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bstract

The aim of the present work is to examine the viability of using large hollow nanoparticulate aggregates as the therapeutic carrier particles
n dry powder inhaler delivery of nanoparticulate drugs. The large hollow carrier particles are manufactured by spray drying of nanoparticulate
uspensions of biocompatible acrylic polymer with loaded drugs. The size and concentration of the nanoparticles, as well as the phospholipids
nclusion, have been known to influence the resulting morphology (i.e. size and degree of hollowness) of the spray-dried carrier particles. The effects
f the resulting morphology of the carrier particles on the drug release rate are therefore investigated by varying the above three variables. The

esults of the drug release study are presented using aspirin and salbutamol sulfate as the model drugs with a varying degree of water solubility. The
esults indicate that the drug release rate is governed by the degree of hollowness of the carrier particles, and to a lesser extent by the nanoparticles
ize, as a result of the variation in the drug loading capacity of nanoparticles of different sizes.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Dry powder inhaler (DPI) delivery of therapeutic agents
as recently become a subject of very active research with
he FDA approval of the use of spray-dried insulin dry pow-
er aerosols, Exubera from Pfizer, to treat patients with type
and type 2 diabetes. The FDA approval of Exubera provides
major boost for research activities in discovering innovative

harmaceutical technologies to deliver therapeutic agents by
nhalation for systemic circulation. In pulmonary drug delivery,
he inhaled particles are subjected to the phagocytic clearance

echanism in the lung alveolar region by the scavenging alveo-
ar macrophages. The lung phagocytosis is most significant for
articles having geometric diameter (dg) between 1 and 2 �m,
nd diminishes for particles having smaller or larger geometric

iameters (Ahsan et al., 2002; Makino et al., 2003). Recent stud-
es on pulmonary nanoparticle deposition suggest that inhaled
anoparticles (<100 nm) are the optimal particle size for alveo-
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ar deposition, as well as for minimizing the lung phagocytosis
Hoet et al., 2004).

However, the application of nanoparticulate drugs for DPI
elivery is not straightforward, as direct inhalation of nanopar-
iculate drugs is not feasible due to their extremely small size.
he nanometer size leads to the nanoparticulate drugs being
redominantly exhaled from the lungs, without any deposition
aking place. Moreover, a severe aggregation problem arising
rom the small size makes their physical handling extremely
ifficult for DPI delivery. To circumvent the above problems, a
ovel formulation technique to manufacture large hollow carrier
articles of nanoparticulate drugs has been developed by Tsapis
t al. (2002) using a spray drying technique. The formulation
echnique has since been subsequently enhanced by Hadinoto et
l. (2006).

The large and hollow features of the carrier particles are
pecifically designed to produce inhaled particles with high
erosolization efficiency and high therapeutic efficacy (Edwards

t al., 1997). The large hollow carrier particles, whose shells are
omposed of nanoparticulate aggregates, exhibit a large geo-
etric diameter (dg ≈ 10–15 �m), but with a small aerodynamic

iameter (1 ≤ da ≤ 3 �m). The small aerodynamic diameter of

mailto:kunn.hadinoto@gmail.com
dx.doi.org/10.1016/j.ijpharm.2007.03.035
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Nomenclature

D.O.F. the degree of freedom
n1,2 the number of independent replicates of samples

1 and 2
s1,2 the standard deviation of samples 1 and 2
x1,2 the mean of samples 1 and 2

Greek letters
α the probability of error, alpha parameter, in the

t-test
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μ1,2 the mean of populations 1 and 2

he large hollow particles, which makes them highly suit-
ble for DPI applications, is attributed to the hollow structure.
mportantly, the nanoparticulate aggregates have been shown to
isassociate into primary nanoparticles once they are exposed
o an aqueous environment, such as in the alveolar lung region.
ecause the large hollow nanoparticulate aggregates re-disperse

nto nanoparticles having a much smaller size, they do not retain
he shortcomings of the original large hollow particles devel-
ped by Edwards et al. (1997). Their large hollow particles have
een shown to exhibit (1) an extremely slow drug release rate
particularly for water-insoluble drugs), and (2) a slow polymer
egradation rate in the case of biodegradable polymers, which
re both due to their large geometric size (Dailey et al., 2003).

In the present work, large hollow nanoparticulate aggregates
f biocompatible PMMA-MeOPEGMa polymer nanoparticles
ith loaded drug have been manufactured. Salbutamol sulfate is
sed as the model for freely water-soluble drug (275 mg/mL at
0 ◦C), and aspirin is used as the model for lowly water-soluble
rug (4.6 mg/mL at 20 ◦C). Salbutamol sulfate and aspirin have
een chosen as the model drugs, because they are widely avail-
ble and cost-effective. PMMA nanoparticulate-system has been
hosen as the model nanoparticles due to its biocompatibility
Tao et al., 2003; Tapolsky et al., 2005), its high mechanical
trength, and rigid polymeric structure (Stanek et al., 2006).
he high structural-strength of the PMMA nanoparticles makes

hem highly suitable for use in the spray drying formulation,
here a high-impact shear force is exerted on the nanoparticles
y the atomizing fluid.

The details of the novel formulation technique have been
resented in Hadinoto et al. (2006, 2007), and not repeated here.
riefly, nanoparticulate suspension containing the drug is spray-
ried at a fast convective drying rate to ensure the formation
f spherical nanoparticulate aggregates with large and hollow
tructures. A minimum threshold value in the concentration of
he nanoparticulate suspension must be exceeded to obtain large
ollow particles from the spray drying process. The effects of
he chemical nature, size, and concentration of the nanoparticles
n the resulting morphology of the carrier particles have been

horoughly investigated.

The goal of the present work is to examine the viability of
sing the large hollow nanoparticulate aggregates, which feature
igh aerosolization efficiency and high therapeutic efficacy, as

p
n
c
B
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he therapeutic carrier particles in inhaled delivery of nanopar-
iculate drugs. In that regard, an in vitro drug release study of the
rug-loaded carrier particles in a phosphate buffer solution has
een conducted. The authors are fully aware that, with regard
o the aspirin, the nanoparticulate polymer delivery method is
ot the most suitable method of delivery due to the high dosage
equirement of aspirin (∼300 mg/day, compared to 400 �g/day
or salbutamol sulfate). Therefore, the authors would like to
mphasize that the aim of the present work is not to attempt to
evelop an improved method of delivering the aforementioned
rugs, but rather to identify the key facets in the formulation of
he large hollow nanoparticulate aggregates, which have signif-
cant impacts on the release rate of the therapeutic agents.

Specifically, the objective of the present work is to investigate
he effects of (1) the nanoparticles size, and its spray drying
oncentration and (2) the inclusion of phospholipids (i.e. a major
omponent of pulmonary surfactant) on the drug release rate.
ur previous studies (Hadinoto et al., 2006, 2007) have shown

he significance of the roles of the above three variables on the
esulting morphology (i.e. size and degree of hollowness) of the
arge hollow nanoparticulate aggregates. Nonetheless, how they
ubsequently affect the release of drug from the nanoparticulate
ggregates is not known. Therefore, the results of our study
rovide a comprehensive insight into the formulation of the large
ollow nanoparticulate aggregates with loaded drug.

. Materials and methods

.1. Materials

The monomers for the synthesis of the polyacrylate
anoparticles, i.e. methyl methacrylate (MMa, purity ≥99%),
ethoxy(polyethylene glycol)methacrylate (MeOPEGMa,
W = 2000), and the initiator 4,4-azobis(4-cyanovaleric

cid) (carboxy ADIB, purity ≥75+%) are purchased from
igma–Aldrich, except for the MeOPEGMa, which is kindly
upplied by Cognis Performance Chemicals (UK). Phos-
holipids S100 (95% phosphatidylcholine from fat free
oybean lecithin) is purchased from Lipoid GmbH (Germany).
hosphate buffer solution in water (pH 7.2), TWEEN 20
urfactant, salbutamol sulfate and aspirin are purchased from
igma–Aldrich. Ultra-pure water, hydrochloric acid, ethanol,
thyl acetate, acetonitrile and tetrahydrofuran analytical grade
re used in the experiments.

.2. Methods

.2.1. Preparation and characterization of the
MMA-MeOPEGMa nanoparticles

PMMA-MeOPEGMa is prepared by a solution polymeriza-
ion of MeOPEGMa and MMa in the proportions 15/85 (wt.%)
s described in Phanapavudhikul et al. (2002). Ethyl acetate and
thanol are used as the solvents. The polymer is converted into

olymer nanoparticles by a solvent replacement (also known as
anoprecipitation) technique. The nanoparticles exhibit steric
olloidal stability arising from the MeOPEGMa component.
riefly, 0.15 g carboxy ADIB is dissolved in 15 mL ethanol and
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5 mL ethyl acetate is added. The solution is refluxed for 45 min
t 90 ◦C in a water-cooled reflux condenser. Separately, the feed
olution is prepared by dissolving 0.13 g carboxy ADIB in 6 mL
thanol and 12.7 g MeOPEGMa is added. Next, MMa is poured
ccording to its weight fraction in a separate beaker. The volume
f both feed solutions is made up to 50 mL by adding ethanol.
he two feed solution are added drop-wise into the solution that
as been refluxed for 45 min, and let the polymerization run for
bout 2 h at 90 ◦C.

At the end of the polymerization, the temperature is main-
ained at 90 ◦C to partially evaporate the ethyl acetate, while
0–100 mL ethanol is continuously added to prevent the polymer
rom drying out. The drug-loaded nanoparticles are prepared by
issolving a certain amount of drug in the 50–100 mL ethanol.
ext, the solvent is displaced by adding water drop-wise at
0 ◦C inducing a macromolecular rearrangement of the poly-
er to form colloidally stable particles, which is evident as

he solution gradually becomes cloudy in its appearance. Con-
inue heating at 70 ◦C to let the remaining ethanol evaporate. A
ide range of nanoparticles sizes can be obtained by varying

he amount of ethanol added after the polymerization steps. The
ize of the nanoparticles is measured by dynamic light scattering,
lso known as photon correlation spectroscopy, using Zetasizer
ano-ZS (Malvern, UK).

.2.2. Preparation and characterization of the large hollow
arrier particles

B-290 Mini Spray Dryer (Büchi, Switzerland), which oper-
tes on the principal of a two-fluid atomizer, is employed in the
pray drying of nanoparticulate suspension to produce the large
ollow nanoparticulate aggregates. The following spray drying
perating condition is employed: inlet temperature of 105 ◦C,
ompressed air flow rate of 250 L/h, and feed rate of 4.0 mL/min.
he resulting outlet temperature at the above operating condition

s approximately 60 ◦C. In the sample preparation of the spray-
ried particles for characterizations, the particles are stored in
desiccator for a 48-h period prior to the analysis. The geo-
etric (dg) and aerodynamic (da) diameters of the spray-dried

articles are determined by light diffraction using particle size
nalyzer MS2000 (Malvern, UK) and time-of-flight measure-
ent using particle size distribution analyzer PSDA 3603 (TSI,
SA), respectively. The morphology of the spray-dried particles

s examined using a scanning electron microscope (SEM) model
SM-6700F (JEOL, USA).

.2.3. Determination of drug loading and drug entrapment
fficiency

The percentage amount of the drug encapsulated per unit
ass of the nanoparticles (i.e. the drug loading) is determined

y dissolving 50 mg of the freeze-dried polymer nanoparticles
n 10 mL acetonitrile. The resulting solution is next analyzed
sing a UV–vis spectroscopy method (Shimadzu, Japan) at a
avelength of 277 nm for both aspirin and salbutamol sulfate.

he drug entrapment efficiency is defined as the ratio of the
ass of drug recovered in the nanoparticles to the initial mass

f drug used in the formulation. The entrapment efficiency can be
traightforwardly calculated, once the values of the drug loading

3

T
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nd the concentration of the nanoparticles in the suspension are
nown. The suspension concentration (w/v) is determined by
reeze drying (Freeze-dryer Alpha 1-4, Christ, Germany) 10 mL
f the nanoparticulate suspension.

.2.4. In vitro drug release and polymer degradation study
The in vitro drug release study is conducted using a dialysis

ag (cellulose membrane, MW cut-off 12,400, Sigma–Aldrich),
hich (1) allows free diffusion of the drug molecules into the

elease medium, while at the same time (2) completely sepa-
ates the nanoparticles from the release medium (Soppimath et
l., 2001). The release study is conducted for the freeze-dried
anoparticles, the spray-dried large hollow carrier particles, and
he free form of the drugs. About 400 mg of the drug-loaded
articles are suspended in 10 mL of phosphate buffer solution
pH 6.8) inside a dialysis bag. The pH of the buffer solution is
djusted to 6.8 following the work of Torrado et al. (1996), and
uo et al. (2005) on aspirin release study. The pH is adjusted
y mixing the original buffer solution with 1.0N HCl (2:1, v/v).
urfactant TWEEN 20 (0.5%, w/v) is added as a stabilizer. The
ialysis bag is next placed in 115 mL of the buffer solution (sink
ondition) at 37 ◦C under magnetic stirring. At successive time
ntervals, aliquots (5 mL) of the release medium is collected
nd replaced with a fresh buffer solution. The collected sam-
le is next analyzed using the UV–vis spectroscopy at 296 and
77 nm for the aspirin and salbutamol sulfate, respectively. Each
xperiment is conducted in triplicate.

The results of the release study conducted using the dialy-
is bag diffusion technique have been compared with a method
ithout a dialysis bag, where the aliquots of the nanopartic-
late suspension are centrifuged using an ultracentrifugation
echnique at 70,000 rpm for 60 min (Ultracentrifuge CP70MX,
itachi, Japan). The results of the UV–vis spectroscopy of the

wo techniques do not indicate a significant variation in the
V–vis absorbance values (<5%), which indicates that the dif-

usion of the drug molecules through the dialysis membrane
s more rapid than the drug release from the particles. Lastly,
he molecular weight of the fresh polymer nanoparticles, and
fter 24 h immersion in the release medium, is determined using
gel permeation chromatography (GPC) technique (GPC 717,
aters, USA). The samples are freeze-dried and dissolved in

etrahydrofuran (THF). The GPC column is maintained at 40 ◦C
ith an injection flow rate of 0.3 mL/min.

.2.5. Test of statistical significance
The statistical significance of the relationships among the

ata from different experimental groups is evaluated using the
-test statistical method. The goal of the statistical analysis is to
etermine whether the trends in the drug release profiles as a
unction of the nanoparticle size and phospholipids concentra-
ion are statistically significant, or due to a random occurrence.
he details of the t-test analysis are presented in Appendix A.
. Results

A summary of the experimental data is presented in
ables 1 and 2. The nomenclature NP represents the freeze-dried
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Table 1
A summary of the experimental data: effects of the nanoparticles size

Description NP size (nm) NP recovery
(mg/10 mL
suspension)

Initial drug
inclusion (g)

Drug entrapment
efficiency (%)

Drug loading
(%)

Spray-dried
conc. (% w/w)

7-h Release
(%)

24-h Release
(%)

Freeze-dried NP

50 ± 20a 660 1.8 46 5.0 – 75 75
460 1.8 19b 3.0 – 88 88

70 ± 30a 550 0.9 31 2.0 – 88 88
120 ± 40a 450 1.8 56 9.0 – 56 95
170 ± 80c 250 0.2 63 2.0 – 65 80
220 ± 100a 800 2.4 83 10.0 – 60 95

Spray-dried LHP w/o
phospholipids

50 ± 20a 660 1.8 32 3.5 2.3 77 93
460 1.8 16 2.5 1.6 81 93

70 ± 30a 550 0.9 23 1.5 1.9 95 95
120 ± 40a 450 1.8 56 9.0 1.4 58 94
170 ± 80c 250 0.2 50 1.6 1.0 73 87
220 ± 100a 800 2.4 83 10.0 2.3 54 81
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a Aspirin-loaded.
b Dialyzed for 24 h to remove excess solvent.
c Salbutamol sulfate-loaded.

rimary nanoparticles, whereas the nomenclature LHP repre-
ents the spray-dried large hollow nanoparticulate aggregates
articles, whose shells are composed of the primary nanoparti-
les (NP).

.1. Morphology of the large hollow nanoparticulate
ggregates

SEM images of the spray-dried large hollow nanopartic-
late aggregates, with loaded drugs, are presented in Fig. 1
aspirin-loaded) and Fig. 2 (salbutamol sulfate-loaded). The
EM images show that a mixture of spherical large hollow
articles (dg = 10–15 �m) and very fine particles (dg ≤ 3 �m)
s produced. The hollowness of the spray-dried particles is
vident in their lower da values (≈3 �m) compared to their
g values. A closer look at the surface of the large hollow
articles, without loaded drug, reveals the nanoparticulate aggre-
ates that compose the surface (see Fig. 3). A comprehensive
iscussion on the morphology of the large hollow nanopartic-

late aggregates has been presented in Hadinoto et al. (2006,
007).

The solid-state of the drug in the nanoparticles is determined
y conducting a powder X-ray diffraction (PXRD, Bruker, UK)

a
o
d
m

able 2
summary of the experimental data: effects of the phospholipids concentration

escription NP size (nm) NP recovery
(mg/10 mL
suspension)

Initial drug
inclusion (g)

Drug
entrapment
efficiency
(%)

pray-dried LHP w/o
hospholipids

120 ± 40a 450 1.8 56

170 ± 80b 250 0.2 50

220 ± 100a 800 2.4 83

a Aspirin-loaded.
b Salbutamol sulfate-loaded.
ig. 1. Aspirin-loaded LHP of the 220 ± 100 nm NP spray-dried at 2.3% (w/w).
nalysis, where the results indicate a completely amorphous state
f the drug and the polymer nanoparticles. In other words, the
rug is not present in its crystalline state, but rather it is either
olecularly dispersed or physically dispersed in its amorphous

Drug
loading (%)

Spray-dried
conc.
(% w/w)

Phospholipids
(% of total
solids)

7-h Release
(%)

24-h Release
(%)

9.0 1.8 27 79 79

1.6
1.2 20 68 68
1.5 33 61 61

10.0
2.6 9 50 77
2.8 17 48 72
3.1 24 50 65
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Fig. 3. (a) A closer look at the LHP of the 70 ± 30 nm without loaded drug spray-
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ig. 2. Salbutamol sulfate-loaded LHP of the 170 ± 80 nm NP spray-dried at
.0% (w/w).

tate within the polymer matrix and/or on the nanoparticles sur-
ace (Sanchez et al., 1993).

.2. Drug release rate as a function of the nanoparticles
ize

.2.1. Different nanoparticles size, different drug loading
Aspirin-loaded nanoparticles having a wide range of sizes

i.e. 50 ± 20, 70 ± 30, 120 ± 40, and 220 ± 100 nm) are pro-
uced by varying the amount of ethanol (50–100 mL) added
fter the polymerization step. For the same initial amount of
rug used (1.8 g), the variation in the nanoparticles size leads to
variation in the drug loading and drug entrapment efficiency of

he nanoparticles, where larger size nanoparticles exhibit larger
alues for both (see Table 1). The results also indicate that the
alues of the drug loading and drug entrapment efficiency of the
maller size nanoparticles (i.e. 50 ± 20 and 70 ± 30 nm) slightly
ecrease after spray drying, which is not observed for the larger
ize nanoparticles (120 ± 40 and 220 ± 100 nm).

In addition, 170 ± 80 nm salbutamol sulfate-loaded nanopar-
icles are produced using the same technique. However, the
anoparticles size is not varied for the salbutamol sulfate due to
he low drug loading obtainable for nanoparticles sizes smaller
han 170 ± 80 nm. The low drug loading is attributed to the high
queous solubility of the salbutamol sulfate, such that the drug
uickly diffuses out from the polymer to the aqueous phase
uring the nanoprecipitation process.

In the present work, the reported amount of drug released is
ased on three independent UV–vis measurements for both the
spirin and salbutamol sulfate. The experimental uncertainty in
he values of the drug release rate is approximately 3%, which is

ased on the average of the uncertainty values at the seven sam-
ling times (i.e. 1/2, 1, 2, 3, 4, 7, 24 h). Importantly, the results
f the drug release study indicate that the free-drug particles
re completely dissolved within 4 h (see Figs. 4 and 5), which

p
p

t

ried at 1.9% (w/w). (b) A close-up view of the nanoparticulate aggregates on
he surface of the 70 ± 30 nm LHP.

ignifies the absence of drug absorption onto the dialysis bag
embrane. Furthermore, a majority of the NP and LHP systems

nvestigated are capable of releasing about 90% of the loaded
rug within a 24-h period (see Table 1).

Fig. 4 shows the results of the aspirin release profile as a
unction of the nanoparticles size, where each size exhibits a
ifferent drug loading capacity. The drug loading of the aspirin-
oaded NP increases from about 2.0–5.0% for the 50 ± 20 and
0 ± 30 nm NP to about 9.0% for the 120 ± 40 nm NP. Corre-
pondingly, the drug loading of the aspirin-loaded LHP increases
rom 1.5–3.5% for the 50 ± 20 and 70 ± 30 nm LHP to about
.0% for the 120 ± 40 nm LHP. The lower drug loadings of the
0 ± 20 and 70 ± 30 nm LHP, compared to their NP counter-

arts, are due to the additional drug lost during the spray drying
rocess.

The results indicate that the aspirin release profiles of both
he NP and LHP at NP drug loadings of 9.0 and 5.0% (see
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Fig. 4. (a) Aspirin drug release profile of the 120 ± 40 nm LHP at 9.0% NP drug loading. (b) Aspirin drug release profile of the 50 ± 20 nm LHP at 5.0% NP drug
l g loa
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oading. (c) Aspirin drug release profile of the 50 ± 20 nm LHP at 3.0% NP dru
oading.

ig. 4a and b, respectively) exhibit a biphasic type of behav-
or, which consists of a burst release phase that is followed by
slower steady release phase. In contrast, the drug release pro-
les of the NP and LHP at NP drug loadings of 3.0 and 2.0%
see Fig. 4c and d, respectively) exhibit a monophasic behavior
f a burst release phase in which close to 90% of the drug is
eleased in less than 1 h. To be exact, the percentage amount
f the drug released after 1 h is 52, 69, 78 and 93% for the

HP with 9.0, 3.5, 2.5, and 1.5% drug loading, respectively.
herefore, the results signify an increase in the degree of the
urst release rate for both the NP and LHP with the decrease
n the drug loading, which is associated with the decrease in

d
e
t
N

ding. (d) Aspirin drug release profile of the 70 ± 30 nm LHP at 2.0% NP drug

he nanoparticles size. Accordingly, the NP and LHP exhibit an
lmost identical monophasic-burst release profile at low drug
oading.

In contrast to the aspirin, where the biphasic release profile is
nly observed for NP drug loading above 5.0%, the salbutamol
ulfate drug release profiles exhibit a biphasic type of behavior
or both the NP and LHP at a lower NP drug loading of 2.0%
see Fig. 5). The difference in the release profiles of the two

rugs at NP drug loading of 2.0% results from the combined
ffects that stem from the variations in (1) the size of the salbu-
amol sulfate-loaded NP (170 ± 80 nm) and the aspirin-loaded
P (70 ± 30 nm), (2) the morphology of their corresponding
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ig. 5. Salbutamol sulfate drug release profile of the 170 ± 80 nm LHP at 2.0%
P drug loading.

HP, and/or (3) the physicochemical properties of the drugs
hemselves.

.2.2. Different nanoparticles size, constant drug loading
In Section 3.2.1, the dependence of the drug release rate on

he nanoparticles size is directly related to the drug loading, as
he variation in the nanoparticles size leads to a variation in the
rug loading. To complement the aforementioned results, the
ffect of the nanoparticles size on the aspirin drug release rate

s isolated by conducting a drug release study of two NP/LHP
ystems of two different nanoparticles sizes (i.e. 120 ± 40 and
20 ± 100 nm), which exhibit approximately similar drug load-
ngs (i.e. 9.0 and 10.0%, respectively).

ig. 6. Aspirin drug release profile of the 120 ± 40 and 220 ± 100 nm LHP at
.0% and 10.0% drug loading, respectively.
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The results in Fig. 6 indicate that the drug release rate of
he NP is not affected by the increase in the nanoparticles size
rom 120 ± 40 to 220 ± 100 nm. On the other hand, the drug
elease rate of the 220 ± 100 nm LHP exhibits a significantly
lower release compared to that of the 120 ± 40 nm LHP. It takes
pproximately 7 h for the 220 ± 100 nm LHP to dissolve 60% of
he drug, whereas it only takes less than 3 h for the 120 ± 40 nm
HP to do likewise. Over a 24-h period, only about 80% of

he drug is released from the 220 ± 100 nm LHP, compared to
95% release for the 120 ± 40 nm LHP. In addition, for the

20 ± 100 nm LHP, the drug is released at a slower rate than
hat of the 220 ± 100 nm NP, which is not observed previously
ith the other nanoparticles sizes (i.e. 50 ± 20, 70 ± 30, and
20 ± 40 nm). Therefore, the variation in the drug release rate
f these two LHP systems must be caused by factors other than
he nanoparticles size, because their release rates at the NP level
re found not to be affected by the nanoparticles size difference
see Section 4.1.2 below).

.3. Drug release rate as a function of the phospholipids
oncentration

The inclusion of the phospholipids in the LHP formulation
as found to significantly influence the resulting morphology

i.e. size and degree of hollowness) of the spray-dried LHP in
adinoto et al. (2007). Most importantly, varying the phos-
holipids concentration led to a variation in the degree of
ollowness, without affecting the fine particle production. In
ther words, the presence of the phospholipids did not signif-
cantly influence the resulting LHP particle size distribution.
herefore, varying the phospholipids concentration, instead of

he nanoparticles concentration, was concluded to be the pre-
erred method for controlling the degree of hollowness of the
HP. Recognizing the significant effects of the phospholipids

nclusion on the LHP morphology, and the importance of the
HP morphology on the drug release rate (see Section 4.1.2
elow), the effect of the phospholipids concentration on the LHP
rug release rate is investigated.

The studies are conducted for both the aspirin-loaded LHP
120 ± 40 and 220 ± 100 nm) and salbutamol sulfate-loaded
HP (170 ± 80 nm) (see Table 2). The phospholipids are dis-
olved in 5 mL ethanol and added to 100 mL nanoparticulate
uspension prior to the spray drying process. Fig. 7 shows that
he phospholipids inclusion (up to 27% of the total solid con-
ent) does not affect the initial burst release rate of the aspirin
<30 min) for the 120 ± 40 nm LHP. However, adding the phos-
holipids leads to an increase in the amount of drug released
fter 2 h from about 60%, in the absence of the phospholipids,
o about 80% at 27% phospholipids concentration.

Similar to the 120 ± 40 nm LHP, Fig. 8a indicates that the
hospholipids inclusion at varying concentration does not affect
he initial burst release rate of the aspirin in the 220 ± 100 nm
HP. In contrast to the 120 ± 40 nm LHP, however, the amount

f drug released after 2 h remains constant at about 50% for
ll the phospholipids concentrations investigated. The effect of
ncreasing the phospholipids concentration on the drug release
rofile of the 220 ± 100 nm LHP starts to intensify only after
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ig. 7. Aspirin drug release profile of the 120 ± 40 nm LHP at 9.0% NP drug
oading as a function of the phospholipids concentration.

h. Over a 24-h period, Fig. 8b shows that the amount of
rug released decreases from about 80% in the absence of the
hospholipids, to about 65% at 24% phospholipids concen-
ration. Again, the results are in contrast to the results of the
20 ± 40 nm LHP, where an increase in the amount of drug
eleased is observed with increasing phospholipids concentra-
ion. Furthermore, despite the presence of the phospholipids at
he LHP surface, the 220 ± 100 nm LHP yet exhibit a slower
elease rate than that of the 220 ± 100 nm NP (see Fig. 8a), which
as been observed previously in the absence of the phospholipids
see Section 3.2.2).

In addition, the effect of the phospholipids inclusion on the
elease of salbutamol sulfate from the 170 ± 80 nm LHP is
nvestigated. In contrast to the results for the aspirin, Fig. 9 indi-
ates that the phospholipids inclusion affects the initial burst
elease rate of the salbutamol sulfate, where the burst release
ate is reduced with increasing phospholipids concentration. As
result, the amount of drug released after 2 h is also reduced
ith increasing phospholipids concentration, from about 75%

n the absence of the phospholipids, to about 60% at 33% phos-
holipids concentration.

. Discussion

.1. Effect of the nanoparticles size on drug release rate

.1.1. Effect of the nanoparticles size, different drug
oading

The burst release phase, which is commonly observed in
he release study of small-molecules therapeutics (Cohen et al.,
991), is attributed to the rapid release of the surface-adsorbed

rug, which is readily accessible by the buffer medium. In
he preparation of the polymer nanoparticles using the nano-
recipitation technique, the accumulation of the drug at the
anoparticles surface is caused by the polymer nanoprecipita-

e
l
i
d

ig. 8. Aspirin drug release profile of the 220 ± 100 nm LHP at 10.0% NP drug
oading as a function of the phospholipids concentration: (a) 7-h release profile;
b) 24-h release profile.

ion process that occurs earlier than the drug precipitation (Leo
t al., 2004), which results in a majority of the drug precipi-
ates on the nanoparticles surface. Following the burst release of
he surface-adsorbed drug, a slower steady release of the drug
ntrapped within the polymer matrix takes place, hence leads
o the overall biphasic drug release profile reported in Section
.2.1.

Furthermore, the results in Fig. 4 also indicate that the initial
elease rate of the free-drug particles of aspirin (micronized par-
icle ≈100 �m; Sigma–Aldrich) is slower than that of the drug

ncapsulated in the polymer nanoparticles (at both NP and LHP
evels), particularly for the smaller size nanoparticles. The higher
nitial release rate of the encapsulated nanoparticulate drug is
ue to the higher dissolution rate of the nanoparticles compared
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ig. 9. Salbutamol sulfate drug release profile of the 170 ± 80 nm LHP at 2.0%
P drug loading as a function of the phospholipids concentration.

o their micron-size particle counterparts. On the other hand,
ig. 5 indicates that the initial release rate of the micronized
ree-drug particles of salbutamol sulfate is comparable to that
f the 170 ± 80 nm polymer nanoparticles, which is attributed
o the very high aqueous solubility of the salbutamol sulfate.

Notably, the release rate of the polymer nanoparticles at NP
rug loading of 9.0% slows down significantly after the initial
urst release phase that lasts for about 30 min (see Fig. 4a). The
lowing down of the release rate is not observed in the free-
rug particles, or in the polymer nanoparticles at a lower drug
oading. At NP drug loading of 9.0%, the slower aspirin drug
elease rate, after the initial burst release phase, indicates that
n increased fraction of the drug becomes entrapped within the
olymer matrix (as in not completely adsorbed on the nanoparti-
les surface) with increasing drug loading. As the drug becomes
hysically or molecularly dispersed within the polymer matrix,
he drug release mechanism is now governed by a combination
f polymer breakdown (i.e. matrix erosion) and diffusion out of
he polymer matrix.

The dependence of the drug release mechanism upon the
atrix erosion and diffusion has been found to lead to a slower

rug release rate (Erden and Celebi, 1996; Caliceti et al., 2000).
ccordingly, the drug release profiles of the NP and LHP pre-

ented in Fig. 4a exhibit a slower release rate compared to the
elease profiles at a lower drug loading (see Fig. 4b–d). At 9.0%
rug loading, only about 60% of the drug is released after 7
nd 2 h for the NP and LHP, respectively. On the other hand,
t 3.0% drug loading, 80% of the drug is released within 2 h
rom both the NP and LHP. Correspondingly, it takes 24 h to

issolve 90% of the drug at 9.0% drug loading, compared to
ust about 3 h at 3.0% drug loading (see Table 1). Moreover, the
verage molecular weight (Mw) of the polymer nanoparticles
etermined by the GPC is shown to decrease from 32,000 for

n
c
s
T
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he fresh LHP to about 20,000 after 24-h immersion in the drug
elease medium. The molecular weight loss corresponds with
he gradual bulk erosion of the polymer matrix into its chemical
onstituents.

More importantly, the results in Fig. 4 indicate that the aspirin
rug is released more rapidly from the LHP compared to that
rom the NP. A similar observation is made for the salbutamol
ulfate-loaded NP and LHP (see Fig. 5). The higher drug release
ate of the spray-dried LHP is postulated due to the nanoparti-
les being exposed to a high temperature, which exceeds the
lass transition temperature (Tg) of the polymer. The DSC anal-
sis (HyperDSC, Perkin-Elmer, USA) reveals that the glass
ransition temperature of the polymer is ∼65 ◦C. The adopted
canning temperature range in the DSC analysis is from 25 to
00 ◦C at a heating rate of 10 ◦C/min. The outlet temperature
n the spray drying chamber is approximately 60 ± 5 ◦C, hence
losely approaches the Tg value of the polymer. The exposure
o the high temperature close to their Tg value leads to the
anoparticles being softened and deformed into their rubbery
r less stable state, which alters the dispersion of the drug in
he polymer nanoparticles. The subsequent change in the solid-
tate of the polymer nanoparticles influences the drug release
ate, where drugs have been found to be released more readily
rom rubbery-state polymeric delivery systems (Fan and Singh,
989; Siepmann et al., 2004).

In a summary, for the same initial amount of drug used in the
ormulation, an increase in the drug loading and drug entrap-
ent efficiency of the nanoparticles is observed with increasing

anoparticles size. The increased drug loading subsequently
eads to a biphasic drug release profile for both the NP and
HP (in place of the monophasic-burst release profile), which

s attributed to a larger fraction of the drug becomes entrapped
ithin the polymer matrix at high drug loading.

.1.2. Effect of the nanoparticles size, constant drug
oading

The results presented in Section 3.2.2 lead to a conclusion
hat the slower drug release rate of the 220 ± 100 nm LHP (com-
ared to that of the 120 ± 40 nm LHP) is attributed more to the
esulting morphology of the LHP, rather than to the NP size. One
eature that best characterizes the LHP morphology is the degree
f hollowness, which is inversely proportional to the ratio of the
ffective density to the true density of the particles (ρe/ρtrue). The
ensity ratio was quantified in Hadinoto et al. (2007) by measur-
ng the value ofψdia = (da/dg)2. The diameter ratio measurement
as shown to be the more accurate technique in quantifying the
egree of hollowness, compared to the conventional technique
f tap density measurement.

In the present work, the diameter ratio measurement indi-
ates that the ψdia value of the 220 ± 100 nm LHP is about
.14, whereas that of the 120 ± 40 nm LHP is significantly
ower at 0.05, with 10% experimental uncertainties. Therefore,
he 220 ± 100 nm LHP, which are spray-dried at 2.3% (w/w)

anoparticles concentration, are significantly less hollow
ompared to their 120 ± 40 nm LHP counterparts, which are
pray-dried at 1.4% (w/w) nanoparticles concentration (see
able 1). The results are consistent with the findings of Hadinoto
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t al. (2006), which concluded that the degree of hollowness
f the acrylic polymer LHP decreased with increasing spray
rying nanoparticles concentration. The decrease in the degree
f hollowness of the LHP with increasing nanoparticles
oncentration is caused by an increased production of nearly
olid fine particles (≤5 �m), which exhibit a thicker shell. As
result, a decrease in the degree of hollowness with increasing
anoparticles concentration is often accompanied by a shift in
he LHP particle size distribution toward a smaller mean size.

Because the degree of hollowness of the 220 ± 100 nm LHP is
ower than that of the 120 ± 40 nm LHP, the relative shell thick-
ess (with respect to the particle radius) of the 220 ± 100 nm
HP is larger. The larger relative shell thickness results in the
hell becoming less susceptible to physical deformation due
o external forces (Sugiyama et al., 2006). Accordingly, the
anoparticulate aggregates in the 220 ± 100 nm LHP exhibit a
igher resistance to re-dispersion into their primary nanopar-
icles upon dissolution. As a result, the 220 ± 100 nm LHP are

ore difficult to be re-dispersed into their primary NP, compared
o the 120 ± 40 nm LHP, which are readily re-dispersed due to
heir thinner shell. Consequently, the drug release rate of the
20 ± 100 nm LHP, where the drug is released from larger size
ggregates, is significantly slower than that of the 120 ± 40 nm
HP.

.2. Effect of the phospholipids concentration on drug
elease rate

The wide variation in the drug release results as a func-
ion of the phospholipids concentration presented in Section 3.3
ndicates that the effect of the phospholipids inclusion on the
rug release rate varies for different types of drug. Importantly,
he variation in the effect of the phospholipids concentration
n the aspirin drug release rate, between the 120 ± 40 nm
HP (ψdia = 0.05) and the 220 ± 100 nm LHP (ψdia = 0.14),

e-emphasize the significant role of the LHP morphology on
he drug release rate. Hence, the slower release rate of the
20 ± 100 nm LHP compared to their corresponding NP is
lso thought due to the large relative shell thickness of the
20 ± 100 nm LHP (see Section 4.1.2), despite the presence of
he phospholipids.

For the 120 ± 40 nm LHP, the increase in the amount of drug
eleased with the phospholipids inclusion is postulated due to
he accumulation of the amphiphilic phospholipids at the LHP
urface, which has been verified by X-ray photoelectron spec-
roscopy (XPS) in Hadinoto et al. (2007). The presence of the
hospholipids at the surface leads to an increase in the surface
ydrophilicity of the hydrophobic polymer. As a result, water
ptake by the polymer is increased leading to an enhanced rate
f the bulk polymer erosion, which subsequently leads to a faster
rug release rate (Cohen et al., 1991).

Another explanation for the increase in the drug release rate
s the fact that the degree of hollowness of acrylic polymer

HP increased with increasing phospholipids concentration in
adinoto et al. (2007). The reported ψdia value of the LHP
ecreased from 0.13 to 0.05, when the phospholipids concen-
ration was increased from 0% to 33% of the total solid content.

1

f Pharmaceutics 341 (2007) 195–206

ccordingly, the 120 ± 40 nm LHP exhibit a thinner shell at
7% phospholipids concentration than that at 0% concentra-
ion. As the nanoparticulate aggregates in the thinner shell are

ore readily re-dispersed into the primary NP, the 120 ± 40 nm
HP formulated at a high phospholipids concentration exhibit a

arger amount of the drug released.

. Conclusion

The results of our study demonstrate that the drug loading
apacity of the LHP formulated in the present work is only
lightly lower, if not similar, to that of the primary NP constitut-
ng the LHP. The closely similar drug loading values between the
P and LHP indicate that a majority of the drug loaded during

he nanoprecipitation step is preserved throughout the spray dry-
ng process. Importantly, the LHP drug release pattern behaves
ccording to that of the NP, even though the rate at which the
rug is released is faster for the LHP, which is due to the change
n the solid-state of the polymer after spray drying. These two
ositive attributes of the LHP make them highly suitable to serve
s the carrier particles in pulmonary delivery of nanoparticulate
rugs.

In addition, the LHP drug release rate is found to be highly
ependent on the resulting morphology of the LHP (i.e. size and
egree of hollowness). The drug release rate is also dependent,
hough to a lesser degree, on the size of the primary NP. In other
ords, for two LHP systems of two distinct NP sizes, the drug

elease rates of the two LHP systems can vary, even though
heir release rates are similar at the NP level, if they exhibit a
ifferent degree of hollowness at the LHP level. LHP with less
egree of hollowness (i.e. thicker shell) exhibit a significantly
lower drug release rate, as the nanoparticulate aggregates in
thicker shell exhibit a higher resistance to re-dispersion into

he primary NP upon dissolution. Furthermore, increasing the
P size leads to an increase in the drug loading capacity of the
P. The increased drug loading capacity subsequently leads to
gradual shift from the monophasic-burst release profile to the
ore desirable slower-biphasic release profile. Lastly, the effect

f the phospholipids inclusion on the LHP drug release rate is
overned not only by the drug physicochemical properties, but
lso by the resulting LHP morphology.
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ppendix A. Test of statistical significance

.1. Methods
. For the test of statistical significance, n number independent
experimental measurements of samples 1 and 2 are conducted
to form n number independent replicates. The parameter of
interest is the percentage amount of drug released, which
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is determined by measuring the UV–vis absorbance of the
samples.

. In the present work, n1 = n2 = 3, hence three aliquots each of
samples 1 and 2 are drawn and analyzed using the UV–vis
spectrometer. The mean (x1, x2) and standard deviation (s1,
s2) of the samples, based on the three independent replicates
of the UV–vis absorbance values, are subsequently deter-
mined (Montgomery and Runger, 1999):

tcalc = x1 − x2√
(s21/n1) + (s22/n2)

(A.1)

D.O.F = ((s21/n1) + (s22/n2))
2

((s21/n1)
2
/(n1 + 1)) + ((s22/n2)

2
/(n2 + 1))

− 2

(A.2)

. The t-test is conducted to determine the statistical signifi-
cance of the effects of (a) the nanoparticles size, different
drug loading (Section 3.2.1), (b) the nanoparticles size, con-
stant drug loading (Section 3.2.2), and (c) the phospholipids
inclusion (Section 3.3) on the drug release rates of both the
NP and LHP. For (a) and (b), the analysis is conducted for the
1-h release data, whereas for (c), the analysis is conducted
for the 1-, 7- and 24-h release data (see Table A.1).

. For the effect of the nanoparticles size at different drug load-
ing, the t-test analysis is conducted using the 120 ± 40 nm
NP/LHP and the 70 ± 30 nm NP/LHP as the representative
samples. The analysis is conducted at the highest (subscript
1) and lowest (subscript 2) drug loadings (see Table A.1). For
the effect of the nanoparticles size at a constant drug load-
ing, the t-test analysis is conducted using the 120 ± 40 nm
NP/LHP at 9.0% loading and the 220 ± 100 nm NP/LHP at

10.0% loading as the representative samples. For the effect of
the phospholipids inclusion, the analysis is conducted using
the aspirin-loaded 220 ± 100 nm LHP and the salbutamol
sulfate-loaded 170 ± 80 nm LHP as the representative sam-

r
r
i
o

able A.1

ample Data #1 Drug
loading (%)

x1 s1 Data #2

ection 3.2.1
NP 1-h release 120 ± 40 nm 9.0 35.5 2.1 70 ± 30 n
LHP 1-h release 120 ± 40 nm 9.0 52.2 3.1 70 ± 30 n

ection 3.2.2
NP 1-h release 120 ± 40 nm 9.0 35.5 2.1 220 ± 100
LHP 1-h release 120 ± 40 nm 9.0 52.2 3.1 220 ± 100

ection 3.3
LHP 1-h release 220 ± 100 nm 10.0 35.7 2.1 220 ± 100
Phospholipids (%) 9 24

LHP 24-h release 220 ± 100 nm 10.0 77.1 0.8 220 ± 100
Phospholipids (%) 9 24

LHP 1-h release 170 ± 80 nm 1.6 57.2 1.7 170 ± 80 n
Phospholipids (%) 20 33

LHP 7-h release 170 ± 80 nm 1.6 67.5 2.0 170 ± 80 n
Phospholipids (%) 20 33
f Pharmaceutics 341 (2007) 195–206 205

ples, where the test is conducted at the highest (subscript 2)
and lowest (subscript 1) phospholipids concentrations.

. The hypothesis to be tested is H1: μ1 −μ2 = 0, which indi-
cates that the population means of samples 1 and 2 are equal,
such that the difference in the sample means x1 and x2 is
statistically insignificant, as it is due to a random occurrence.

. For α= 0.05, the hypothesis H1 is rejected when
tcalc > tα/2,D.O.F. or when tcalc < −tα/2,D.O.F.. If the hypothe-
sis H1 is rejected, it indicates that there is a strong statistical
evidence that the reported trends in the drug release rate as a
function of the nanoparticles size and phospholipids concen-
tration are statistically significant, and not due to a random
occurrence.

.2. Results

.2.1. The effect of the nanoparticles size, different drug
oading

The results of the t-test analysis for α= 0.05 presented in
able A.1 show that tcalc < −tα/2,D.O.F. for both the NP and LHP
t two different drug loadings. Therefore, the reported trend in
he drug release rate of the NP and LHP as a function of the drug
oading in Section 3.2.1 is statistically significant, and not due
o a random occurrence.

.2.2. The effect of the nanoparticles size, constant drug
oading

The tcalc result indicates that −tα/2,D.O.F. < tcalc < tα/2,D.O.F. for
he NP. Hence, it reaffirms the conclusion reported in Sec-
ion 3.2.2 that the drug release rates of the 120 ± 40 and
20 ± 100 nm NP are identical at the NP level. On the contrary,
he tcalc result indicates that tcalc > tα/2,D.O.F. for the LHP, which

eiterates the conclusion that the difference in the drug release
ates between the 120 ± 40 nm LHP and the 220 ± 100 nm LHP
s indeed due to the difference in their resulting LHP morphol-
gy, and not due to a random occurrence.

Drug
loading (%)

x2 s2 D.O.F. α= 0.05tα/2,D.O.F. tcalc

m 2.0 86.0 5.2 3 3.182 −15.669
m 1.5 93.0 5.6 4 2.776 −11.076

nm 10.0 36.6 2.2 6 2.447 −0.623
nm 10.0 28.9 1.7 4 2.776 11.241

nm 10.0 32.8 2.0 6 2.447 1.727

nm 10.0 64.6 0.6 6 2.447 21.524

m 1.6 49.1 1.5 6 2.447 6.204

m 1.6 61.2 1.8 6 2.447 3.992
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.2.3. The effect of the phospholipids inclusion
Aspirin. The tcalc result for the 220 ± 100 nm LHP at the 1-h

elease point indicates that −tα/2,D.O.F. < tcalc < tα/2,D.O.F.. Hence,
t reaffirms the conclusion reported in Section 3.3 that the phos-
holipids inclusion does not affect the initial burst release rate
f the aspirin. On the other hand, the tcalc result at the 24-
release point indicates that tcalc > tα/2,D.O.F., which signifies

hat the reported effect of the phospholipids inclusion on the
ong-term release of the aspirin is statistically significant.

Salbutamol sulfate. The tcalc results for the 170 ± 80 nm LHP
ndicate that tcalc > tα/2,D.O.F for both the 1- and 7-h release
oints. Therefore, the reported trend in the drug release profile
f salbutamol sulfate as a function of the phospholipids con-
entration is statistically significant, and not due to a random
ccurrence.
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