936 ± 40 852 ± 145 1546 ± 84

IB 100 00 − † 926 ± 13 811 ± 105 1498 ± 102

IIA 80 20 † − 811 ± 162 770 ± 122 1571 ± 61

IIB 80 20 − † 929 ± 12 794 ± 177 1427 ± 179

IIIA 70 30 † − 941 ± 2 855 ± 89 1640 ± 75

IIIB 70 30 − † 886 ± 2 800 ± 152 1592 ± 126
1
Determined using DLS. 2Estimated using light microscopy (LM).

2.2.7. Transmission Electron Microscopy Analysis of Hydrogel
Nanoparticles. A Jeol 2010F field emission transmission
electron microscope (TEM) was used to obtain transmission
electron micrographs of the developed magnetic hydrogel
nanoparticles at accelerating voltage of 200 kV. Also, the
iron and calcium contents of the particles were estimated
using energy-dispersive X-ray spectroscopy (EDS) (Oxford
INCA) attached to the TEM with the aid of silicon detector
at an accelerating voltage of 20 kV and a magnification of
120,000X.

2.2.8. Dynamic Swelling Study of Hydrogel Nanoparticles. The
swelling characteristics of the developed magnetic hydrogel
nanoparticles (2-3 mg) in 500 μL of PBS (pH 7.4) were
investigated by determining the increase in the particle
diameter (d, nm) at different time intervals; 2, 5, and 10 min
using light microscopy (Leica DMI6000B scope) with Leica
Application Suite Advanced Fluorescence 2.2.0 build 4765
software.

2.2.9. Statistical Analysis and Optimization of the Mag-
netic Hydrogel Nanoparticles by a 2k Factorial Design. The
obtained results were analyzed and expressed as mean ± SD.
A 2k factorial design was used to estimate the effect of the
different formulation’s parameters such as the alginate % and
the type of crosslinking agent on the characteristics of the
developed magnetic hydrogel nanoparticles such as particle
size and equilibrium swelling for further optimizations.
Also, the statistical significance was analyzed using ANOVA
(Statgraphics Plus version 5.0 software). Differences were
considered significant at the level of P < .05.

3. Results and Discussion

3.1. Preparation of Oligoguluronate (G-Blocks). The oli-
goguluronate residues (G-blocks) were obtained through
the partial acid hydrolysis of sodium alginate followed by
fractionation of the products. The hydrolysis was achieved
using dilute HCl in boiling water through a method similar
to that described by Haug et al. [23, 24]. The partial
hydrolysis process of the alginate led to two fractions;
the soluble fraction consists mainly of blocks with an
alternating sequence of mannuronic and guluronic acid
residues (MG blocks) whereas the insoluble fraction consists

of homopolymeric blocks of mannuronic acid (MM blocks)
and guluronic acid residues (GG blocks) as illustrated in
Scheme 1. The fractionation process was achieved through
collecting the oligomannuronic (MM) and oligoguluronic
(GG) homopolymeric blocks that remained intact as residues
via centrifugation. This separated mixture of homopoly-
meric blocks was resuspended in water and then dissolved
through neutralization with dilute alkali (NaOH, 0.3 M).
Afterwards, the oligoguluronate blocks were precipitated and
collected leaving the oligomannuronate blocks in solution
via adjusting the pH value of the homopolymeric mixtures
at 2.85.

3.2. Synthesis of PEG-Cs Graft Copolymer. The PEG-g-Cs
copolymer was synthesized through a modified method
reported in our earlier study [25]. The copolymer synthesis
started with the modification of m-PEG into carboxyl-
capped m-PEG precursor (m-PEG-COOH) using succinic
anhydride. The prepared m-PEG-COOH was characterized
using EA and FTIR. The free NH2 groups of Cs were
protected through phthaloylation process using phthalic
anhydride to produce N-phthaloyl Cs (NPHCs). The prepa-
ration of NPHCs was confirmed by FTIR through appear-
ance of peaks at 1395 and 732 cm−1 which stand for
the “aromatic C=C” and “aromatic C–H” bonds of the
phthaloyl moieties, respectively. Afterwards, grafting of m-
PEG-COOH onto NPHCs was carried out in DMF, and
the grafting % of the resulting PEG-g-NPHCs was found
to be about 9.3%. The resulting PEG-g-NPHCs copolymer
was also characterized by EA and FTIR. The PEG-g-Cs
copolymer was then produced through the dephthaloylation
of the protected NH2 groups of PEG-g-NPHCs copolymer
using hydrazine monohydrate. The overall synthesis of the
PEG-g-Cs copolymer is demonstrated in Scheme 2. The
synthesis of the PEG-g-Cs copolymer was confirmed by
comparing the FTIR spectra of the copolymer with those
of the starting material (Cs) as shown in Figure 1. The
synthesis of the PEG-g-Cs was also proved by studying
its thermal behavior in comparison with that of starting
materials, PEG-COOH and Cs, as apparent in Figure 2. For
instance, the DSC thermogram of PEG-COOH (Figure 2(a))
showed an endothermic band at about 65◦C which stands
for its melting process. In case of the Cs thermogram
(Figure 2(b)), it shows an endothermic peak started at about
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Scheme 1: Schematic illustration of the preparation of oligoguluronate blocks (G-blocks).

90◦C, which can be ascribed to the loss of bound water.
The Cs thermogram shows also an exotherm at 312◦C which
may be attributed to the decomposition of the glucosamine
units [26, 27]. The thermogram of PEG-g-Cs (Figure 2(c))
shows an endothermic peak at 55◦C which can be attributed
to the melting of the grafted PEG side chains. Also, an
endotherm was observed at 119◦C which is due to the loss
of bound water. The exotherms appearing at 261 and 310◦C
may be ascribed to the crystallization and decomposition of
the PEG-g-Cs copolymer, respectively.

3.3. Aerosol-Assisted Preparation of the Magnetic Hydrogel
Nanoparticles. The magnetic hydrogel nanoparticles devel-
oped in this study were obtained using a novel spray
method as illustrated in Figure 3(a). The system consists
of a regulated source of compressed air connected directly
to an air-jet nebulizer that delivers the polymeric solutions
as sprayed microdroplets to a feed zone comprising tubing
carrying droplets. This tubing was assembled to one or more
of aerodynamic aerosol classifiers connected to a secondary
vacuum system responsible of transporting the sprayed
droplets to the crosslinker solution (collecting fluid). Then,
an alternate empty glass collector was directly assembled to
the primary vacuum system to recover the large hydrogel
nanoparticles dragged from the secondary vacuum system.

The prepared hydrogel nanoparticles are based on either
sodium alginate or a combination of sodium alginate with

oligoguluronate residue (G-blocks) aerosolized as micro-
droplets followed by either ionotropic gelation in aqueous
Ca2+ solution or both ionotropic and polyelectrolyte com-
plexation in (1 : 1) aqueous solution of PEG-g-Cs/CaCl2
as crosslinkers as illustrated in Figure 3(b). In case of
the ionotropic gelation of sodium alginate with Ca2+, the
carboxylate groups of subsequent guluronate (G) units in
the alginate chains have suitable geometry and spacing for
the binding with the Ca2+ ions [28]. This affinity of the G
units towards binding with the Ca2+ has been found to be
higher than their mannuronate (M) counterparts [29]. Also,
this type of binding has been described by the “egg-box”
model [15, 16]. Therefore, the gel strength of alginate-based
hydrogels depends mainly on the G content of the alginate in
addition to the other factors such as the calcium ion concen-
tration and the molecular weight and concentration of the
alginate. In a recent study [14], free G-blocks were added
to alginate solutions and the effects of this addition onto
the gel strength, gelling kinetics, and syneresis of the formed
alginate-based hydrogels were investigated. The results of the
study showed that the free G-blocks are involved in the Ca2+-
mediated bonds formed between guluronic acid sequences
within the polymeric alginates (Figure 3(b)) [14]. In other
words, the added oligoguluronate (G-blocks) competes with
the alginate chains for the Ca2+ ions. However, the study
indicated that the presence of free G-blocks led to an increase
in the gelation time. Also, the gel strength of the formed
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Figure 1: FTIR spectra of (a) Cs as compared to (b) the synthesized
PEG-g-Cs copolymer.

alginate hydrogels was found to decrease with increasing
amount of the free G-blocks. This reduction in the gel
strength can be attributed to the lower molecular weight
and viscosity of the added oligoguluronate (G-blocks) as
compared to the polymeric alginate.

The developed hydrogel nanoparticles showed a con-
siderable magnetically responsive nature as apparent in
Figure 4. The figure reveals the relatively fast response of the
hydrogel nanoparticles in their aqueous suspension to an
external magnetic field.

3.4. Particle Size Analysis of Hydrogel Nanoparticles. Devel-
opment of magnetic nanoparticles with appropriate size
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Figure 2: DSC characterizations of the synthesized PEG-g-Cs
copolymer (c) as compared to the starting materials; (a) PEG-
COOH and (b) Cs.

represents an important issue in many applications. As
shown in Table 1, the size of the developed magnetic hydrogel
nanoparticles was found to be in the range of 811 ± 162
to 941 ± 2 nm as determined by dynamic light scattering
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(DLS). From the table, it seems, in most formulations, that
crosslinking of the hydrogel nanoparticles with a mixture
of Ca2+/PEG-g-Cs (1 : 1) relatively reduces the particle size
as compared to the particles crosslinked with only one
crosslinking agent (Ca2+). For instance, the particles IIIA
(crosslinked with Ca2+ only) showed an average size of
941 ± 2 nm when analyzed by DLS. This size was reduced

to 886 ± 2 nm in case of the particles IIIB (crosslinked with
Ca2+/PEG-g-Cs). This effect of the crosslinking agents on
the size of the developed hydrogel nanoparticles was found
to be statistically significant (P = .0415). Also, it was noted
from the size data that, in general, increasing the percentage
of alginate in the magnetic hydrogel nanoparticles has no
significant effect on the particle size (P = .7702). This can
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Figure 4: Photographs showing the magnetic nature of the developed hydrogel nanoparticles (aqueous suspensions of different
concentrations).

be attributed to the fact that not only sodium alginate but
also the oligoguluronate (G-blocks) is participating in the
crosslinking process either ionotropically with the Ca2+ ions
or through polyelectrolyte complexation with the cationic
PEG-g-Cs copolymer [14]. These effects of both the type
of crosslinking agent and alginate % on the particle size
were also confirmed through the particle size determinations
using light microscopy as shown in Table 1. Further studies
have been initiated to assess particle size modulation using
different experimental parameters (as discussed below).

3.5. Scanning Electron Microscopy Analysis of the Hydrogel
Nanoparticles. Figure 5 shows the scanning electron micro-
graphs of some of the developed magnetic hydrogel nanopar-
ticles. From the figure, the hydrogel nanoparticles have, in
general, spherical shapes with relatively smooth surfaces.
However, the extent of surface regularity and smoothness
seems to vary upon changing the type of the used crosslink-
ing agent. For instance, the hydrogel nanoparticles devel-
oped using only Ca2+ as a crosslinking agent (Figure 5(a))
showed a spherical morphology with highly smooth, dense,
and integrated surfaces. However, nanoparticles showed a
relatively rough surface when crosslinked with a mixture of
Ca2+ and PEG-g-Cs (Figure 5(b)). This surface morphology
of the nanoparticles crosslinked with both Ca2+ and PEG-g-
Cs can be seen more clearly in Figure 5(c).

3.6. Transmission Electron Microscopy Analysis of the Hydro-
gel Nanoparticles. Figure 6(a) shows the TEM images of
the developed magnetic hydrogel nanoparticles. The figure
reveals a relatively homogenous distribution of the magnetic
cores (SPIONs) throughout the matrix of the hydrogel
particles. The content of the iron cores (atomic %) within
the hydrogel nanoparticles was also estimated with the aid
of energy-dispersive X-ray spectroscopy (EDS) as illustrated

in Figure 6(b). From the figure, the atomic iron content (%)
was found to be about 20%.

3.7. Dynamic Swelling Study of the Hydrogel Nanoparticles.
The swelling patterns of the prepared magnetic hydrogel
nanoparticles in PBS, pH 7.4 are illustrated in Figures 7 and
8. The swelling data was obtained by measuring the increase
in the diameters (d, nm) of the hydrogel nanoparticles with
time using light microscopy. From the swelling data, it seems
that the hydrogel nanoparticles prepared using a mixture of
Ca2+ and PEG-g-Cs as a crosslinking agent attained relatively
lower swelling values than the corresponding formulations
that crosslinked only with Ca2+. For instance, after 10 min of
swelling, the hydrogel nanoparticles, IIIB (crosslinked with
both Ca2+ and PEG-g-Cs), attained a swelled size of 1592 ±
126 nm as compared to the nanoparticles, IIIA (crosslinked
with Ca2+), which attained a swelled size of 1639 ± 75 nm.
This behavior can be attributed to increasing the crosslinking
extent of the particles upon using two types of crosslinkings
(ionotropic and polyelectrolyte complexation) than using
only ionotropic crosslinking with Ca2+. This effect of the
crosslinker type on the swelling values attained at equilib-
rium was found to be statistically significant (P = .0001).
Moreover, from the swelling patterns shown in both Figures
7 and 8, although both alginate and oligoguluronate (G-
blocks) contribute in the crosslinking process, it seems,
in general, that increasing the alginate percentage in the
developed nanoparticles tends to increase the crosslinking
extent and consequently reduces the swelled sizes. This
confirms the higher ability of the alginate as compared to the
G-blocks to interact with the crosslinking agents, which is
in agreement with the literature [14]. Figure 9 shows some
microscopic images that illustrate the differences in size of
some developed magnetic hydrogel nanoparticles, including
before and after attaining the equilibrium swelling.
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Figure 5: Scanning electron micrographs of some developed magnetic hydrogel nanoparticles; IIIA (a) and IIIB (b and c) showing the
spherical nature of the developed nanoparticles.
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Figure 6: (a) Transmission electron micrographs (TEM) of the developed magnetic hydrogel nanoparticles. (b) The iron and calcium
contents of the magnetic hydrogels as determined by the EDS.
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Figure 7: Dynamic swelling of the magnetic hydrogel nanoparticles
crosslinked with CaCl2 in PBS, 7.4.
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Figure 8: Dynamic swelling of the magnetic hydrogel nanoparticles
crosslinked with CaCl2/PEG-g-Cs (1 : 1) in PBS, 7.4.

3.8. Analysis of the Characteristics of the Magnetic Hydrogel
Nanoparticles by a 2k Factorial Design. A discontinuous 2k

factorial design was performed to investigate the effect of the
alginate % and type of crosslinking agent and their inter-
action on the characteristics of prepared magnetic hydrogel
nanoparticles. The analysis was performed using Pareto
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Figure 9: Microscopic images illustrating the differences in size of
some developed magnetic hydrogel nanoparticles (a) dry IIIB NPs,
(b) dry IIIA NPs, and (c) swelled IIIA NPs in PBS, pH 7.4.

charts, response surface methodology, and the contour of
estimated response surface for three levels of variations in
the alginate (%) factor (70, 80, and 100%, coded as −1, 0,
and +1, resp.) plus two levels of variations in the second
factor, the crosslinker type (Ca2+ and Ca2+/copolymer, coded
as −1 and +1, resp.). Both the particle size and equilibrium
swelling values were used as response variables. The analysis
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Figure 10: Statistical analysis of the effect of the formulation’s parameters on both particle size and equilibrium swelling of the developed
magnetic hydrogel nanoparticles.



12 Journal of Nanomaterials

of variance for both particle size and equilibrium swelling
was performed by Statgraphics 5.0, and the most influential
factors were estimated at 95% confidence level.

In case of particle size, as apparent from the standardized
Pareto chart (Figure 10(a)), the type of crosslinking agent
can be considered the main factor that controls the size
of the developed magnetic hydrogel nanoparticles, but as
mentioned previously, these differences in particle size do
not appear to be practically significant. The surface response
methodology was also applied to investigate the way in which
the particle size would respond to the parameters variations
(Figure 10(b)). The diagram reveals that the smallest particle
sizes were obtained when the alginate % was maintained
between−0.2 and +0.2 (knowing that−1 and +1 correspond
to 70% and 100% alginate, resp.) with the use of a crosslinker
mixture (coded as +1). These obtained results are consistent
with the particle size data determined experimentally and
can be used in future studies to design experimental
parameters that may result in a wider range of particle
sizes produced. These parameters include the following,
among other factors, different atomizer output particle
size, drying/conditioning of aerosol prior to crosslinking,
concentrations of the hydrogel components, and reaction
temperatures.

In the case of the equilibrium swelling, as shown
in the standardized Pareto chart (Figure 10(d)), the type
of crosslinking agent can be considered the major factor
that controls the equilibrium swelling of the hydrogel
nanoparticles, followed closely by the alginate %. Hence,
variation of any of these two parameters would likely have
a more relevant influence on the swelling values attained at
equilibrium. As apparent in the surface response diagram
(Figure 10(e)), the lowest swelling values were attained when
the alginate % was maintained in its higher value (+1
corresponding to 100%) with the use of a Ca2+/copolymer
mixture as a crosslinking agent (coded as +1). These results
are in agreement with the equilibrium swelling data as
determined experimentally.

4. Conclusion

A new series of magnetically responsive “smart” hydrogel
nanoparticles based on alginate-oligoguluronate was devel-
oped using a novel spray gelation-based method. The mag-
netic nanoparticles showed promising characteristics which
can be further optimized by controlling the parameters of
the used new method in addition to controlling the relative
compositions of the polymeric components.
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Recently, inhaled pharmaceutical aerosols have seen increased investigation in the treatment of lung cancer, where the inability
to deliver adequate therapeutic drug concentrations to tumour sites may be overcome with improved targeted delivery to the site
of the tumour. In this study, the feasibility of magnetically targeted delivery of high aspect ratio particles loaded with iron oxide
nanoparticles was studied in 19 New Zealand White rabbits. Half of the exposed rabbits had a magnetic field placed externally
over their right lung. Iron sensitive magnetic resonance images of the lungs were acquired to determine the iron concentrations in
the right and left lung of each animal. The right/left ratio increased in the middle and basal regions of the lung where, due to the
morphology of the rabbit lung, this method of targeting is most effective. With further optimization, this technique could be an
effective method for increasing the dose of drug delivered to a specific site within the lung.

1. Introduction

Pharmaceutical aerosols remain a growing field of interest
in developing new methods of delivering therapeutic agents
to the body. The large surface area of the lung offers
excellent possibilities as a portal for fast and efficient drug
delivery. Local drug delivery to the lung is common for the
treatment of diseases such as asthma and chronic pulmonary
infections. More recently, inhaled pharmaceuticals have
attracted increased interest for the treatment of lung cancer
[1–3]. One of the major obstacles in the treatment of
lung cancer is the inability to deliver adequate therapeutic
drug concentrations to the site of the tumour [1]. The use
of inhaled chemotherapy in the treatment of lung cancer
attempts to overcome this problem. Drug concentrations in
the lung can be greatly increased without causing systemic
toxicity, which results in greater drug concentrations at
the site of interest and a decrease in the systemic side

effects experienced by the patient [3]. The cytotoxic effect
of the drug may result from direct topical application to the
tumour, as well as absorption of the drug into the bronchial
circulation which supplies blood to the tumour. In addition,
tumours will often locally destroy the bronchial cilia, which
in the case of aerosol delivery aids in retaining the drug at
the desired site over a longer period of time [2]. However,
these benefits could be further increased by better targeting
delivery locally within the lung to the site of the tumour.

Indeed, there are a variety of methods to target a selected
range of generations within the lung, including optimizing
the particle density or size, or varying the inhalation flow
rate [4–6]. However, these techniques are not able to target
specific physical locations within the lung, which would be
of interest for treatment of a disease such as lung cancer
where often only one lobe of the lung is affected. Over recent
years, there have been several different approaches to site-
specific targeted drug delivery. One of these methods utilizes
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an intratracheal nebulizing catheter to aerosolize the drug
inside the targeted lobe or lung. Although this method has
been shown to be effective in dogs, it is an invasive procedure
with additional health risks associated with intubation of the
subject [7]. In contrast, Dames et al. [8] have investigated a
noninvasive method of magnetically targeted drug delivery
in mice through the use of nebulized droplets containing
superparamagnetic iron oxide nanoparticles. They found
an increase in deposition of 7.9 times with the tip of an
electromagnet centered 1mm above the surgically exposed
right lobe of the lung. Although this is a promising result,
several complications could arise in attempting to apply
this procedure for humans. Importantly, when moving the
magnet tip to 5 mm away from the target site, the magnetic
flux decreased by approximately 90% [8]. Study into the
design of magnetic fields for the purpose of magnetic
drug targeting have shown that it remains feasible for
superficial sites, but the rapid reduction in magnetic flux
with distance from the source makes it a difficult method
for targeting tissues deeper in the body without the use of
surgically implanted ferromagnetic stents [9]. An alternative
noninvasive approach to magnetic targeting in the lung is
to utilize high aspect ratio particles (HARPs) in conjunction
with superparamagnetic nanoparticles to target specific areas
within the lung by controlling particle orientation with the
use of a magnetic field [10–12].

The probability of deposition of HARPs is highly
dependent on their orientation as they travel through the
airways. HARPs will tend to align with their long axis
parallel to the direction of flow, as seen in Figure 1(a), for
which the probability of deposition is at its lowest [13].
As the tracheobronchial region transitions into the alveolar
region, the dominant mechanism of deposition becomes
interception, which occurs when the particle tip collides
with the airway wall while the center of mass of the particle
remains on a streamline. Airways are oriented in a random
fashion within the lung. By aligning the HARPs in one
direction, the particles would become randomly oriented
with respect to the direction of flow in the airways, leading
to a higher probability of deposition [14]. By loading HARPs
with superparamagnetic nanoparticles, a preferred axis of
magnetization is created along the length of the particle [10].
By placing a select region of the lung in a magnetic field,
the orientation of the particles can be controlled by using
the magnetic torque to align the long axis of the particles in
the direction of the field, as seen in Figure 1(b). Martin and
Finlay investigated the feasibility of this technique and found
that the magnetic torque exerted on the particle was enough
to overcome the shear forces of fluid flow in the lung for the
range of particle aspect ratios of interest [10].

Using an airway model representative of the terminal
bronchioles of the lung, Martin and Finlay showed an
increase in deposition of cromoglycic acid (CA) HARPs of
approximately 1.7 times with the application of a magnetic
field compared to without [11]. The HARPs with and with-
out magnetite had VMDs of 0.47 and 0.32 μm, respectively,
and VMLs of 3.0 and 2.0 μm, respectively. Although (CA) is
not intended for cancer therapy, it was chosen as a model
drug, as it forms acicular crystals. The anticancer drug

(a)

Magnetic field
applied

(b)

Figure 1: Alignment of HARPs in the lung (a) naturally (b) in the
presence of a magnetic field.

paclitaxel has been loaded onto HARPs and shown to be
more effective at shrinking tumours in this shape [15]. To
further strengthen this positive result and the feasibility of
this technique of magnetic targeting in the lung, an in vivo
study was completed, as described herein. In the present
study, New Zealand white rabbits were selected to determine
the increase in aerosol deposition in a lung targeted with the
application of a magnetic field. The use of laboratory animals
for the study of inhaled particle deposition is common,
as the total and regional particle deposition is qualitatively
similar to humans [16]. The iron oxide nanoparticles also
functioned as a magnetic resonance imaging (MRI) contrast
agent, allowing the signal intensity of the images to be related
to the concentration of iron [17]. This data was then used
to calculate iron concentrations in the lungs of targeted and
nontargeted rabbits, which were compared to show regional
differences in deposition [18].

2. Methods

2.1. Aerosol Production. HARPs of cromoglycic acid (CA)
were prepared following the crystallization method of Chan
and Gonda [19] using cromolyn sodium salt purchased from
Sigma-Aldrich Canada (Oakville, ON). To create one dose of
suspension for nebulization, 10 mg of CA was combined with
150 μL of colloidal super paramagnetic iron oxide, FeREX
(BioPAL, Worcester, MA), and 5 mL of deionized water.
The FeREX had a concentration of 10 mg Fe/ml. Dried CA
particles and FeREX were dispersed by pipette to form an
aqueous suspension prior to nebulization. These suspensions
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15μm

Figure 2: SEM image of high aspect ratio particles (HARPs) of CA
and FeREX. The light-coloured aligned particles are the HARPs, and
the small black dots are the pores of the membrane.

were nebulized using a clinically marketed vibrating mesh
nebulizer (Aeroneb Pro; Aerogen, Galway, Ireland) and
subsequently dried using a diffusion dryer containing silica
gel (Component of Model 3475 Monodisperse Aerosol
Generator; TSI, Shoreview, MN). This resulted in HARPs,
similar to those previously created for an in vitro study,
with diameters on the order of 500 nanometers and lengths
varying from 1 to 10 micrometers [11]. The FeREX particles
were specified to be in the range of 50–150 nm by the
manufacturer. An SEM image taken of the HARPs generated
can be seen in Figure 2. These HARPs were collected on
a 0.2 μm polycarbonate membrane (Isopore GTTP04700;
Millipore, Billerica, MA) with a magnetic field produced
across the face of the membrane to demonstrate alignment.

In order to ensure that regional lung distributions of iron
are representative of regional distributions of CA throughout
the lung, the distribution of iron across the range of HARP
sizes was examined. This was done by drawing aerosol
from the nebulizer and diffusion dryer through a cascade
impactor (Mark II Andersen Impactor; Thermo Andersen,
Smyrna, GA) at 28.3 l/min. UV spectrophotometry was used
to determine the masses of CA and iron deposited on each
stage of the impactor. The mass of CA was found by washing
with 0.01 N sodium hydroxide and assaying by UV spec-
trophotometry at a wavelength of 326 nm. The mass of the
iron was determined by methods similar to those described
previously by Suwa et al. [20]. Prior to spectrophotometry
at 468 nm, the water insoluble FeREX was transformed
to soluble Fe3+ using concentrated hydrochloric acid, and
the CA was removed from suspension with the use of
a 0.8 μm filter.

2.2. Animals. This study involved 19 male New Zealand
White Rabbits with weights ranging from 3.4 to 4.5 kg. The
animals were housed under conventional conditions under
the guidelines of the Canadian Council on Animal Care

Ventilator

Inspiratory

Nebulizer

Diffusion
dryer

Filter

To rabbit

ETT

Expiratory

Figure 3: Schematic of mechanical ventilation circuit used to
expose rabbits to aerosol. ETT: endotracheal tube.

for one week prior to the study. All animal procedures
were approved by the University of Alberta Health Sciences
Animal Policy and Welfare Committee.

2.3. Exposure. The nebulizer and diffusion dryer were added
to the inspiratory line of a mechanical ventilation circuit
(InfantStar; Infrasonics Inc., San Diego, CA) to deliver
the aerosol to the lungs of ventilated rabbits. This circuit
is outlined below in Figure 3 where the rabbit lung is
ventilated via a 3.5 mm endotracheal tube. All excess aerosol
(not deposited in the respiratory system of the rabbit)
was collected on a filter (Respirgard; Vital Signs, Totowa,
NJ) in the expiratory line. After the animals were anes-
thetized using intravenous ketamine and xylazine infusions,
a tracheostomy was performed, and a 3.5 mm endotracheal
tube was inserted, connecting the rabbit to the mechanical
ventilation circuit. The animals were then paralyzed using
a pancuronium (0.2 mg/kg) intravenous infusion. All drug
infusions were repeated as needed. Mechanical ventilation
was performed using 100% oxygen with a peak inspiratory
pressure of 14 cm H2O, a positive end-expiratory pressure of
2 cm H2O, a continuous flow of 6 l/min, and an inspiratory
time of 0.5 s. The oxygen was neither warmed nor humidified
prior to inspiration. Blood gases were monitored at interval
throughout ventilation by arterial blood sampling and ana-
lyzed by ABL500 (Radiometer, Copenhagen, Denmark). To
maintain an arterial PCO2 between 40±5 mm Hg, the breath
frequency was adjusted between 20 and 25 breaths/min.

The animals were separated into three different categories
of exposure: (1) no aerosol delivered, (2) aerosol delivered
with no magnetic field applied, and (3) aerosol delivered
with the application of a magnetic field. Three rabbits were
mechanically ventilated for approximately 30 minutes but
were not exposed to aerosol. Eight rabbits were exposed
to two doses of the aerosol described above. Upon the
completion of nebulization of the first dose, the reservoir
in the nebulizer was refilled without opening the breathing
circuit, and the second dose then ran to completion. The final
eight rabbits were exposed to the aerosol but additionally
had a magnetic field applied over the right lung. This
was accomplished with the use of neodymium permanent
magnets (two stacks of three, 2′′ ×2′′ ×0.5′′ magnets; Indigo
Instruments Waterloo, ON). The two stacks of magnets were
separated by 20 cm and positioned above and below the
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rabbit to create a field strength and gradient which decreased
from approximately 35 mT and 1.5 T/m, respectively, at the
posterior side of the right lung to 20 mT and 0.1 T/m at the
anterior side. In this position, magnetic field lines ran parallel
to the direction of gravity, and the field gradient was directed
so that small translational magnetic forces acting on particles
augmented, rather than subtracted from, the force of gravity.

For all exposed rabbits ventilation lasted on average
for approximately 45 minutes, with aerosol produced on
average for approximately 23 minutes. All rabbits were
euthanized with a pentobarbital intravenous infusion upon
the completion of ventilation. The time between death and
MRI scan was between 40 and 70 minutes for all rabbits.

2.4. Measurement of Deposition. MRI measurements were
performed using a Siemens Sonata 1.5 T, 60 cm bore sys-
tem (Siemens Medical Systems, Erlangen, Germany). Each
rabbit was oriented in the prone position, in a 16 cm
diameter volume birdcage coil, with the lungs placed at
the centre of the coil to maximize reception sensitivity
and uniformity. Iron oxide functions as an MRI contrast
agent [17] which allows the signal intensity of the images
to be related to the iron concentration. Specifically, the
T1 relaxation time, which describes the rate of recovery
of the magnetization to thermal equilibrium, is directly
related to the iron concentration according to the following
relationship [20, 21]:

1
T1
= 1

T1,0
+ α · c, (1)

where T1,0 is the baseline relaxation time (determined from
the 3 baseline rabbits), c is the tissue concentration of
iron, and α is a constant specific to the contrast agent as
determined from previous work [18]. T1 and T1,0 values were
calculated by inverting the MRI signal intensity and then
fitting the magnitude of the recovered MRI signal intensity
measured at increasing delays following the inversion prepa-
ration, as shown in

SI = abs
[

SI∞
(

1− k · e−Ti/T1
)]

, (2)

where SI is the signal intensity at inversion time Ti,
and the constants SI∞, k, and T1 were determined by
nonlinear regression.

To acquire the SI values, an inversion recovery fast spin
echo pulse sequence with either 8 or 11 Ti times from 100 to
4000 ms, in addition to the case of no inversion, was used
to map the longitudinal relaxation time within the lung.
The image parameters were as follows: 108 × 25 mm field
of view and a 448 × 105 matrix (in-plane spatial resolution
interpolated to 250 × 250μm). There were 24 2.5 mm thick
axial slices taken in two serial experiments (to prevent cross-
talk between neighboring slices) which spanned the lung
from the apex to the diaphragm. The pulse sequence had
a repetition time, TR, of 5120 ms and an echo time, TE,
of 12 ms. The total acquisition time for each rabbit was
approximately 30 minutes.

The images attained from the MRI scans were post-
processed to map iron concentrations in the right and left

(a) (b)

(c)

1
2
3
4
5
6
7

(d)

Figure 4: Sample of image processing: (a) original MRI image, (b)
after selection of region of interest, (c) after removal of vasculature,
and (d) iron concentrations in μg/cm3.

lung for each rabbit. The lungs were manually segmented,
and regions of high signal strength associated with lung
vasculature were removed using a threshold filter as shown
in Figure 4. A MATLAB (The Mathworks, Natick, MA) script
was written to calculate the average T1 relaxation times for
user-selected regions of interest within the right and left
lungs, in apical, medial, and basal subregions.

Using the regionally calculated T1 and T1,0 values, the
iron concentrations were then compared between the right
and left lung for each rabbit, globally, and in the apical,
medial, and basal subregions. On average 18 of the 24 2.5 mm
axial slices spanned the lung from top to bottom, in which
case each subregion was comprised of 6 slices.

3. Results

Aerosol drawn through the cascade impactor showed a
reasonably even distribution of iron oxide over the size range
of CA particles created, ensuring that regional lung distri-
butions of iron were representative of regional distributions
of CA. This can be seen below in Figure 5 where statistically
significant differences in the iron and CA-weighted size
distributions were only seen for the plates 1, 2, and 3.

For the three baseline rabbits an average T1,0 relaxation
time of 1531 ± 45 ms was measured. The average whole-
lung T1 relaxation time and iron concentration for the
sixteen exposed rabbits were 1211 ms and 1.17±0.12μg/cm3,
respectively. The T1 values and iron concentrations for both
the left and right lungs of the exposed rabbits are shown in
Table 1. The ratio of right to left lung iron concentration
was 1.09 ± 0.07 in the nontargeted rabbits and 1.17 ±
0.14 in the targeted rabbits. Nontargeted refers to rabbits
exposed without the application of a magnetic field, and
targeted refers to those with a magnetic field applied over the
right lung.

The regional apical, medial, and basal analyses are
summarized in Figure 5. It can be seen in Figure 6 that
with application of the magnetic field, deposition in the
targeted lung is decreased in the apical region and increased
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Table 1: Regional and total area-averaged T1 relaxation times and iron concentrations for the left and right lung of nontargeted and targeted
rabbits.

Rabbit Region
Left Lung Right Lung

[Fe]R/[Fe]L
T1 [ms] [Fe] [μg/cm3] T1 [ms] [Fe] [μg/cm3]

Nontargeted

Total 1206 ± 63 0.61 ± 0.28 1200 ± 60 0.64 ± 0.26 1.09

Apex 1159 ± 29 0.84 ± 0.15 1140 ± 34 0.95 ± 0.18 1.22

Middle 1210 ± 28 0.59 ± 0.13 1193 ± 24 0.67 ± 0.11 1.30

Base 1205 ± 32 0.62 ± 0.14 1225 ± 26 0.52 ± 0.11 0.96

Targeted

Total 1224 ± 44 0.52 ± 0.20 1213 ± 42 0.57 ± 0.18 1.17

Apex 1178 ± 20 0.73 ± 0.10 1182 ± 28 0.72 ± 0.13 0.94

Middle 1233 ± 20 0.48 ± 0.09 1205 ± 18 0.60 ± 0.08 1.62

Base 1216 ± 23 0.56 ± 0.11 1211 ± 19 0.58 ± 0.09 1.18
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Figure 5: Aerodynamic diameter (dae) size distributions weighted
by mass of iron and mass of cromoglycic acid, as determined
by cascade impaction for the iron oxide-loaded cromoglycic
acid aerosol. Asterisks indicate statistically significant differences
between the two distributions (P < .05; two-tailed student’s t-test
for independent samples).

in the middle and basal regions. When comparing the iron
concentration in the middle and base of the lung with the
apex of the lung, it can be seen in Figure 7 that in the right
lung of the targeted rabbits there is a targeted increase in
deposition in the more basal regions.

4. Discussion

With the right lung being targeted, an increase in the ratio
of the right to left lung iron concentrations was expected.
After postprocessing the images from the 19 rabbits, it was
found that the ratio of right/left iron concentration of the
untargeted rabbits was similar to that of the targeted rabbits,
which were 1.09 and 1.17, respectively. However, examining
the data in more detail, a larger increase in deposition in
the middle and basal regions of the lung can be seen. In
the middle region of the lung the ratio of right to left lung
deposition increased from 1.30 ± 0.13 to 1.62 ± 0.41 and
in the basal region deposition increased from 0.96 ± 0.16 to
1.18± 0.17.

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2

R
ig

h
t/

le
ft

ir
on

co
n

ce
n

tr
at

io
n

ra
ti

o

Apex Middle Base

Lung region

Targeted
Non-targeted

Figure 6: Ratios of regional right to left lung iron concentrations
in targeted and nontargeted rabbits. Error bars represent standard
errors of the mean.
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Figure 7: Ratios of iron concentration between middle and apical,
and basal and apical regions of the left and right lungs of targeted
and nontargeted rabbits. Error bars represent standard errors of the
mean.

CA particles were loaded with iron oxide for the purpose
of magnetic alignment, but also acted as an MRI contrast
agent. As was seen in Figure 5, there were statistically
significant differences in the iron and CA-weighted size
distributions seen for plates 1, 2, and 3. However, this
represents a small fraction of the overall mass and is likely
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due to diffusional losses of iron oxide nanoparticles not
associated with the larger CA particles.

Although laboratory animals are commonly used for
aerosol deposition studies, rodents such as the rabbit have
a different lung morphometry than humans. In humans
the airways branch dichotomously, meaning each parent
airway divides into two equal sized daughter airways. The
lung of the rabbit exhibits monopodial branching where
multiple smaller daughter airways can branch off a single,
longer parent airway [22]. In dichotomous branching, the
distance a particle must travel from the trachea to the
alveoli is similar for all the lobes whereas these distances
can vary significantly in monopodial branching. The shortest
distances occur in the upper lobes, which can result in these
lobes experiencing higher concentrations of inhaled material
for longer periods of time [23]. Thus, in the upper lobes,
particles have a longer exposure time, increasing deposition
by settling due to gravity; this mechanism likely dominates
the probability of deposition over interception. Therefore,
it is possible that this would result in a minimal effect
observed from alignment of the HARPs in the upper region
of the lung. This hypothesis is further supported by the
higher total iron concentrations in the apical region of the
lung compared with the middle and basal regions. This
is seen in Figure 7 where the ratios of middle/apex and
base/apex for the right and left lungs are all less than one
for the untargeted rabbits. Despite the decreased efficiency
of targeting in the apex, the effect of targeting is seen in
the middle and basal regions of the lung where interception
is expected to have a larger impact on the probability
of deposition. In the apical region, iron concentrations
were decreased with the application of the magnetic field.
The method used to divide the lungs into three regions
was rather crude and may have resulted in some of the
conducting airways of the apex being incorrectly classified as
part of the middle region. Targeting is expected to increase
deposition in these incorrectly classified conducting apical
airways, decreasing the total aerosol that would continue
for possible deposition into the apically classified region.
This would result in a perceived decrease in deposition in
the apical region. A more detailed and accurate method of
separating the regions of the lung, similar to the computer
models of lung morphology used in conjunction with single
photon emission computed tomography (SPECT) images by
Schroeter et al. [24], would provide valuable data regarding
regional deposition.

It is important to note that these results were not statisti-
cally significant (P > .05). For example, when performing an
unpaired two-tailed student’s t-test for independent samples
on the data from Figure 7, the P values were found to be .98
and .55 in the middle and basal regions of the untargeted
left lung, respectively. In the middle and basal regions of the
targeted right lung, these P values were found to decrease
to .33 and .18, respectively. Statistical significance could
potentially be obtained by increasing the number of subjects.
However, a more desirable solution would be to decrease
variability in the experimental methodology by eliminating
some of the limitations present in this study.

A number of these limitations are as follows.

Within the study group, consisting of 19 subjects,
considerable intersubject variability existed. This variability,
in conjunction with the small number of subjects, led to
results which were not statistically significant, although the
data shows promise. Specifically, the baseline relaxation time
(T1,0) determined from the three baseline rabbits varied from
1249 to 1444 ms. This value, representing the properties
of the lung tissue without the presence of iron, is critical
in determining the iron concentration of the lungs in
the exposed rabbits, and our use of an average baseline
relaxation time, rather than subject specific times, limits
the discriminating power of the present study. Specifically,
iron concentrations were determined from variation in T1

times only as averages for each group; mapping of iron
concentrations in individual rabbits would be possible only
with individual T1,0 baselines values.

Additionally, the ventilator used in this study did
not measure the inhalation tidal volumes, eliminating the
possibility of determining the total deposition fraction. If
the majority of the aerosol entering the respiratory system
deposits without the presence of a magnetic field, any further
increase in deposition with the application of a magnetic field
is limited. The results of this limitation would be a decrease
in observed effectiveness of the targeting.

In moving forward with this study, the limitations of
intersubject variability could be overcome by increasing the
number of subjects, obtaining individual baselines for each
subject, or increasing the effectiveness of the targeting. By
measuring the individual baseline relaxation time (T1,0)
for each subject, a much more accurate estimate of iron
concentration would be calculated in each animal. This
would require an MRI scan to be taken of each subject before
and after aerosol exposure, which would allow each rabbit
to be its own baseline. Increasing the effectiveness of the
targeting through optimization of the HARPs could further
help in overcoming intersubject variability. The probability
of deposition with the application of the magnetic field
will be increased by increasing the length of the HARPs.
Alignment of longer particles with an external magnetic
field would further increase interception with the airway
walls [11].

5. Conclusion

This pilot study showed an increase in deposition of high
aspect ratio particles (HARPs) of cromoglycic acid (CA)
loaded with iron oxide nanoparticles with the application of
a magnetic field in the middle and basal regions of the lung.
As interception is not the dominant mechanism of particle
deposition in the apex of rabbits, minimal effect was seen
in the apical region. Further work must be done to decrease
the effect of the intersubject variability through the use of
individual baseline relaxation times (T10) and optimized
HARP lengths to yield results that will be statistically
significant. With further optimization of this technique, and
the delivery system, it may be an effective method for the
treatment of diseases such as lung cancer by increasing the
dose of drug delivered to a specific site within the lung.
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Although the adverse health effects of nanoparticles/materials have been proposed and are being clarified, their facilitating effects
on preexisting pathological conditions have not been fully examined. In this paper, we provide insights into the immunotoxicity of
nanoparticles/materials as an aggravating factor in hypersusceptible subjects, especially those with immune-related respiratory
disorders using our in vivo experimental model. We first exhibit the effects of nanoparticles/materials on lung inflammation
induced by bacterial endotoxin (lipopolysaccharide: LPS) in vivo as a disease model in innate immunity, and demonstrated
that nanoparticles instilled through both an intratracheal tube and an inhalation system can exacerbate the lung inflammation.
Secondly, we introduce the effects of nanoparticles/materials on allergic asthma in vivo as a disease model in adaptive immunity,
and showed that repetitive pulmonary exposure to nanoparticles has aggravating effects on allergic airway inflammation, including
adjuvant effects on Th2-milieu. Taken together, nanoparticle exposure may synergistically facilitate pathological inflammatory
conditions in the lung via both innate and adaptive immunological abnormalities.

1. Introduction

Epidemiological studies have demonstrated a correlation
between exposure to air pollutant particles at the con-
centrations currently found in major metropolitan areas
and mortality and morbidity [1]. The concentration of
particulate matter (PM) with a mass median aerodynamic
diameter (a density-dependent unit of measure used to
describe the diameter of the particle) � 2.5 μm (PM2.5)
is more closely associated with both acute and chronic
respiratory effects and subsequent mortality than larger
particles of � 10 μm (PM10) [2]. In addition, one intriguing
aspect of the epidemiologic data is that health effects of
PM2.5 are primarily seen in subjects with predisposing
factors, including pneumonia, asthma, chronic obstruc-
tive pulmonary disease, compromised immune systems,
atherosclerosis, age over 65 years old, and maybe depressive
states [3–6]. Partially consistent with the epidemiological
studies, we and others have experimentally demonstrated

that diesel exhaust particles (DEP), major contributors to
environmental PM2.5 in urban areas, exhibit respiratory
toxicity with or without predisposing pathologies including
allergic asthma, pulmonary emphysema, and acute renal
failure in vivo [7–15].

To date, nanoparticles, particles less than 0.1 μm in
mass median aerodynamic diameter, have been shown to
be increasing in ambient air [16]. Recent measurements
indicate that nanoparticle numbers in ambient air range
from 2 × 104/cm3 to 2 × 105/cm3, with mass concentrations
of more than 50 μg/m3 near major highways [17, 18]. Also,
nanoparticles have been implicated in cardiopulmonary sys-
tem effects [19]. Furthermore, compared to larger particles,
nanoparticles have a higher deposition rate in the peripheral
lung, can cross the pulmonary epithelium, reach the inter-
stitium [20], and may thus be systemically distributed in the
bloodstream [21]. Nanoparticles have an enhanced capacity
to produce reactive oxygen species, and consequently have a
widespread toxicity [22–24].
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Further, nanotechnology is now advancing at such an
incredible pace that it is has created an alternative indus-
trial revolution over the past few years [25]. Consistent
with this, the use of engineered nanomaterials has been
rapidly increasing in commercial applications. As these
materials have become more widespread, many questions
have arisen regarding the adverse effects they may have on
the environment as alternative inhalable toxicants. Due to
their sizes, characteristics, and/or existing pattern, nanopar-
ticles/materials have been implicated in cardiopulmonary
system effects [19]. Compared to larger particles, nanopar-
ticles have a higher deposition rate in the peripheral lung,
can cross the pulmonary epithelium reach the interstitium
[20], and, furthermore, may be systemically distributed in
the bloodstream [21]. Furthermore, nanoparticles have an
enhanced capacity to produce reactive oxygen species, and,
consequently, have a widespread toxicity [22–24]. Nanopar-
ticle exposure also reportedly influences cardiopulmonary
systems in the presence or absence of predisposing diseases
in human studies [26, 27]. However, biological evidence
concerning the promoting effects of nanoparticles/materials
on predisposing subjects has been less studied. Besides their
toxic effects on health, therefore, it should be experimen-
tally ascertained whether they also aggravate preexisting
pathological conditions, and their underlying mechanisms
should be resolved. In this paper, therefore, we will discuss
the impact of nanoparticles/materials as immunological
enhancers.

2. Effects of Nanoparticles on
Acute Lung Inflammation Induced by
Bacterial Endotoxin

A glycolipid of gram-negative bacteria, known as endotoxin
or lipopolysaccharide (LPS), stimulates host cells via innate
immunity [28]. In animal models, intratracheal adminis-
tration of LPS causes lung cytokine expression, neutrophil
recruitment, and lung injury [29]. LPS is found in bron-
choalveolar lavage (BAL) fluid of patients with pneumonia
[30] and acute respiratory distress syndrome [31], which
sometimes results in a fatal outcome. In addition, LPS is a
significant constituent of many air pollutant particles and
has accordingly been implicated in the adverse effects of
PM [32]. In accordance with the close links among LPS,
lung inflammation (injury), and PM, we have previously
shown that intratracheal administration of DEPs and their
components facilitates lung inflammation induced by LPS
[13, 33] and subsequent systemic inflammation with coag-
ulatory impairment [14].

We next examined the effects of pulmonary exposure
to nanoparticles on lung inflammation related to LPS in
mice. Vehicle, two sizes (14 and 56 nm) of carbon black
nanoparticles, LPS, or LPS + nanoparticles was administered
intratracheally, and parameters of lung inflammation and
coagulation were evaluated. Nanoparticles alone induced
slight lung inflammation and significant pulmonary edema
as compared with the vehicle. Fourteen-nm nanoparti-
cles intensively aggravated LPS-elicited lung inflamma-

tion and pulmonary edema, which was concomitant with
the enhanced lung expression of interleukin (IL)-1β,
macrophage inflammatory protein (MIP)-1α, macrophage
chemoattractant protein (MCP)-1, MIP-2, and keratinocyte
chemoattractant (KC) in overall trend, whereas 56-nm
nanoparticles did not show apparent effects. Immunore-
activity for 8-hydroxyguanosine (OHdG), a proper marker
for oxidative stress, was more intense in the lung from
the LPS + 14-nm nanoparticle group than that from the
LPS group. The circulatory fibrinogen level was higher in
the LPS + 14-nm nanoparticle group than that in the LPS
group. Taken together, nanoparticles can aggravate lung
inflammation related to bacterial endotoxin, which is more
prominent with smaller particles. The enhancing effect may
be mediated, at least partly, via the increased local expression
of proinflammatory cytokines and via the oxidative stress.
Furthermore, nanoparticles can promote coagulatory distur-
bance accompanied by lung inflammation [34].

Furthermore, we examined the adverse effects of nano-
materials on this pathological model. In brief, ICR male mice
were divided into 8 experimental groups that intratracheally
received vehicle, three sizes (15, 50, 100 nm) of TiO2

nanomaterials, LPS, or LPS plus nanomaterials. Twenty four
hours after the treatment, both nanomaterials exacerbated
the lung inflammation and edema elicited by LPS, with
an overall trend of amplified lung expressions of cytokines
such as IL-1β, MCP-1, and KC. LPS plus nanomaterials,
especially with size less than 50 nm, elevated circulatory
levels of fibrinogen, IL-1β, MCP-1, KC, and von Willebrand
factor as compared with LPS alone. The enhancement tended
overall to be greater with the smaller nanomaterials than that
with the larger ones. cDNA microarray analyses revealed that
gene expression pattern was not different between the LPS
group and the LPS + nanomaterial groups. These results
suggest that nanomaterials exacerbate lung inflammation
related to LPS with systemic inflammation and coagulatory
impairment, and the exacerbation is more prominent with
smaller nanomaterials than that with larger ones ([35] and
unpublished data). Additionally, we demonstrated that latex
nanoparticles [36] and carbon nanotubes [37] have similar
adverse effects on the lung pathophysiology.

Our next study was conducted to determine whether
inhaled exposure to diesel engine-derived nanoparticles also
exacerbates the model. ICR mice were exposed for 5 hours
to clean air or diesel engine-derived nanoparticles at a
concentration of 15, 36, or 169 μg/m3 after intratracheal
challenge with LPS or vehicle, and were sacrificed for eval-
uation 24 hours after the intratracheal challenge. Exposure
to nanoparticles alone did not elicit lung inflammation.
Nanoparticle inhalation exaggerated LPS-elicited inflamma-
tory cell recruitment in the BAL fluid and lung parenchyma
as compared with clean air inhalation in a concentration-
dependent manner. Lung homogenates derived from the
LPS + nanoparticle groups tended to have an increased
tumor necrosis factor-α level and chemotaxis activity for
polymorphonuclear leukocytes as compared with those from
the LPS group or the corresponding nanoparticle groups.
Nanoparticle inhalation did not significantly increase the
lung expression of proinflammatory cytokines or influence
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Figure 1: Proposal schema for enhancement of nanoparti-
cles/materials on sensitive immune-related lung disorders.

systemic inflammation. Isolated alveolar macrophages from
nanoparticle-exposed mice showed a greater production of
IL-1β and KC stimulated with ex vivo LPS challenge than
those from clean air-exposed mice although the differences
did not reach significance. These results suggest that acute
exposure to diesel-nanoparticles exacerbates lung inflamma-
tion induced by LPS [38]. In sum, nanoparticle/material
exposure exacerbates acute lung inflammation related to
bacterial endotoxin (Figure 1).

3. Effects of Nanoparticles on
Allergic Airway Inflammation

Bronchial asthma has been recognized as chronic airway
inflammation with hyperresponsiveness that is characterized
by an increase in the number of activated lymphocytes and
eosinophils [39]. A number of studies have shown that
various particles including carbon black can enhance allergic
sensitization [40–42], which is referred to as “adjuvant effect”
as well. Carbon black has been demonstrated to enhance
the proliferation of antibody-forming cells and both IgE
and IgG levels [43, 44]. Ultrafine particles (PM and carbon
black) reportedly exaggerate allergic airway inflammation
in vivo [45, 46]. However, all studies have failed to pay
attention to the size of particles. Therefore, no research has
addressed the size effects of particles or nanoparticles on
airway biology in the presence or absence of allergen in vivo.
Given the hypothesis, we investigated the effects of carbon
black nanoparticles with a diameter of 14 nm or 56 nm on
allergen-related airway inflammation. ICR mice were divided
into six experimental groups. Vehicle, two sizes of carbon
nanoparticles, ovalbumin (OVA) and OVA + nanoparticles,
were administered intratracheally. The cellular profile of BAL
fluid, lung histology, expression of cytokines, chemokines,
8-OHdG, and immunoglobulin production were studied.

Nanoparticles with a diameter of 14 nm or 56 nm aggravated
antigen-related airway inflammation characterized by the
infiltration of eosinophils, neutrophils, and mononuclear
cells, and by an increase in the number of goblet cells in the
bronchial epithelium. Nanoparticles with antigen increased
protein levels of IL-5, IL-6, IL-13, eotaxin, MCP-1, and
regulated upon activation and normal T-cells expressed and
secreted (RANTES) in the lung as compared with antigen
alone. The formation of 8-OHdG was moderately induced by
nanoparticles or allergen alone, and was markedly enhanced
by allergen plus nanoparticles as compared with nanoparti-
cles or allergen alone. The aggravation was more prominent
with 14 nm nanoparticles than that with 56-nm particles
in terms of the overall trend. Particles with a diameter
of 14 nm exhibited an adjuvant activity for total IgE and
antigen-specific IgG and IgE. Nanoparticles can aggravate
allergen-related airway inflammation and immunoglobulin
production, which become more prominent with smaller
particles. The enhancement may be mediated, at least partly,
by the increased local expression of IL-5 and eotaxin, and also
by the modulated expression of IL-13, RANTES, MCP-1, and
IL-6 [47]. Consistent with our study, de Haar and colleagues
have previously shown that nanoparticles (14 and 29 nm)
potently facilitate allergic airway inflammation as compared
with fine particles (250 and 260 nm) [48].

In ongoing reports, nanoparticles alone or OVA alone
moderately enhanced cholinergic airway reactivity, as
assessed by total respiratory system resistance (R) and New-
tonian resistance (Rn). All the parameters of lung responsive-
ness, such as R, compliance, elastance, Rn, tissue damping,
and tissue elastance, were worse in the OVA + nanoparticle
groups than those in the vehicle group, the corresponding
nanoparticle groups, or the OVA group. The lung mRNA
level for Muc5ac was significantly higher in the OVA group
than that in the vehicle group, and further increased in the
OVA + nanoparticle groups than that in the OVA or nanopar-
ticle groups. These data suggest that carbon nanoparticles
can enhance lung hyperresponsiveness, especially in the pres-
ence of allergen. The effects may be mediated, at least partly,
through the enhanced lung expression of Muc5ac [49].

Furthermore, we recently demonstrated that (single-
walled and multiwalled) carbon nanotubes promote allergic
airway inflammation in mice, which may be partly through
enhanced oxidative stress in the airway and the inappropriate
activation of antigen-presenting cells including dendritic
cells (in vitro) [50, 51]. In addition, other groups have
reported the similar impacts of nanomaterials (carbon nan-
otubes, TiO2, and on gold) us as on animal allergic asthma
models [48, 52–54]. Moreover, as for cellular contribution,
we and others have claimed that antigen-presenting cells
such as dendritic cells are important target cell populations
for the adjuvant activity of nanoparticles/materials [55–
57]. Taken together, nanoparticle/material exposure can
exacerbate allergic asthma (Figure 1).

4. Considerations for Future Directions

4.1. Risk Factors Regarding Nanoparticles. One important
point to be taken into consideration in these studies is the
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surface characteristics and numbers of nanoparticles used.
Our results indicate that nanoparticles, particularly smaller
ones (14 nm in diameter), can aggravate lung inflammation
related to LPS and allergic airway inflammation when the
weights of particles are equal. On the other hand, the surface
area of the 14-nm nanoparticles was 6.7 fold larger than that
of 56-nm nanoparticles (300 m2/g versus 45 m2/g, resp.). The
surface area of particles exposed to is reportedly correlated
with lung inflammation [37]. Alternatively, our studies have
demonstrated not only the size effects of nanoparticles on
lung inflammation, but also the effects of their surface area
and/or their numbers on the inflammation.

Unfortunately, we could not examine the effects of
nanoparticles with the same particle number in these studies.
The number of smaller nanoparticles is greater than that of
larger nanoparticles when the particles comprise the same
weight.

4.2. Possibility of Migration and Influence of Nanoparticles
Exposed to the Airway into Systemic Circulation. It also
remains to be argued whether nano-level particles/materials
delivered through the airway enter the systemic circulation
and cause serve adverse effects such as systemic inflammation
and thrombus formation. Nanoparticles are reportedly able
to penetrate deeply into the respiratory tract and can even
pass the lung to reach systemic circulation [58, 59]. Nemmar
et al. have previously demonstrated that nanoparticles can
migrate into the circulation [59]. In our study, the LPS +
nanoparticle groups, specifically the LPS + 14-nm nanopar-
ticle group, showed significantly higher fibrinogen levels
when compared to the LPS group. Additionally, although not
significant, the enhanced activity of vWF induced by LPS was
further increased by its combination with 14-nm nanoparti-
cles [34]. These findings suggest that smaller nanoparticles
can facilitate coagulatory disturbance accompanied by lung
inflammation. The enhancing effects of 14-nm nanoparticles
on LPS-elicited pulmonary edema further support this
concept. Interestingly, exposure to nanoparticles alone did
not induce significant fibrinogen production/release nor did
it activate vWF. It might be hypothesized that endothelial-
epithelial damage induced by LPS and subsequent infil-
trating effector leukocytes allow a large amount of smaller
nanoparticles to pass easily into the circulation, resulting
in synergistic effects on hemostasis including coagulatory
disturbance. On the other hand, exposure to environmental
particles reportedly generates local and systemic oxidative
stress, which, in turn, induces/enhances inflammation and
blood coagulation [58]. Further, Nemmar and colleagues
have demonstrated that nanoparticles instilled intratra-
cheally rapidly diffuse from the lung into the systemic
circulation in vivo [59]. Therefore, it is also possible that
intratracheally instilled nanoparticles enter the circulation by
themselves and contribute to a high susceptibility to LPS-
elicited systemic inflammation and coagulatory disturbance.
Future studies are needed to confirm the penetration and
address the above-mentioned hypothesis.

4.3. Model’s Relevance to the Actual Situation. In real-
ity, we inhale suspended particulate matters in ambient

air, but do not intratracheally receive them in aliquot.
Nevertheless, the impacts of inhalation exposure to these
particles/materials, the more realistic exposure, on this
lung inflammation model had less been conducted by us
and others. In our previous study, nanoparticle-rich diesel
exhaust inhalation exaggerated lung inflammation induced
by LPS [38]. Nonetheless, we have not completed/examined
the effects of the inhalation on other disease models. In
future, therefore, more realistic research considering the
effects of the mode of nanoparticles/materials administration
(instillation versus aerosolization, droplets versus powder,
etc.) on the in vivo response would be very valuable to
toxicologists, environmental scientists, and immunologists.
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Polymeric nanoparticles meet the increasing interest for inhalation therapy and hold great promise to improve controlled drug
delivery to the lung. The synthesis of tailored polymeric materials and the improvement of nanoparticle preparation techniques
facilitate new perspectives for the treatment of severe pulmonary diseases. The physicochemical properties of such drug delivery
systems can be investigated using conventional analytical procedures. However, the assessment of the controlled drug release
properties of polymeric nanoparticles in the lung remains a considerable challenge. In this context, the isolated lung technique
is a promising tool to evaluate the drug release characteristics of nanoparticles intended for pulmonary application. It allows
measurements of lung-specific effects on the drug-release properties of pulmonary delivery systems. Ex vivo models are thought
to overcome the common obstacles of in vitro tests and offer more reliable drug release and distribution data that are closer to the
in vivo situation.

1. Introduction

Pulmonary drug delivery has become a well-established
approach in the treatment of respiratory diseases and offers
several advantages over other routes of administration.
Inhalation therapy enables the direct application of a drug
to the respiratory tract. The “local” or “regional” deposition
of the administered drug facilitates a targeted treatment
of respiratory diseases avoiding high-dose exposures to the
systemic circulation. With the direct delivery of therapeutic
agents to the desired site of action, rapid onset of drug
action, lower systemic exposure, and consequently, reduced
side effects can be achieved. Site-specific or targeted delivery,
therefore, would also enable a reduction in the necessary
dose to be administered [1–4]. A significant disadvantage
of inhalation therapy is the relatively short duration of
drug action demanding multiple daily inhalation maneuvers,
ranging up to 9 times a day [5]. Moreover, “conventional”
inhalation therapy does not permit targeted cell-specific drug
delivery or modified biological distribution of drugs, both at

the organ and cellular level, and drug deposition in different
lung areas is only poorly controllable [6–8].

Strategies for further advancements of inhalation therapy
include the development of aerosolizable controlled release
formulations with the aim to improve the drug effect, as well
as the patient’s convenience and compliance. A large number
of carrier systems have been conceived and investigated as
potential controlled drug delivery formulations to the lung
[9–11]. In the recent years, nanomedicine has become an
attractive concept for the controlled and targeted delivery of
therapeutic and diagnostic compounds to the desired site of
action. Nanotechnology opens new perspectives in the design
of novel drug delivery vehicles that not only facilitate target-
ing of an organ, tissues, cells, or subcellular compartments,
but also affect the duration and the intensity of the phar-
macological effect [12–16]. In particular, nanoparticulate
drug delivery systems enable the controlled delivery of the
pharmacological agent to its site of action at a therapeutically
optimal rate and dose regimen [17–19]. Among the various
drug delivery systems considered for pulmonary application,
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polymeric nanoparticles demonstrate several advantages for
the treatment of respiratory diseases, for example prolonged
drug release and cell-specific targeted drug delivery [20–24].

Numerous manufacturing techniques are known for the
production of drug-loaded polymeric nanoparticles. The
choice of the nanoparticle preparation technique essentially
depends on the physicochemical properties of the polymeric
nanoparticle matrix material intended to be used and on
the active compound to be encapsulated in the nanoparticles
[25, 26]. Regarding the polymeric nanoparticle matrix
material, criteria such as biocompatibility and degradability
determine its selection [27–29]. Moreover, for an effective
nanoparticulate drug delivery system, sufficient drug loading
and controlled drug release over a predetermined period of
time must be ensured. The characteristics of drug release,
that is, release mechanism and release rate, from drug-
delivery systems vary according to the type of employed
encapsulation technique and the physicochemical proper-
ties (interaction) of drug and polymer. The release from
polymeric nanoparticles in vitro is normally fast (several
minutes to hours) due to the short distance drugs have
to cover to diffuse out of the particles. The release rate
of drugs from nanoparticles is also strongly influenced by
the biological environment. Nanoparticles may interact with
biological components like proteins and cells that alter the
release rate of drugs from nanoparticles. As a consequence,
the in vitro drug release characteristics may not predict the
release situation in vivo. Moreover, a precise assessment of
the in vitro drug release from nanoparticles is technically
difficult to achieve, which is mainly attributed to the inability
of rapid separation of the nanoparticles from the dissolved or
released drug in the surrounding medium [17, 30, 31].

Different methods have been used to characterize the
behavior of pulmonary administered drug-loaded carriers
in biological systems. These range from in vitro cell culture
methods to in vivo pharmacokinetic analysis. Ex vivo iso-
lated, perfused, and ventilated lung models have been utilized
in numerous pharmacological and toxicological studies to
elucidate the fate of inhaled drugs or toxic substances. In ex
vivo lung models, lung-specific pharmacokinetic effects, like
drug absorption and distribution profiles, can be investigated
without the contribution of systemic absorption, distribu-
tion, and elimination of the drug. Moreover, it is possible
to elucidate the effect of the interaction of nanoparticles
with the natural pulmonary environment on the release of
encapsulated drugs. Accordingly, more reliable drug release
and distribution data are obtained that are closer to the in
vivo situation [6, 32–34].

It is interesting to note that the first investigations
regarding the use of polymeric nanoparticles as drug carriers
for the controlled and targeted delivery of drugs to the
desired site of action have been reported in the mid 1970’s
[35]. It was shown that the “natural” drug distribution after
systemic application was altered by the encapsulation of drug
into polymeric nanoparticles. Since then, great efforts have
been made in this field, and several treatment modalities
for cancer on the basis of polymeric nanostructured drug
delivery vehicles have been developed and made clinically
available, for example, Abraxane, Transdrug, and Genexol-
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Figure 1: Schematic of the human respiratory system (Adapted
from [43]).

PM [25, 36, 37]. In contrast to systemic administration,
the regional application of drug-loaded nanoparticles to the
respiratory tract has been so far incompletely investigated.
This is attributed on one hand to the limited efficiency
of conventional devices to generate nanoparticle-containing
aerosols and on the other hand to the lack of methods to
assess the drug release form and the distribution behavior
of pulmonary administered nanoparticulate drug-delivery
systems [38, 39]. Meanwhile, technological advances have
led to improved designs for aerosol-generation devices that
solve the main drawbacks, and the key attributes associated
with successful nanoparticle aerosolization have been iden-
tified [40–42]. However, the prediction of drug release and
distribution from pulmonary administered nanoparticulate-
delivery systems remains a major challenge.

2. Structure and Function of the Lung

The development of drug delivery systems for pulmonary
application requires a detailed knowledge of the lung in
its healthy, as well as various diseased states. The lung is
composed of more than 40 different cell types, of which
approximately one-third are epithelial cells [44, 45]. The
conducting zone includes the nasal cavity, pharynx, larynx,
trachea, bronchi, and bronchioles, while the respiratory
zone, where the gas exchange takes place, includes respiratory
bronchioles and alveoli (Figure 1). The conducting airways
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exhibit 16 bifurcations, comprising the trachea, the bronchi,
and the bronchioles. The terminal bronchioles represent the
passage to the respiratory region, which exhibits another 6
bifurcations. The respiratory region includes the respiratory
bronchioles, from which the alveolar ducts with alveolar sacs
branch off [46]. The airways also fulfill some other essential
functions, such as warming, humidifying, and cleaning of
the inhaled air. Warming and humidifying of the inspired air
predominantly take place in the nasal cavity and the pharynx.
In the deeper airways this process continues, so that the air
finally reaching the alveoli has body heat and is completely
saturated with water. Also the cleaning of the inspired air
partly takes place in the nose; dust, bacteria, and particles
are caught by impaction. Further inhaled substances deposit
on the mucus layer which coats the walls of the conducting
airways. The mucus is secreted by goblet and submucosal
gland cells and forms a gel like layer consisting of mucin
as the major component [47]. Ciliated cells are another
important type of cells which predominate in the bronchial
epithelia of the conducting region. Their major function is
the propulsion of mucus upwards and out of the lung (bron-
chotracheal escalator), thus the lung will be cleared of foreign
substances [48, 49]. Beneath, in the respiratory bronchioles
the epithelium consists of ciliated cells and Clara cells.

In the alveolar space there is no mucus layer, but a
complex surfactant lining that covers the alveolar epithelium
and reduces the surface tension to prevent collapse of the
alveoli during breathing [50]. It contains approximately 90%
lipids and 10% proteins [51]. The lipids in the surface
lining material consist mainly of phospholipids (∼80–90%)
and a minor portion of neutral lipids (∼10–20%). Among
the phospholipids, phosphatidylcholines (∼70–80%) and
phosphatidylglycerols (∼10%) represent the predominant
classes, with minor amounts of phosphatidylinositols, phos-
phatidylserines, and phosphatidylethanolamines [52]. About
half of the protein mass of the alveolar lining layer is
composed of the surfactant-associated proteins SP-A and SP-
D, which are high molecular weight hydrophilic proteins,
and SP-B and SP-C, which are low molecular weight
hydrophobic proteins [53]. The surfactant proteins SP-A
and SP-D have been identified as playing a fundamental
role in innate immunity. A complex interaction between
phospholipids and SP-B and SP-C enables the decrease of
surface tension in the alveolar region to values of ∼0 mN/m
during compression/expansion cycles [54, 55]. Pulmonary
surfactant is secreted by type II pneumocytes, which cover
only 5% of the total alveolar surface. Beside the production
of pulmonary surfactant, alveolar type II cells play a role
in alveolar fluid balance, coagulation and fibrinoylsis, host
defense and proliferation, and differentiation into type I
cells [56]. Type I pneumocytes are very thin (≤200 nm)
with a large extension (∼200 μm), covering over ∼95% of
the alveolar epithelial surface [57]. They form the primary
diffusion barrier between air and blood which is highly
permeable for water, gases, and hydrophobic molecules,
while it is poorly permeable for large hydrophilic substances
(peptides and proteins) or ionic species. Macromolecules
pass this barrier by active transport mechanisms [7, 58,
59]. In addition to epithelial cells, the alveoli contain

macrophages that engulf particles, potentially digest them,
and slowly migrate with their payload out of the respiratory
tract, either following along the mucociliary escalator or (to
a lesser degree) the lymphatic system. Thus, the pulmonary
endocytosis by macrophages represents the main mechanism
of removing solid particles in the alveolar region [60, 61].

Nanoparticles have been praised for their advantageous
drug delivery properties to the lung, such as avoidance of
mucociliary and macrophage clearance and long residence
times until degradation or translocation by epithelial cells
takes place [6, 62–70].

3. Pulmonary Drug Delivery

3.1. The Lung as a Route of Application for Systemic and
Local Therapy. Although the lung represents effective barrier
systems and clearance mechanisms much attention has been
raised in the last decades to this organ for drug delivery
applications. One reason is its large absorption area. The lung
build up a total surface of ∼100 m2 that is enveloped by an
equally large capillary network, from which many agents can
be readily absorbed to the bloodstream avoiding a first-pass-
effect of the liver. Another reason is the known instability
and low permeability of proteins and peptides when these
biopharmaceuticals are administered through the widely
preferred oral route. Consequently, most proteins and pep-
tides on the market are administered intravenously. But the
parenteral route of application does generally not meet with
patients’ convenience and compliance, in particular because
the indication for the use of these agents is usually treatment
of a chronic disease requiring frequent injections. Thus,
the pulmonary route of application offers a noninvasive
alternative for systemic therapy [71–77]. However, systemic
macromolecule delivery via the lung has suffered setbacks
as for example demonstrated for pulmonary administered
insulin (Exubera) that was withdrawn from the market in
2008 for commercial and health-risk reasons [78, 79].

A large number of small molecular weight drugs are
employed for the targeted treatment of respiratory diseases
following inhalation. This basic concept of targeted drug
therapy has been followed for a long time in the treatment of
airway diseases. In particular, the application of β2-agonists
and corticosteroids by means of inhalation has improved
the therapy of bronchial asthma and chronic obstructive
pulmonary disease targeting the smooth musculature of the
bronchi and immunologically competent intrapulmonary
cells [80, 81]. In addition, the endothelial cells or the
smooth muscle cells surrounding the pulmonary vessels
present a target of inhalative drug therapy. As an example,
prostaglandin derivatives have been recently introduced for
aerosol therapy of pulmonary arterial hypertension [82, 83].

3.2. Devices for Aerosol Generation. Over the past decades
several devices have been conceived and developed for the
administration of drugs to the respiratory tract, namely
pressurized metered dose inhalers (pMDIs), dry powder
inhalers (DPIs), and nebulizers [84–87]. pMDIs are hand-
held devices that use pressurized propellants to atomize
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the drug solution, suspension, or emulsion. These devices
generally require a coordinative inhalation by the patient
[88]. DPIs do not only differ in the principle of aerosol parti-
cle generation and delivery, but also with regard to design
differences such as discrete or reservoir drug containment
and the number of doses [89]. While the drugs are released
from pMDI by the utilization of propellants, DPIs operate by
using the inspiratory flow of the patient for disintegration of
the powder and dose entrainment. Thus, reproducibility of
the inhaled dose from these devices is extremely dependant
on the patient [90]. Several types of nebulizers are available
for aerosol generation for pulmonary drug delivery, namely
jet nebulizers, ultrasonic nebulizers, and nebulizers that use
a vibrating-mesh technology for aerosol generation [91].
Jet nebulizers are driven by compressed air. The liquid is
dispersed into small droplets (<5-6 μm) by passing through
a narrow nozzle orifice and multiple impactions on a
baffle structure. In general, the droplet size distribution
of a nebulizer and the output rate are also influenced by
the physical properties of the drug solution and the air
flow rate from the compressor [92]. Ultrasonic nebulizers
use a piezoelectric transducer in order to create droplets
from an open liquid reservoir. As the energy is transferred
through the liquid container it becomes evident that the
properties of the drug formulation have strong effects on
the aerosol particle size and the output rate [93]. Vibrating-
mesh nebulizers use perforated membranes actuated by an
annular piezoelement to vibrate in resonant bending mode.
The holes in the membrane have a large cross-section size
on the liquid supply side and a narrow cross-section size on
the side from where the droplets emerge. Depending on the
therapeutic application, the hole sizes (2 μm and upwards)
can be adjusted, as well as the number of holes [40, 41, 94].

3.3. Polymeric Nanoparticles as Inhalative Drug-Delivery Vehi-
cles. Nanomaterials exploit novel physical, chemical, and
biological properties [14–16]. The general aim of controlled
release formulations is the modification of pharmacokinetics
and thus, improved pharmacodynamic characteristics at
the target site. A successful drug delivery system needs to
demonstrate optimal drug loading and release properties,
and low toxicity [17, 20, 23, 24, 95–98]. Nanoparticle
formulations for this purpose with a mean size between
50 and 300 nm normally consist of polymeric materials.
Polymers with particular physical or chemical characteristics,
such as biocompatibility, degradability, or responsiveness
to environmental changes have been predominantly used
[99]. In addition to biocompatibility and degradability of
the applied polymer, sufficient association of the therapeutic
agent with the carrier particles and controlled and targeted
drug release properties, nanoparticles need to meet further
standards, such as protection of the drug against degrada-
tion, ability to be transferred into an aerosol, and stability
against forces generated during aerosolization. Nanoparticles
composed of biodegradable polymers fulfill the stringent
requirements placed on these delivery systems [22–24].

Due to their well-established biocompatibility and
biodegradability, aliphatic polyesters like polylactide (PLA)

and poly(lactide-co-glycolide) (PLGA) are the most exten-
sively used materials for biomedical applications [27]. How-
ever, linear polyesters have many limitations as nanoparticle
matrix materials. Firstly, PLGA nanoparticles degrade over
a period of weeks to months, but typically deliver drugs
for a much shorter period of time. Slow or nondegrading
polymers may lead to an unwanted accumulation in the lung
when repeated administrations are needed, and may cause
inflammatory processes [20, 95]. One way to overcome this
problem is to synthesize polymers with faster degradation
rates. Fast-degrading polymers are obtained by grafting
of short PLGA chains onto polyvinyl alcohol backbones
[100, 101]. The adjustable properties of these branched
polyesters make them highly suitable for pulmonary formu-
lations, especially with regard to biodegradation rates and
in vitro cytotoxicity [102, 103]. Moreover, these types of
biodegradable polyester revealed no signs of inflammatory
response in vivo [104]. Their amphiphilic properties allows
the generation of nanoparticles without the use of additional
surfactant stabilizers [105, 106]. Another type of biodegrad-
able polymer suitable for pulmonary application is based
on ether-anhydride terpolymers consisting of poly(ethylene
glycol), sebacic acid, and 1,3-bis(carboxyphenoxy)propane.
These polymers are known to form aerosolizable particles
and to exhibit fast degradation rates (half-life <12 h) [107–
109].

Secondly, for an effective nanoparticulate-delivery sys-
tem, sufficient drug-loading and tailored release properties
must be ensured. Nanoparticles prepared from hydrophobic
polymers, like PLGA, often incur the drawback of poor
incorporation of low molecular weight hydrophilic drugs due
to the low affinity of the drug compounds to the polymers
[110, 111]. The introduction of charged functional groups
within the polymer structure, like for example described by
Wittmar et al. and Wang et al., promotes electrostatic interac-
tions with oppositely charged drugs, thereby improving the
design of nanoparticulate carriers [112, 113].

The release rate and release mechanism from drug-
delivery systems vary according to the carrier vehicle, as
well as to the properties of the employed drug and polymer
combination. The in vitro release pattern from polymeric
nanoparticles used in the field of medicine and pharmacy
is of importance for characterization purposes and for
quality control reasons. The release of drug compounds from
nanoparticulate drug delivery systems is a result of the direct
interaction of nanoparticles with their environment and is
thought to be dependent upon desorption of the surface-
bound, adsorbed drug, diffusion through the nanoparticle
matrix, and rate of polymer degradation. Thus, diffusion
and biodegradation govern the process of drug release from
polymeric nanoparticles [17, 30, 31].

Several manufacturing techniques are known for the pro-
duction of drug-loaded polymeric nanoparticles, allowing
extensive modulation of their characteristics and control of
their behavior at the target site. Conventionally, two groups
of preparation methods can be distinguished. The first
involves polymerization of monomers whereas the second
is based on precipitation of preformed, well-defined natural
or synthetic polymers, as for example used in salting out,
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emulsion evaporation, emulsification diffusion, and solvent
displacement. The choice of the nanoparticle preparation
technique essentially depends on the physicochemical prop-
erties of the polymeric nanoparticle matrix material intended
to be used and on the active compound to be encapsulated
in the nanoparticles. One way to encapsulate the drug
into the nanoparticles is accomplished by the preparation
of nanoparticles in the presence of the therapeutic agent,
what leads to a “homogeneous” distribution of drug within
the polymer matrix. Another way to associate drug and
polymer is achieved by subsequent sorption of the drug to
unloaded nanoparticles either to the surface or the bulk
of nanoparticles. The type of binding may also result in
different release mechanisms and release rates [16, 17, 25, 26,
28, 29, 31].

Overall, the final choice of the appropriate polymer,
manufacturing technique, and nanoparticle characteristics
will primarily depend on the biocompatibility and degrad-
ability of the polymer, secondarily on the physicochemical
characteristics of the drug, and thirdly on the therapeutic
goal to be reached [31].

Owing to the advantageous drug delivery properties
of polymeric nanoparticles, researchers were encouraged
to find suitable application forms for pulmonary delivery.
Their small size limits pulmonary deposition as nanopar-
ticles alone are expected to be exhaled after inhalation
[114]. In general, aerosol particle size is characterized by
the mass median aerodynamic diameter (MMAD). The
MMAD is used to describe the particle size distribution
of any aerosol statistically based on the weight and size
of the particles. Thus, a group of very dense particles
will exhibit a larger MMAD than that of a group of less
dense particles, despite an identical geometric size. It is well
understood that pulmonary deposition is achieved by three
principal mechanisms: inertial impaction, sedimentation,
and diffusion. Impaction predominates during the passage
through the oropharynx and large conducting airways if
the particles possess a MMAD of >5 μm, or have a high
velocity. Gravitational force leads to sedimentation of smaller
particles (MMAD of <3 μm) in the smaller airways. Addi-
tionally, sedimentation increases by breath holding. In the
range below a MMAD of 1 μm, particles are deposited by
diffusion, which is based on Brownian motion. Thus, extent
and efficiency of drug deposition is influenced by particle-
specific and physiological factors, such as particle size and
geometry, lung morphology, and breathing pattern [43, 115].
Common methods to deposit drug-loaded nanoparticles in
the deeper lung are the nebulization of nanosuspensions and
the aerosolization of nanoparticle-containing microparticles
(composite microparticles) [21, 64, 66].

A number of nanoparticle formulations were found to
be accessible for nebulization with common nebulizers [42,
105, 106, 116, 117]. One major advantage of this method
is that regardless of the aerodynamic properties of the
nanoparticles themselves, alveolar deposition can be easily
achieved by generating adequate droplet sizes. Over the past
decades, the generation of therapeutic aerosols has primarily
been reserved to pneumatic- and ultrasound-driven nebu-
lizers. Recent technological advances have led to improved

nebulizer designs employing vibrating-mesh technology for
aerosol generation [40, 41]. Vibrating mesh nebulizers have
been shown to overcome the main drawbacks of pneumatic-
and ultrasound-driven nebulizers, that is, concentration
of medicaments, temperature changes, and high residual
volumes inside the nebulizer reservoir. The aggregation of
nanoparticles during aerosolization is dependent on both
the nanoparticle surface characteristics and the technique for
aerosol generation. The aggregation tendency was reduced
for nanoparticles exhibiting a more hydrophilic surface [42].
Coating of nanoparticle surfaces with hydrophilic polymers
was also shown to improve the nebulization stability of
biodegradable nanoparticles [105, 106]. Furthermore, the
use of vibrating mesh nebulizers is suitable for the delivery
of “delicate” structures, like biodegradable nanoparticles due
to avoidance of high shear stress during aerosolization [118].

As an alternative to nebulization of a nanosuspen-
sion, polymeric nanoparticles can be delivered to the lung
by means of dry powder aerosolization. For this reason,
nanoparticles need to be encapsulated into composite
microparticles using standard techniques like spray drying
or agglomeration [119, 120]. The composite microparticles
must display defined aerodynamic properties (MMAD) to
obtain peripheral lung deposition of inhaled particles [114].
The delivery of nanoparticles as part of microparticles has
been intensively investigated for several reasons. A common
obstacle that limits the use of biodegradable polymeric
nanoparticles is their chemical and physical instability in
aqueous suspension [121, 122]. Nanoparticles tend to aggre-
gate when stored over an extended period of time. Further-
more, hydrolytic degradation of the polymeric nanoparticle
matrix material and drug leakage from nanoparticles into
the aqueous medium take place. Thus, for stabilization of
biodegradable polymeric nanoparticles a subsequent drying
step needs to be carried out to remove water from these
systems. The most commonly used methods to convert a
colloidal suspension into solid powders of sufficient stability
are freeze- and spray drying [123, 124]. Spray drying offers
the advantage over freeze-drying that nanoparticles are
transformed to respirable microparticle-containing powders
in a one-step process. Freeze-drying would cause addi-
tional disintegration to form microparticles suitable for
pulmonary application. The addition of stabilizers like sugars
or polymers has shown to prevent unwanted nanoparticle
aggregation during drying and storage [125]. Spontaneous
redispersion of nanoparticles is a key desideratum in the
development of successful composite drug delivery systems
to the lung. Composite microparticles should release their
therapeutic payload (drug-loaded nanoparticles) when they
get into contact with aqueous media, and the unaffected
nanoparticles can carry out their therapeutic benefit at the
target site. Typical examples for preparation of composite
microparticles by spray drying can be found in the liter-
ature. Drug-loaded PLGA nanoparticles and trehalose as
microparticle matrix material were used to prepare com-
posite microparticles suitable for inhalation [126]. The use
of “porous nanoparticle-aggregate particles” (PNAPs) as dry
powder delivery vehicles to the lung was investigated by Sung
et al.. Drug-loaded PLGA nanoparticles were prepared using
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a solvent evaporation method and subsequently converted
to PNAPs using a spray drying technique [127]. Effervescent
powder formulations containing nanoparticles were recently
introduced for pulmonary drug delivery. These formulations
were composed of poly(butyl cyanoacrylate) nanoparticles
and as effervescent components sodium carbonate and citric
acid stabilized with ammonia were employed. The active
release mechanism (effervescent reaction) of the composite
microparticles was observed when the carrier particles were
exposed to humidity and unaffected nanoparticles were
released [128].

Another interesting method to obtain nanoparticle con-
taining microparticles is enabled by controlled agglom-
eration of oppositely charged nanoparticle populations.
Positively- and negatively charged biodegradable nanopar-
ticles are brought into contact under vigorous stirring,
and spontaneous composite microparticle formation takes
place. Nanoparticle aggregation is driven by electrostatic
attraction/forces in this case [129, 130].

4. Methods to Evaluate the Controlled Release
Properties of Inhaled Nanoparticles

A basic concern in the field of nanomedicine is the devel-
opment of successful nanoparticulate controlled release for-
mulations with the aim to improve the characteristics of the
therapeutic agent at the target site. Biological environments
are known to strongly influence the release properties of
nano-sized drug delivery vehicles. An insistent problem in
the development of nanoparticulate drug delivery systems is
the lack of systems to follow the drug release after contact
with an external medium. As a consequence, conventional
in vitro drug release studies may have very little in common
with the delivery and release situation in vivo and the
development of more sophisticated controlled drug release
carriers to the lung is precluded [31].

Different preclinical models are used to account for the
drug release mechanisms, as well as the rate and extent of
drug absorption after pulmonary administration [6, 32, 34].
The complexity of the employed models increases from
in vitro cell culture methods and in silico models, which
are primarily used as screening tools, to in vivo pharma-
cokinetic analysis that provide fundamental information
about the fate of the released drug by monitoring drug
levels in plasma, lung fluid, and tissue. Several cell culture
models of the respiratory tract are described using both
continuous and primary cells to explore drug transport
mechanisms under precise experimental conditions [45,
57, 131–133]. Continuous cell cultures using alveolar or
bronchial epithelial cells like A549 and Calu-3 are often
employed as simple in vitro models for pulmonary drug
delivery studies. In contrast to continuous cell cultures
primary cultures consisting of alveolar epithelial cells present
cell morphologies and biochemical characteristics closer to
the in vivo situation. However, time-consuming isolation
and cultivating, as well as limited cell lifetimes are the main
drawbacks of primary cell culture models. The estimation
of drug absorption from the respiratory tract based on
physicochemical properties and permeability of drugs using

computational and experimental models led to the extension
of the biopharmaceutical classification system (BCS) [134].
The pulmonary BCS (pBCS) takes into consideration the
specific biology of the respiratory tract, particle deposition,
and the subsequent process of drug absorption and depicts
an alternative to the currently and widely used studies
in animals. Drug structure-permeability relationships may
contribute to reliable prediction of pulmonary pharmacoki-
netics used for the development of novel inhalable drugs
[135]. Ex vivo isolated, perfused, and ventilated lung models
allow the investigation of lung-specific pharmacokinetic
effects on the fate of inhaled therapeutics [32–34]. These
preparations maintain structural integrity of the lung tissue
and allow careful control of the experimental regimen of
the isolated lung. Drugs can be administered directly to
the respiratory tract in a quantitative and reproducible
manner, and simple sampling and analysis of perfusate
provide the absorptive profile. The fundamental information
about the fate of the inhaled therapeutics gained from in
vivo pharmacokinetic analysis are accompanied by reduced
screening capacity, increased expense, ethical considerations,
and the potential for nonlinear dose-response relationships
between the in vitro and in vivo situation as described for
inhaled toxic substances [136, 137]. Overall, the application
and comparison of different models to elucidate the drug
behavior at the target site is needed to establish reliable in
vitro-in vivo correlations [32, 34].

4.1. Basic Techniques of Isolated, Perfused, and Ventilated Lung
Preparations. Isolated, perfused and ventilated lung (IPL)
preparations have long been used by investigators interested
in the respiratory, as well as nonrespiratory functions of
this complex organ [138–141]. Recently, this technique has
also been adopted to assess pulmonary pharmacokinetics of
inhaled therapeutics [6, 32–34]. Areas in which IPL models
have not been extensively used include the evaluation of
controlled release properties of pulmonary drug delivery
formulations like polymeric nanoparticles. With suitable
modifications, application of IPL preparations for these
investigations has become technically feasible. A schematic
of an IPL using a rabbit lung is depicted in Figure 2. The
basic techniques of IPL for pharmacokinetic measurements
include the lung isolation, perfusion, and ventilation, the
delivery of the formulation to the air-space by an appro-
priate method, and an adequate sample analytic. Differences
between simple in vitro tests and intact lung models are to be
expected on the basis of direct interaction of nanoparticles
with their environment. Accordingly, more reliable drug
release and distribution data are obtained that adequately
reflect the dynamic effects occurring in vivo and thus
enhance our knowledge on the fate of nanoparticulate drug
delivery formulations at the target site [31].

The choice of an appropriate organ donor animal in
IPL studies is influenced by several factors [139]. Size and
airway geometry of the lung govern the selection of a
particular species. Relevant anatomical and physiological
characteristics, as well as respiratory parameters of appro-
priate organ donor animals for IPL preparations can be
found in the literature [33, 34]. The most popular species
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Figure 2: Schematic depiction of the basic arrangement of the
isolated, perfused, and ventilated rabbit lung model useful for
absorption and distribution studies of pulmonary-administered
controlled release formulations (Modified from [106]).

have been the rat, the guinea pig, and the rabbit as donors
for IPL experiments intended to assess the pulmonary
pharmacokinetics of inhaled therapeutics (Table 1). Small
animals have several disadvantages like tiny blood vessels that
pose difficulties in surgical procedures and a lung geometry
that impedes high lung deposition of therapeutic aerosols.
An additional factor to be considered might be the volume
and the number of perfusate samples needed for analytical
tests during the course of the experiment. These difficulties
are clearly overcome by using larger experimental animals
having, however, the distinct disadvantage of increased
animal and experimental costs.

The IPL approach has several advantages but also numer-
ous limitations [33, 138–141]. IPL preparations offer several
advantages to experimentation with animals. Perfusion
experiments allow a definitive evaluation of lung-specific
effects on the fate of inhaled drug substances. Experimental
parameters remain controllable in IPL preparations, while
in the intact animal these are likely to change with time
especially in response to the administration of a drug
formulation. The delivery methods for pulmonary drug
administration to experimental animals are highly limited
and often associated with low dosing efficiency (<10%)
[164–167]. In contrast, the aerosol delivery to IPL models
can be easily controlled by adjustment of the ventilation
regimen [142, 165]. The release of drugs from its formulation
can be monitored by sequential analysis of the (synthetic)
perfusate medium. Unlike in the intact animal, it is possible
to take frequent samples from the perfusate. This allows a
complete qualitative and quantitative analysis of drug release
from the test formulation. The determination of accurate and
complete mass-balance of drugs is possible throughout the
perfusion experiment.

Unlike in vitro cell culture, pharmacokinetic studies in
ex vivo models display the advantage of structural and

functional integrity of the organ, for example, cell-to-cell
contacts, native extracellular matrix, and pulmonary surfac-
tant lining layer. Lung-specific factors that remain functional
in perfusion studies govern drug absorption and distribution
profiles and influence the final results in the intact perfused
organ, and, therefore, enable a realistic extrapolation of the
results to the in vivo situation [34].

The principal limitation imposed by IPL preparations is
the comparatively short duration of study time. Long-term
studies (>6 h) cannot be performed since physiological and
biochemical integrity of the lung preparation deteriorates
with time [139, 141, 168, 169]. Often, it is not possible to
determine the effect of therapeutic agents on the lung tissue
in such a short period of time. Furthermore, only in vitro cell
culture allows detailed analysis of cellular transport processes
[45, 57, 131–133].

Finally, a practical consideration is the level of expertise
in all aspects of the surgical procedures, as well as in all other
technical aspects required in setting up and conducting of
successful perfusion experiments.

4.2. Surgical Procedure for IPL Preparation: Isolation, Perfu-
sion, and Ventilation. The preparation of the IPL using a
rabbit as organ donor animal is described briefly hereafter
and interested readers are referred to excellent reviews on this
topic [139–141]. In the following, the method of Seeger et al.
is briefly described [141]. For lung isolation animals need to
be deeply anesthetized and anticoagulated. Then a median
incision is made to expose the trachea by blunt dissection,
and a cannula is inserted into the trachea. Subsequently,
the animals are ventilated with room air, using a respirator.
After mid-sternal thoracotomy, the ribs are spread, the right
ventricle is incised, and a fluid-filled perfusion catheter is
immediately placed into the pulmonary artery. Immediately
after insertion of the catheter, perfusion with cold buffer
fluid is started, and the heart is then cut open at the apex.
Next, the trachea, lungs, and heart are excised en bloc from
the thoracic cage. A second perfusion catheter with a bent
cannula is introduced via the left ventricle into the left
atrium and is fixed in this position. After rinsing the lungs
with buffer fluid for washout of blood, the perfusion circuit
is closed for recirculation. Meanwhile, the flow is slowly
increased, and left atrial pressure is set to 1.5 mmHg. In
parallel with the onset of artificial perfusion, ventilation
is changed (5% CO2, 16% O2, and 79% N2) to maintain
the pH of the recirculating buffer at 7.4. Tidal volume is
10 ml/kg body weight with a frequency of 30 strokes/min.
The IPL is placed in a temperature-equilibrated housing
chamber (37◦C), freely suspended from a force transducer
for continuous monitoring of organ weight [170]. Pressures
in the pulmonary artery, the left atrium, and the trachea are
registered by means of small-diameter tubing threaded into
the perfusion catheters and the trachea and connected to
pressure transducers. Only lungs that have a homogeneous
white appearance with no signs of hemostasis, edema, or
atelectasis, a constant mean pulmonary artery and peak
ventilation pressure in the normal range (4–10 and 5–
8 mmHg, resp.), and are isogravimetric during an initial
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Table 1: Typical examples of pulmonary drug delivery studies employing isolated, perfused, and ventilated lung models.

Organ
donor
animal

Perfusion system
Ventilation
system

Drug/formulation Formulation application Analytics References

Rat

Recirculating flow,
15 mL/min; Krebs-
Ringer/Krebs-Henseleit
buffer + 4% BSA

Alternating
“negative”
pressure; tidal
volume: ∼1 mL,
ventilation
frequency: 7–28
strokes/min

Fluorescent dyes,
labeled dextrans,

polypeptides
(polyaspartamide,
insulin); solution

“Forced solution
instillation”

Fluorescence
spectroscopy,

ELISA
[142–152]

Recirculating or
single-pass flow,
7–11 mL/min;
Krebs-Ringer buffer +
4.5% BSA

Alternating
“negative”
pressure; tidal
volume: ∼1 mL,
ventilation
frequency: 70
strokes/min

Budesonide; solution Instillation
HPLC, liquid
scintillation

counting
[153]

Recirculating flow,
5 mL/min; Krebs-Henseleit
buffer + 3% BSA

“Positive”
pressure inflation;
tidal volume: 2,
4 mL, ventilation
frequency: 60, 30
strokes/min

Levofloxacin; solution Nebulization HPLC [154]

Single-pass flow,
∼17 mL/min;
Krebs-Ringer buffer + 2%
BSA

Alternating
“negative”
pressure; tidal
volume: ∼1 mL,
ventilation
frequency: 75
strokes/min

Budesonide,
formoterol,

terbutaline; powder

Powder aerosolization
(DustGun� technology)

LC-MS/MS [155]

Recirculating flow,
10–12 mL/min;
Krebs-Ringer buffer +
4.5% BSA

Alternating
“negative”
pressure; tidal
volume: ∼1 mL,
ventilation
frequency: 80
strokes/min

Diverse low molecular
weight therapeutic

agents, labelled
dextrans,

oligopeptides; solution

Nebulization, instillation
(Aeroprobe�

technology)

Fluorescence
spectroscopy,
LC-MS/MS

[156, 157]

Guinea pig
Single-pass flow,
10 mL/min; Krebs-Ringer
buffer + 4.5% BSA

Alternating
“negative”
pressure; tidal
volume: ∼2 mL,
ventilation
frequency: 80
strokes/min

Xanthines; solution Instillation
liquid

scintillation
counting

[158]

Rabbit

Recirculating flow,
100 mL/min;
Krebs-Henseleit buffer (+
4% hydroxyethyl-
amylopectine)

“Positive”
pressure inflation;
tidal volume:
30 mL,
ventilation
frequency: 30
strokes/min

Fluorescent dyes,
salbutamol, iloprost;

solution,
nanosuspension

Nebulization, instillation
Fluorescence
spectroscopy;
HPLC; RIA

[106, 159–
161]

Recirculating flow;
Krebs-Ringer buffer +
4.5% BSA

Alternating
“negative”
pressure

Isoproterenol,
isoproterenol

prodrugs; solution
Nebulization, instillation HPLC [162, 163]

BSA: bovine serum albumin; ELISA: enzyme-linked immunosorbent assay; HPLC: high-pressure liquid chromatography; LC-MS/MS: liquid chromatography-
tandem mass spectrometry; RIA: radioimmunoassay.
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steady state period of at least 30 min are considered for
experiments.

A number of visual and physiological parameters can be
determined to ascertain the viability of the IPL preparation
[139, 171]. Under optimized preparation and perfusion
conditions, greater than 85% of all excised lungs fulfill these
criteria, and lungs may be perfused for∼6 h without changes
in physiological aspects [141, 168, 169].

For analysis of pulmonary pharmacokinetics of inhaled
therapeutics, such as pulmonary absorption and distribution
characteristics, formulations need to be delivered to the
IPL by the intratracheal route. Intratracheal delivery can
be carried out by dry powder insufflation or inhalation
or by means of fluid instillation or nebulization [32–34].
For nebulization purpose, a nebulizer unit is connected to
the inspiratory tubing between the ventilator and the lung
to pass the produced aerosol through by the inspiration
gas [106, 159]. In order to determine the absorption of
drug from the lung into the perfusate, samples are taken
from the venous part of the system (Figure 2). Additionally,
the analysis of the drug distribution characteristics to the
different compartments of the lung is performed by lavage
for the amount of drug remaining in the lung-lining fluid
and by extraction or microscopic techniques for the amount
of drug remaining in the lung tissue at the end of the
experiment.

4.3. Application of Drug Formulations to the IPL. The choice
of an appropriate IPL preparation set-up for the analysis of
the fate of inhaled therapeutics at the target site is influ-
enced by several factors. The particular problem determines
the selection of experimental parameters like ventilation
method, perfusion characteristic, and perfusate type [139,
140]. The ventilation of the IPL can be realized by two modes,
namely, “positive” pressure and “negative” (subatmospheric)
pressure ventilation. During “positive” pressure ventilation
a connection of a respirator directly to the lung, which
pushes bolus volumes of air into the lung, is required.
Subatmospheric pressure ventilation is accomplished by
using a reverse connected respirator to cycle subatmospheric
pressures inside the chamber in which the lung is suspended.
While “negative” pressure ventilation is generally preferred
for drug absorption and distribution studies (Table 1), as
it prevents water loss, tissue drying, and improves organ
viability (i.e., reduced risk of architecture destruction by
overinflation with subsequent edema formation and pro-
gressive atelectasis), “positive” pressure ventilation enables a
highly efficient and homogeneous deposition of therapeutic
aerosols to the isolated lung as described above [33, 106,
140, 159]. Beside the morphology of the respiratory tract,
ventilation pattern is generally recognized to have a high
impact for the successful aerosol delivery to isolated lungs.
To avoid low dosing efficiency and nonreproducible aerosol
deposition pattern in the lung, a synchronization of aerosol
application and inspiration needs to be adjusted (tidal
volume ↑, ventilation frequency ↓) [142, 165].

The applied perfusion technique is dependent on the
experimental design [32, 33, 140]. The perfusion may be
performed in a single-pass or recirculating manner. Single-

pass perfusion systems have the advantage of being less
sophisticated; however, depending on the flow rate and the
duration of the experiment, they come along with higher
consumption of perfusate. Moreover, a sensitive sample ana-
lytics is required [155]. In pharmacokinetic experiments of
inhaled therapeutics, the use of artificial perfusion medium,
for example Krebs-Henseleit buffer fluid, with addition of
hydroxyethylamylopectin or dextran as oncotic agent is only
appropriate for hydrophilic drug substances. Hydrophobic
drug analysis is relieved in the presence of albumin owing
to binding of hydrophobic compounds. For example, Liu
et al. investigated the effect of different perfusion buffers
on the pharmacokinetics of several drugs with distinct
physicochemical properties that were administered to the
circulation of an isolated rat lung model [172]. The total
recovery of the lipophilic drug propranolol was found to
be significantly decreased when dextran was used as oncotic
agent instead of albumin. Moreover, the measurement of
pulmonary disposition of the potent glucocorticoid budes-
onide after administration to the air-space or the pulmonary
circulation of the isolated rat lung was only feasible in the
presence of 4.5% albumin in the perfusion medium [153].
These studies emphasize the use of albumin as oncotic
agent in perfusion buffers when the pulmonary disposition
of hydrophobic drugs is under investigation. In addition,
depending on the experimental design, heparinized animal
plasma may be added to the buffer fluid (10–15%). Use of
heparinized animal blood as perfusion fluid most closely
resembles the in vivo state. However, analysis of drugs and
interpretation of results are rendered much more difficult
by the presence of such a “complex” perfusion medium,
thereby negating some of the advantages of the isolated lung
technique [140, 141].

The use of IPL preparations to study the lung disposition
of several inhaled therapeutics was pioneered by Byron et al.
and Ryrfeldt et al. in the mid 1980’s (Table 1) [32, 33]. The
pulmonary absorption and distribution of low molecular
and high molecular weight drugs was addressed in several
studies [143–152]. Ryrfeldt et al. investigated the pulmonary
disposition of the glucocorticoid budesonide in an isolated
rat lung after instillation [153]. The drug absorption from
the air-space into the perfusate was characterized by two
distinct phases: after a rapid initial absorption phase about
half of the instilled dose was slowly transferred into the
perfusate. This study points out the high lung affinity of
budesonide, no biotransformation of this compound was
found in the lung. The high affinity to the lung together with
an absence of lung metabolism was shown to be an important
factor to explain the clinical benefits seen with budesonide
[80, 81]. Kröll et al. used the isolated guinea pig lung
model for the measurement of the pulmonary fate of two
antiasthmatic drugs (xanthines) [158]. After intratracheal
instillation of theophylline, the peak concentration in the
lung perfusate appeared within a short period of time,
and after 10 and 60 minutes, ∼68 and ∼87% of the given
dose had been absorbed, respectively. The rapid disappear-
ance of locally administered theophylline may explain the
lack of success of inhalation therapy with this therapeutic
agent.
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The pulmonary disposition of the antibiotic levofloxacin
was evaluated after systemic application and inhalation in
a model of the isolated rat lung. Different experimental
conditions including higher or lower respiratory frequency
with lower or higher tidal volume were tested. Comparison of
systemic and pulmonary administration revealed statistically
significant differences between partition coefficients showing
much higher values for the latter route. Thus, inhalation
compared to systemic administration improves levofloxacin
access to the lung tissue [154].

Only limited information is available regarding the
administration, deposition, and absorption of dry powder
aerosols to IPL preparations. For this purpose, Ewing
et al. and Byron et al. established an isolated rat lung
model and reported the absorption profiles of a variety of
test compounds [143, 155]. Using the recently developed
DustGun aerosol technology, Ewing et al. exposed the IPL
model to respirable dry powder aerosols of three drugs at
high concentrations [155]. Other interesting techniques for
reproducible aerosol application to IPL preparations include
the miniaturized nebulization catheter (AeroProbe) and the
“forced solution instillation” technique [142, 165].

Lahnstein et al. investigated the pulmonary absorption
and distribution of fluorescent dyes in an isolated rabbit lung
model [159]. Three structurally diverse probes were adminis-
trated intrapulmonary by nebulization of dye solutions. The
authors found that the absorption of the model compounds
from the air-space into the perfusate was mainly affected
by the physicochemical properties (octanol/water partition
coefficient) of the employed dyes. While for the hydrophobic
dye only a marginal appearance in the perfusate was observed
due to accumulation in the lung tissue, a rapid increase in
perfusate concentration (with stable plateau concentration)
was obtained for both hydrophilic dyes.

Rapid absorption and capacity-limited metabolism of
isoproterenol and prodrugs thereof were observed following
intrabronchial and aerosol administration of drug to the
isolated rabbit lung [162, 163].

The IPL preparation is a valuable model for the analysis
of pharmacokinetic profiles of pulmonary administered
drugs. Upgrading of the ex vivo models to pharmacodynamic
investigations has recently become technically feasible. As
an example, the pharmacokinetics and vasodilatory effect of
nebulized iloprost were investigated in a model of exper-
imental pulmonary hypertension employing the isolated
rabbit lung [160]. The nebulization of different amounts of
iloprost caused a dose-dependent pulmonary vasodilatation.
In addition, a similar dose-dependent appearance of iloprost
in the recirculating perfusate was noted.

The effect of polymeric nanoparticles on the microvascu-
lar permeability and translocation across the alveolar barrier
was tested in isolated rabbit lungs after nanoparticle instil-
lation [173, 174]. The increase in pulmonary microvascular
permeability was related to the number of administered
nanoparticles. Moreover, positively charged nanoparticles
were more effective in the microvascular permeability
response than negatively charged nanoparticles. The authors
concluded that the surface properties and the total surface
area need to be considered to interpret the changes of

the microvascular permeability upon nanoparticle challenge.
The applied polymeric nanoparticles were mainly located
in the alveolar space and in macrophages after instillation,
and no translocation of nanoparticles from the alveoli
into the perfusion medium was observed. However, the
relevance of these findings for the in vivo translocation of
inhaled ultrafine particles remains to be established, owing
to the fact that polymeric nanoparticles are currently under
investigation as potential drug delivery systems to the lung
[95].

Beck-Broichsitter et al. compared the pulmonary dis-
position characteristics of the hydrophilic model drug
5(6)-carboxyfluorescein after aerosolization as solution or
entrapped into polymeric nanoparticles in an isolated rabbit
lung model [106]. Nanoparticles were of spherical shape
with a mean particle size of ∼200 nm. Nebulization of
the nanosuspension using a vibrating mesh nebulizer led
to negligible changes of nanoparticle properties. The drug
release in vitro was fast. Nevertheless, after deposition of
equal amounts of 5(6)-carboxyfluorescein in the isolated
rabbit lung model, less 5(6)-carboxyfluorescein was detected
in the perfusate for loaded nanoparticles (∼10 ng/ml) when
compared to 5(6)-carboxyfluorescein aerosolized from solu-
tion (∼18 ng/ml).

Although IPL studies are conducted with an intact organ
close to the physiological state, it is to a large extent unre-
solved if pharmacokinetic data obtained from IPL prepa-
rations are consistent with that measured in vivo [32, 33].
Recently, a linear relationship between the drug absorption
kinetics of diverse low molecular weight drugs (<700 g/mol)
in a vertically positioned IPL system and from the lung
in vivo was demonstrated [156, 175]. Moreover, drugs for
which air-to-perfusate absorption kinetics were evaluated ex
vivo and in vivo were also tested in epithelial cell culture
models (Caco-2 and 16HBE14o) regarding their transport
characteristics. Permeability in intestinal and airway cell
culture models were found to be in excellent agreement with
the physicochemical properties of the investigated drugs,
as well as the rate of absorption measured in the IPL
[156, 157, 176]. The absence of a bronchial circulation
in horizontally positioned IPL preparations and therefore
a lack of tracheobronchial absorption pathways have been
attributed as the likely cause of a substantial difference in the
absorption kinetics of low molecular weight drugs between
the IPL preparation and in vivo. The absorption of low
molecular weight drugs in vivo takes place from alveolar, as
well as tracheobronchial regions at effective and comparable
rates. As a result, the IPL preparation underestimates the
absorption of low molecular weight drugs compared to the
in vivo situation. However, macromolecules show poor to
insignificant absorption across the thicker tracheobronchial
membranes and thus, the absorption profiles of macro-
molecules derived from IPL preparations have been reported
as statistically indistinguishable from those obtained in vivo
[32, 149]. Clearly, studies regarding the difference between
the vertically and horizontally positioned IPL systems on
drug absorption need to be carried out.

In recent studies, the development and performance
of a novel nanoparticle-based formulation for pulmonary
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delivery of salbutamol has been characterized systematically
through all steps beginning from the particle preparation
process, over the in vitro testing of drug release, drug
transport in cell culture, pulmonary absorption, and distri-
bution characteristics in an isolated rabbit lung model, to
in vivo bronchoprotection studies in anaesthetized guinea
pigs. Sustained salbutamol release from the drug-loaded
nanoparticles was observed for 2.5 h in vitro. Drug transport
experiments conducted with primary cultured human alveo-
lar epithelial cells revealed a delayed transport of salbutamol
across the cell monolayer for nanoparticle formulations. In
parallel, a sustained salbutamol release profile was observed
after aerosol delivery of nanoparticles to the IPL as reflected
by a distinct absorption profile and lower salbutamol recov-
ery in the perfusate (∼40%) when compared to salbutamol
solution (∼63%). Moreover, a prolonged pharmacological
effect was observed for 120 min in vivo when salbutamol-
loaded nanoparticles were administered to guinea pigs [161,
177]. Overall, these results demonstrate good agreement
between in vitro, ex vivo, and in vivo tests, serve as examples
for the potential of the IPL to be used to predict drug
absorption from the intact animal and, therefore, present
a solid basis for future advancement in nanomedicine
strategies for pulmonary drug delivery.

5. Conclusion and Perspective

Implementation of nanotechnology offers new concepts for
development of optimized therapeutic and diagnostic tools
in medicine. Biodegradable polymeric nanoparticles hold
great promise to improve controlled and targeted drug
delivery to the desired site of action. Various nanoparticle-
containing formulations for drug delivery to the lung are
currently under investigation. Existing analytical protocols
allow the accurate analysis of the physicochemical properties
of these drug delivery systems, but a lack of methods
that elucidate the controlled release properties of polymeric
nanoparticles constrict the development of improved drug-
delivery vehicles. Isolated, perfused, and ventilated lung
models are promising tools to evaluate the controlled release
characteristics of nanoparticles intended for pulmonary
application. Ex vivo models allow the determination of the
fate of nanoparticulate drug delivery formulations at the
target site. As a consequence, more reliable drug release
and distribution data are obtained that adequately reflect
the dynamic effects occurring in vivo. The first promising
results that were made by the analysis of the release
properties of drug-loaded polymeric nanoparticles by the
ex vivo technique emphasize this strategy and will hopefully
promote progress in nanomedicine.
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