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Purpose. This study describes the development of surfactant-free,
biodegradable nanoparticle systems with varying physicochemical
properties and their suitability for pulmonary application via nebuli-
zation.
Methods. Nanoparticle suspensions were formulated from the
branched polyester, diethylaminopropyl amine-poly(vinyl alcohol)-
grafted-poly(lactide-co-glycolide) (DEAPA-PVAL-g-PLGA) alone,
as well as with increasing amounts of carboxymethyl cellulose
(CMC). Particle size, � potential, turbidity, and morphology (atomic
force microscopy) were characterized. Three formulations were cho-
sen for further study: Cationic nanoparticles without CMC, cationic
nanoparticles with CMC, and anionic nanoparticles with an excess of
CMC. Nanoparticle degradation was characterized, as well as stability
during nebulization. Nanoparticle-cell interactions were investigated
and quantified using confocal laser scanning microscopy and fluores-
cence spectrometry.
Results. Nanoparticles ranged in size from 70–250 nm and displayed
� potentials of +58.9 to −46.6 mV. Anionic nanoparticles showed the
highest stability during nebulization. The degradation rate of each
nanoparticle formulation decreased with increasing amounts of
CMC. Cell association was highest among cationic nanoparticles
(57% and 30%, respectively), although these were not internalized.
Despite a lower rate of cell association (3%), anionic nanoparticles
were internalized by A549 cells.
Conclusions. Surfactant-free nanoparticles from DEAPA-PVAL-g-
PLGA are versatile drug delivery systems; however, only the anionic
formulations investigated were proven suitable for aerosol therapy.
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INTRODUCTION

An enormous diversity of therapeutic agents is currently
administered to patients via aerosol inhalation and the num-

ber of potential drug candidates for pulmonary application
increases daily. The major areas of research are asthma (1),
cysic fibrosis (2), lung cancer (3), tuberculosis (4,5), pulmo-
nary hypertension (6), and diabetes (7,8). Issues complicating
the development of aerosol formulations include compound
loss during inhalation, dosing difficulties, enzymatic degrada-
tion within the lung, and the high costs of production. In
several cases, the utilization of a controlled release system has
the potential of overcoming many of these problems. Ideally,
such a formulation must be able to be incorporated into an
aerosol form, remain stable against forces generated during
aerosolization, target a specific site or cell population in the
lung, protect the compound against aggressive elements in the
pulmonary tract, release the compound in a predetermined
manner, be inert to the surrounding tissue, contain no irritat-
ing or toxic additives, and degrade when applicable within an
acceptable period of time without producing toxic by-
products (9,10).

Among the formulations currently being tested for pul-
monary application, polymeric nanoparticles show promise in
fulfilling the stringent requirements placed on these delivery
systems. In the current study, nanoparticles have been formu-
lated from a hydrophilic poly(lactide-co-glycolide) (PLGA)
derivative, composed of short PLGA chains grafted onto an
amine-substituted poly(vinyl alcohol) backbone (3-
diethylamino-1-propylamine (8%)-poly(vinyl alcohol)-
grafted-poly(lactide-co-glycolide)) (DEAPA-PVAL-g-
PLGA) (Fig. 1). The amphiphilic properties of DEAPA-
PVAL-g-PLGA make it highly suited for pulmonary
formulations in several ways. Nanoparticles may be generated
from DEAPA-PVAL-g-PLGA using a modified solvent dis-
placement method without the use of customary surfactant
stabilizers. This is of extreme importance for pulmonary ap-
plication, as the inhalation of significant amounts of synthetic
surfactants may disturb the naturally regulated surface ten-
sion of the pulmonary lining fluid, thus leading to impaired
lung function or inflammation (11). Further, it has been dis-
covered that the addition of varying amounts of a polyanion,
such as carboxymethyl cellulose (CMC), dextran sulfate or
even DNA, to the polymer during nanoparticle formulation
can generate nanoparticles of variable physicochemical prop-
erties. This attribute can be used to design nanoparticle sys-
tems (e.g., cationic or anionic particles) for higher drug en-
capsulation efficiencies or greater stability in the face of shear
forces.

Another aspect vital to the success of a polymeric drug
delivery system in the lung is the rate of biodegradation, as
well as the toxicity of degradation products. As many critics of
pulmonary polymeric drug delivery have aptly pointed out,
the prolonged degradation rates of most common biodegrad-
able polymers, such as PLGA, are not suitable for application
in the respiratory tract, especially when frequent administra-
tion is necessary. However, hydrophilic derivatization of
PLGA, such as in the case of DEAPA-PVAL-g-PLGA, can
have a dramatic effect on the rate of degradation by increas-
ing the degree of water saturation within the particles and
thereby enhancing hydrolytic degradation (12). Depending
on the individual therapeutic regime of such a drug delivery
system, a complete degradation of the particles within 1 week,
or even 24 h, may be desired.
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MATERIALS AND METHODS

DEAPA-PVAL-g-PLGA was synthesized according to
Wittmar et al. (13). Carboxymethyl cellulose (Tylopur® C
600) was purchased from Clariant (Sulzbach, Germany),
5-(4,6-dichlorotriazinyl) aminofluorescein (5-DTAF) from

Molecular Probes (Leiden, The Netherlands), and Resomer®

503H was acquired from Boehringer Ingelheim (Ingelheim,
Germany). All other chemicals were of analytical grade and
purchased from Sigma Aldrich (Taufkirchen, Germany). Two
different nebulizers were used in this study: the jet nebulizer,
Pari® LC Star (Pari) (Pari Werk GmbH, Starnberg, Ger-
many) and the ultrasonic nebulizer, Optineb® (Opti) (Nebu-
tec, Elsenfeld, Germany). A549 cells were obtained from the
German Collection of Microorganisms and Cell Cultures.
Cells, passages 8–15, were maintained with DMEM supple-
mented with 10% fetal calf serum and 2 mM L-glutamine in
an atmosphere of 8.5% CO2 at 37°C and a relative humidity
of 95%. A549 were seeded at a density of 1.0 × 104 cells / cm2

and grown to confluency (approximately 72 h postseeding).

Preparation of Nanoparticle Suspensions

Nanoparticles were generated using a solvent displace-
ment method, as described by Jung et al. (14) and modified in
the following manner: 5 mg polymer, dissolved in 1.5 ml ac-
etone, were slowly injected into 5 mL distilled water contain-
ing 0.01 M Tris-EDTA buffer pH 7.4 and, when applicable,
varying amounts of CMC. The resulting suspensions were
magnetically stirred for 3 h under reduced pressure to allow
for removal of residual acetone.

Nanoparticle Characterization

The �-potential of the nanoparticles was measured in
deionized water using a Malvern Zetasizer 3000 (Malvern
Instruments GmbH, Herrenberg, Germany), while particle
size was measured by photon correlation spectroscopy (PCS)
at 90° through a 400 �m pinhole (Malvern Zetasizer 3000,
Malvern Instruments GmbH, Herrenberg, Germany). The
quality of each nanoparticle suspension could be estimated
visually, as well as by turbidity measurements, using UV spec-
trometry (Ultraspec 1000, Pharmacia Biotech, Uppsala, Swe-
den) at a wavelength of 630 nm. Triplicate measurements of
the % transmission of each sample were performed using
distilled water as a reference.

Atomic Force Microscopy

Three nanoparticle formulations exhibiting varying phys-
icochemical properties were chosen for further study. Formu-
lation 0-CMC(+) consisted of a nanoparticle suspension gen-
erated in the absence of any polyanion additive (cationic
nanoparticles), formulation 5-CMC(+) consisted of nanopar-
ticles generated in the presence of 5 �g CMC/mg DEAPA-
PVAL-g-PLGA (cationic nanoparticles), and formulation 50-
CMC(−) consisted of nanoparticles generated in the presence
of 50 �g CMC/mg DEAPA-PVAL-g-PLGA (anionic nano-
particles). All imaging of the nanoparticles was performed
using a Nanoscope IIIa multimode atomic force microscope
(Veeco, Bicester, UK), operating in tapping mode in a liquid
environment. A scan speed of approximately 2 Hz with 512 ×
512 pixel resolution was used in all cases. Silicon nitride ox-
ide-sharpened cantilevers were selected for this study, oper-
ating at resonant frequencies of approximately 10 kHz. A
sample volume of 40 �l was spotted onto a 1 cm2 disk of
freshly cleaved mica. The addition of 10 mM nickel chloride

Fig. 1. DEAPA-PVAL-g-PLGA
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was necessary to initiate the attraction and immobilization of
the negatively charged nanoparticles at the negatively
charged mica surface. 0-CMC(+) and 5-CMC(+) were applied
in undiluted form, whereas the anionic 50-CMC(−) formula-
tion, due to the excessively high concentration of nanopar-
ticles, had to be diluted at a ratio of 1:10 in distilled water
before application.

Nanoparticle Degradation

A method to characterize nanoparticle degradation was
developed based upon a similar study by Shuai et al., in which
the accumulation of the polymer degradation products, lactic
and glycolic acid, was quantified (15). Nanoparticle suspen-
sions, 0-CMC(+), 5-CMC(+), and 50-CMC(+) were prepared
as described earlier. In addition, nanoparticles consisting of a
commercially available poly (lactide-co-glycolide) polymer,
Resomer® 503H (RG503H), were prepared in a 0.1% aque-
ous poloxamer solution (Pluronic® F68, Sigma Aldrich,
Taufkirchen, Germany). The suspensions were incubated at
37°C while undergoing vertical rotation. 0.5 ml samples of
each suspension were removed without volume replacement
at predetermined time intervals. Nanoparticles or intact poly-
mer molecules in the samples were precipitated with 0.5 mL
5% sodium chloride solution and centrifuged at ×4,000g for
30 min. The absorption intensity of the supernantant was
measured at 205 nm in a UV spectrometer. The total amount
of �-hydroxy acids in each sample was defined as the amount
released after incubation of 5 mg polymer in 5 ml 0.1M po-
tassium hydroxide solution for 4 weeks. Under these condi-
tions, the PLGA chains were hydrolyzed to lactic/glycolic acid
and detected at 205 nm. Calibration curves from each hydro-
lyzed polymer sample were used to calculate the percent of
released �-hydroxy acids and negative controls of all formu-
lations without the addition of polymer were used to set base-
line absorption.

Stability During Nebulization

The stability of the nanoparticle suspensions during aero-
solization was qualitatively investigated using Fraunhofer la-
ser diffraction (Sympatec GmbH, Clausthal–Zellerfeld, Ger-
many). Briefly, samples of 5 ml suspension (5-CMC(+) and 50
CMC(−)) were nebulized with the Pari® LC Star and the
Optineb®. Nebulization was carried out at an airflow rate of
10 L/min for a total of 10 min. Samples of the nebulized
aerosol were collected by placing a glass microscopic slide in
front of the nebulizer mouthpiece and allowing the aerosol
droplets to deposit on the glass. The resulting condensation
fluid was collected in Eppendorf tubes for further analysis.
Aliquots of the non-nebulized nanoparticle suspensions and
the suspensions after nebulization were added to a cuvette
filled with 29 mL distilled water and measured via laser dif-
fractometry.

Labeling of DEAPA-PVAL-g-PLGA With 5-DTAF

Ten milligrams DEAPA-PVAL-g-PLGA were dissolved
in 400 �l acetone and slowly injected into 2 ml 0.03 Tris-
EDTA buffer pH 9.0. The mixture was stirred magnetically
for 2 h to remove residual acetone. 260 �g 5-DTAF (dissolved
in 26 �l dimethyl sulfoxide) were added to the mixture and
allowed to react under light exclusion for 1.5 h at 60–70°C.

Free 5-DTAF was separated from bound 5-DTAF via size
exclusion chromatography using a Sephadex G-25 column
(PD10, Pharmacia, Freiburg, Germany) with a 10 kD cut-off.
The aliquot of labeled polymer (∼2 ml) was lyophilized for a
minimum of 48 h (Christ �-01, Christ, Osterode, Germany). A
recovery of 30–50% labeled polymer was generally achieved.

Quantitative Determination of
Nanoparticle-Cell Interactions

Cell association was determined by incubating A549 cells
seeded on 24 well polystyrene dishes (growth area: 1.9 cm2)
(Nunc, Wiesbaden, Germany) with the nanoparticle suspen-
sions and subsequent quantitation was performed via fluores-
cence spectrometry (LS 50 B, Perkin–Elmer, Rodgau–
Jügesheim, Germany). Fluorescent-labeled nanoparticles
were prepared as previously described using a polymer mix-
ture of 90% DEAPA-PVAL-g-PLGA and 10% 5-DTAF-
DEAPA-PVAL-g-PLGA. A subset of double-labeled nano-
particle suspensions was also prepared by encapsulating 8.95
mol Rose Bengal (RB)/mol DTAF-DEAPA-PVAL-g-PLGA
(2% theoretical loading) in the nanoparticles. An encapsula-
tion efficiency of approximately 97% was achieved. All nano-
particle suspensions were diluted with an equivalent volume
of 10% glucose solution to achieve isotonicity. Cells were
incubated with 0.5 ml of each nanoparticle suspension for 60
min. at 37°C, 8.5% CO2, and 95% r.h. Following incubation,
the suspension was removed and the cells were washed three
times with ice-cold 5% glucose. The cell layers were allowed
to dry at room temperature under light exclusion and were
subsequently lysed in 200 �l 50 mM EDTA / 2% Triton-X pH
8.0. The amount of cell-associated fluorescence was quanti-
fied at the following wavelengths: 5-DTAF excitation � 488
nm, 5-DTAF emission � 525 nm, RB excitation � 540 nm,
and RB emission � 567 nm.

Confocal Laser Scanning Microscopy

Cells grown on glass chamber slides (Lab-Tek® II,
growth area: 4.0 cm2, Nunc, Wiesbaden, Germany) were in-
cubated for 60 min with 1 ml isotonic nanoparticle suspension
and washed as previously described. The cell layers were sub-
sequently fixed with 3% (v/v) formalin in phosphate buffered
saline solution and counterstained with TRITC-labeled ma-
clura pomifera agglutinin (MPA, 0.01�g/ml) and 4�6-
diamidino-2-phenylindole (DAPI, 1�g/ml) for 20 min under
light exclusion. The cells were embedded in FluorSave®

(Merck Biosciences, Darmstadt, Germany) and examined un-
der a confocal laser scanning microscope (Axiovert™, Zeiss
CLSM 501, Jena, Germany) equipped with a Zeiss Neofluor
100*/1.3 oil immersion objective. Excitation wavelengths
were 364 nm (long pass filter (LP) 385 nm) for DAPI, 488 nm
(LP 505 nm) for 5-DTAF, and 543 nm (LP 560 nm) for
TRITC and RB. A gallery of 40 optical slices (0.4 �m) was
collected and xz, yz composites were processed using Zeiss
LSM 510™ software. Sensitivity was kept constant during dif-
ferent experiments.

Statistical Analysis

Statistical calculations were carried out with SPSS 9.0 for
Windows (SPSS GmbH, Munich, Germany). All values were
presented as the mean ± standard deviation unless otherwise
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noted. Statistical comparisons were performed using nano-
particle aired Student’s t tests after prior evaluation of normal
distribution via Kolmogorov–Smirnov tests. In the case of
multiple testing, the Holm correction was applied (16). Prob-
ability values p < 0.05 were considered significant.

RESULTS

Nanoparticle Characterization

Eight nanoparticle formulations were generated with in-
creasing amounts of CMC and were characterized with regard
to particle size, �-potential, and turbidity (Table I). Nanopar-
ticle formation was highly dependent upon the �-potential of
the nascent nanoparticles. Only particles displaying a pro-
nounced positive or negative charge were able to form stable
nanoparticle suspensions, whereas formulations exhibiting a
�-potential close to neutrality, approximately 10–50 �g CMC
/ mg DEAPA-PVAL-g-PLGA, showed immediate polymer
agglomeration. Nanoparticle size measurements and turbidity
studies also mirrored this trend. Nanoparticle diameters, as
well as the visual cloudiness of the suspensions, grew with
increasing neutrality. While formulations without CMC
showed nearly 100% transmission, nanoparticles containing
CMC were generally opalescent with a higher transmission
among the positively charged suspensions. Anionic nanopar-
ticle suspensions displayed a definite opalescence and trans-
mission rates ranging from 60–70%.

Three representative nanoparticle formulations were vi-
sualized using AFM (see Fig. 2). It was shown that 0-CMC(+)
consisted exclusively of free DEAPA-PVAL-g-PLGA, which
had formed tiny spheres of approximately 20–40 nm (see Fig.
2A). 5-CMC(+) contained larger nanoparticles (100–200 nm)
interspersed amid a background of free DEAPA-PVAL-g-
PLGA (see Fig. 2B), while absolutely no free DEAPA-
PVAL-g-PLGA was detectable within the 50-CMC(−) formu-
lation (see Fig. 2C). This was verified by images taken from
samples of 50-CMC(−) on mica without nickel chloride pre-
treatment. In this case, no cationic polymer or nanoparticle
structure could be observed attached to the negatively
charged mica (data not shown). In contrast, pretreatment
with nickel chloride resulted in images displaying a large,
homogenous population of nanoparticles ranging in size from
150–250 nm.

Nanoparticle Degradation

Degradation profiles based on mass loss and molecular
weight determinations have been performed with polymers of
this class and have shown rapid degradation within 2–7 days
(17). These methods, however, do not take into account nano-
particle size and morphology, as well as other formulation
components, such as CMC or potential drug compounds,
which may influence the degradation rate. A suitable method
to characterize polymer degradation from nanoparticles has
not yet been devised and the method used in this study can
only provide information on the release rate of degradation
products. Despite this, valuable information regarding the in-
fluence of formulation parameters on �-hydroxy acid release
could be obtained.

A consequence of the stabilizing effect of CMC on nano-
particle formulations was a significant decrease in the rate of
degradation between nanoparticle formulations with and
without CMC (Fig. 3). Although 0-CMC(+) had released 86.9
± 2.2% �-hydroxy acids after 4 weeks incubation, 5-CMC(+)
had released 80.6 ± 2.6% and 50-CMC(−) only 65.3 ± 4.7%.
The slower degradation rate of the 50-CMC(−) formulation,
most likely due to the increase in hydrophobicity caused by a
neutralization of the polymer charge, is, in comparison to the
degradation rate of RG 503H (only 25.2 ± 3.1% after 4
weeks), a significant acceleration. The burst effect seen in the
initial 24 h results, in part, from the presence of free lactic and
glycolic acid residues within the polymer, which were de-
tected via gas chromatography.

Stability During Nebulization

Figure 4 depicts a typical volume distribution curve mea-
sured by Fraunhofer laser diffraction before and after nebu-
lization of the nanoparticle suspensions with both the Pari®

LC Star and Optineb®. As previously discussed in (18), limi-
tations of the Fraunhofer theory restrict the applicability of
this method for the exact determination of particle sizes <500
nm. Despite this, laser diffractometry has proven an excellent
means of determining changes in particle size populations
before and after nebulization. As Figs. 4A–D demonstrate,
both 5-CMC(+) and 50-CMC(−) nanoparticle populations
were small and uniformly distributed before nebulization. In
contrast, laser diffraction analysis of the collected nebulized
suspension 5-CMC(+), as well as from the residual reservoir
fluid (data not shown) of both nebulizers, showed a bimodal
size distribution pattern implying that particle aggregation
indeed took place during the nebulization process (see Fig.
4A,C). This was verified by AFM images taken from the
nebulized samples (see Fig. 4E,G). Furthermore, visible poly-
mer aggregation was observed in the reservoir compartments
of both nebulizers. Nebulization of 50-CMC(−), on the other
hand, had absolutely no effect on the nanoparticle size distri-
bution regardless of nebulizer type (see Fig. 4B,D), as also
verified by AFM images (see Fig. 4F,H). Due to the ex-
tremely small size of the polymer structures in 0-CMC(+)
(20–40 nm), it was not possible to characterize this formula-
tion using laser diffractometry. However, nebulization of
0-CMC(+) also led to visible polymer aggregation in both
nebulizer reservoirs. This observation implied that free
DEAPA-PVAL-g-PLGA was unstable during jet and ultra-
sonic nebulization, while nanoparticles created from this

Table I. Eight Nanoparticle Formulations Were Generated with In-
creasing Amounts of CMC and Were Subsequently Characterized
with Regard to Particle Size (PCS), �-Potential (Laser Doppler An-

enometry) and Turbidity (UV Spectrometry)

CMC
concentration

(�g CMC/
mg polymer)

Particle size
(nm)

Zeta potential
(mV)

Turbidity
(% transmission)

0 76.2 ± 8.8 58.9 ± 1.9 96.4
5 177.8 ± 1.0 47.6 ± 1.7 88.9

10* 241.4 ± 1.9* 45.7 ± 0.7* 88.7*
20** 256.6 ± 4.6** 39.9 ± ** 86.0**
50 202.5 ± 2.9 −16.6 ± 0.3 63.6

100 202.5 ± 1.5 −23.0 ± 0.5 72.4
200 215.5 ± 2.9 −28.4 ± 0.4 62.2
400 213.6 ± 3.0 −46.6 ± 1.1 71.4

The asterisks denote cases in which polymer precipitation and floc-
culation occurred (* light flocculation, ** heavy flocculation).
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polymer showed absolutely no tendency toward aggregation.
This theory also provides an explanation for the partial insta-
bility of 5-CMC(+) during nebulization, as this formulation
contained significant amounts of free DEAPA-PVAL-g-
PLGA.

Nanoparticle-Cell Interactions

Figure 5 shows CLSM images taken after cells had been
incubated with all three formulations for 60 min. It could be

clearly shown that the surface charge of the particles had a
dramatic effect on cell interactions. The cationic formulations
exhibited an extremely high affinity for the cell membrane
(see Fig. 5A–C). Internalization of the free polymer or par-
ticles, by means such as adsorptive endocytosis, apparently
did not occur within the investigated time period. Nanopar-
ticles from the anionic formulation, 50-CMC(−), did not dem-
onstrate an affinity toward the cell membrane (see Fig. 5D,E).
However, CLSM images showed that 50-CMC(−) nanopar-

Fig. 2. AFM images of three representative nanoparticle formulations. A) 0-CMC(+), B)
5-CMC(+), C) 50-CMC(−).
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ticles were internalized to some extent (see Fig. 5E), although
the mechanism remains unclear.

Cell association of the different formulations was quan-
tified using fluorescence spectrometry (Fig. 6). As seen in the
CLSM images, 0-CMC(+) displayed the highest degree of cell
association (57.6 ± 2.8%). 5-CMC(+) exhibited a 2-fold de-
crease in cell association (30.6 ± 5.6%), whereas only 2.9 ±
0.7% of the 50-CMC(−) nanoparticles were actually taken up
by the cells. The amount of the encapsulated model drug, RB,
did not significantly differ from the detected amount of
5-DTAF, implying that RB remained incorporated within the
nanoparticles for the duration of the study. This was also
confirmed by the confocal images of nanoparticles containing
RB, in which the colocalization of the two fluorophores is
easily seen (see Fig. 5B, F). The anionic nature of RB influ-
enced the formation of nanoparticles in the same manner,
although to a weaker extent, as CMC. This resulted in poly-
mer agglomeration of 5-CMC(+) containing RB and, there-
fore, quantification of cell association, as well as CLSM stud-
ies, could not be performed with this formulation.

DISCUSSION

The most highly publicized breakthrough in the pulmo-
nary delivery of controlled release systems was made in 1997
with the development of large, porous particles (LPP) for dry
powder inhalation (19). These PLGA microparticles showed
enhanced aerodynamic properties enabling such large par-
ticles to be delivered to the peripheral regions of the lung and
were proposed to avoid macrophage clearance by virtue of
size alone. However, a disadvantage of the original LPP was
the slow rate of PLGA degradation in the lung periphery,
resulting from the large size of the particles and small area of
fluid contact.

This problem has since been addressed by several
groups. The major trend is to move away from PLGA as the
biodegradable polymer of choice for pulmonary delivery sys-

tems and instead concentrate on synthesizing polymers that
degrade within a much shorter timespan. Fu et al., for ex-
ample, have developed ether-anhydride copolymers, com-
posed of sebacic acid and copolymerized with PEG, for pul-
monary microparticle delivery (20). For several years, our lab
has been synthesizing biodegradable branched polyesters
consisting of PLGA chains grafted to a PVAL backbone for
use in a wide spectrum of drug delivery systems. Due to the
hydrophilic PVAL backbone, these polymers were especially
useful for the encapsulation of highly sensitive molecules,
such as proteins or peptides (15,21–23). Further derivatization
of this polymer class has led to a new generation of charge-
modified branched polyesters to which DEAPA-PVAL-g-
PLGA belongs. These new polymers have proven extremely
useful by utilizing electrostatic interactions to further increase
encapsulation efficiencies of drug molecules. Another posi-
tive aspect is the fact that by varying the degree of amine
substitution or PLGA side-chain to backbone ratio, a spec-
trum of polymers could be synthesized displaying almost any
chosen rate of degradation.

Although most studies of pulmonary drug delivery sys-
tems have used microparticles to deliver their contents via dry
powder inhalation to the respiratory tract (24), few have
shown interest in nanoparticle systems. Realizing the advan-
tages of nanoparticle technology, Tsapis et al. optimized the
LPP by developing “trojan particles” for pulmonary drug de-
livery (25), which are essentially LPP comprised of spray-
dried nanoparticle suspensions. They claim to combine the
positive aerodynamic aspects of LPP with the attractive drug
delivery properties of nanoparticles. Although achieving this
to an extent, the main disadvantage of the trojan particles is
the dependence on non-biodegradable polystyrene or silica
nanoparticles for LPP formulation. The application of non-
biodegradable systems in the lung is questionable, especially
in cases where multiple dosing is required.

In comparison to other systems, the anionic nanoparticle
formulations described in this study avoid many such ob-
stacles. For example, alveolar deposition can be easily
achieved by either jet or ultrasonic nebulization of the nano-
particle suspensions, regardless of the aerodynamic proper-
ties of the nanoparticles themselves. One important observa-
tion made in this study was the influence of the formulation
on stability during nebulization. Our previous studies demon-
strated clearly that a certain degree of polymer hydrophilicity
was essential to prevent particle aggregation within aerosol-
ized fluid droplets during nebulization. Especially high aggre-
gation rates were observed, for example, among hydrophobic
PLGA particles during jet nebulization (18). In the present
study, it was further demonstrated that not only polymer hy-
drophilicity was necessary for stability during nebulization,
but also the formation of well-defined nanoparticles. Formu-
lations containing free DEAPA-PVAL-g-PLGA showed high
amounts of aggregated polymer and, therefore, only anionic
formulations could be nebulized efficiently. In contrast to our
previous study, in which most hydrophilic nanoparticles
showed a small percent of aggregation (18), nebulization did
not have any effect on the 50-CMC(−) nanoparticles.

The acquisition of highly defined nanoparticles from
DEAPA-PVAL-g-PLGA was shown to be dependent on
nanoparticle formulation. Based on the physico-chemical
data, it was postulated that DEAPA-PVAL-g-PLGA formed
a colloidal, highly cationic polymer suspension in water when

Fig. 3. Release of lactic / glycolic acid from nanoparticle suspensions
as a measure of nanoparticle degradation over a time period of four
weeks (n � 3). The amount of degradation products released from
5-CMC(+), 50-CMC(−), and RG503H after four weeks incubation
differed significantly from that of the free polymer, 0-CMC(+) (p >
0.05).

Dailey et al.2016



Fig. 4. Stability of the nanoparticle suspensions, 5-CMC(+) and 50-CMC(−), during jet and ultrasonic nebulization. Figures 4A–D show
the size distributions of nanoparticle suspensions before and after nebulization as measured by Fraunhofer laser diffractometry. Figures
4E–H show the corresponding AFM images of nebulized nanoparticle suspensions. 4E) 5-CMC(+) after nebulization with the Pari® LC
Star, 4F) 50-CMC(−) after nebulization with the Pari® LC Star, 3G) 5-CMC(+) after nebulization with the Optineb®, 3H) 50-CMC(−) after
nebulization with the Optineb®.
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applied in the absence of an opposite charge (0-CMC(+)),
whereas the addition of increasing amounts of CMC to the
aqueous phase resulted in the precipitation of nanoparticles
within the colloidal polymer suspension. It may be assumed
that the net charge of the polymer was neutralized during the
complexation process with CMC, which ultimately led to a
higher degree of lipophilicity and precipitation to nanopar-
ticles. It is likely that a small percent of the free polymer was
absorbed onto the particle surface causing an electrostatic
repulsion among the particles, explaining the higher stability
in suspension (5-CMC(+)). A further increase in the amount
of CMC (10–50 �g/mg polymer) very likely left the nanopar-
ticles insufficiently coated with free cationic DEAPA-PVAL-
g-PLGA and thus prone to agglomeration. Only after a criti-
cal CMC concentration had been exceeded (�50 �g CMC/mg

polymer) were free CMC molecules able to sufficiently coat
all precipitated nanoparticles and prevent agglomeration (50-
CMC(−)).

Another major advantage of DEAPA-PVAL-g-PLGA
nanoparticles over those made from PLGA is the surfactant-
free formulation. Although in many cases synthetic surfac-
tants may be acceptable excipients for oral or even intrave-
nous application, these agents may significantly disturb lung
function and also disrupt the nebulization process of most
nebulizers as a result of intense foaming. The only additive
needed to generate DEAPA-PVAL-g-PLGA nanoparticles is
a negatively charged anion (ideally a polyanion), which is
required for complexation with the cationic amino moieties of
the PVAL chain. In this study, CMC, a common pharmaceu-
tical excipient, was chosen as a stabilizer; however, the role of

Fig. 5. Cell association after 60 min incubation with three nanoparticle suspensions. 5A)
0-CMC(+), 5B) 0-CMC(+) + RB, 5C) 5-CMC(+), 5D) images not available, 5E) 50-
CMC(−), 5F) 50-CMC(−) + RB.
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CMC may be substituted by any other polyanion, including
dextran sulfate, which has been previously used in the pul-
monary tract as a mucolytical agent in cystic fibrosis research
(26), or even DNA for use in gene therapy (13).

Most properties of the anionic nanoparticle systems in-
vestigated in this study make this formulation the most suit-
able for pulmonary drug delivery. However, a major disad-
vantage of the 50-CMC(−)nanoparticles was their extremely
low rate of in vitro cell association. Electrostatic repulsion
between the anionic nanoparticles and the negatively charged
cell membrane lowered the probability of nanoparticle-cell
interactions dramatically. However, it was surprising to ob-
serve that, while cell association was low, actual particle in-
ternalization could be detected in the CLSM images. The
cationic formulations, 0-CMC(+) and 5-CMC(+), displayed
the opposite effect. In this case, electrostatic interactions with
the membrane components were responsible for the high af-
finity to the membrane of the A549 cells, albeit without any
evidence of internalization.

Although in vitro studies may provide clues to the be-
havior of such systems in vivo, they cannot replace in vivo
models. Because of this fact, further studies with optimized
nanoparticle systems, such as 50-CMC(−), in in vivo models
are essential for complete characterization. Future questions
of interest include nanoparticle deposition patterns in the
lung after aerosol application, residence time of the nanopar-
ticles in the lung, and toxicology or biocompatibility studies.
Of particular interest may also be the question as to whether
biodegradable nanoparticles trigger the same inflammatory
response in the lung as “ultrafine particles” of other materials
have been shown to do (27). Finally, once the safety of these
nanoparticle systems has been established, their efficacy as
drug carriers using relevant therapeutic compounds remains
to be characterized.
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