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Efficient administration of drugs represents a leading challenge in pulmonary medicine. Dry powder
aerosols are of great interest compared to traditional aerosolized liquid formulations in that they may offer
improved stability, ease of administration, and simple device design. Particles 1–5 �m in size typically
facilitate lung deposition. Nanoparticles may be exhaled as a result of their small size; however, they are
desired to enhance the dissolution rate of poorly soluble drugs. Nanoparticles of the hypertension drug
nifedipine were co-precipitated with stearic acid to form a colloid exhibiting negative surface charge.
rug delivery
anoparticles
ifedipine
ry powder aerosol

Nifedipine nanoparticle colloids were destabilized by using sodium chloride to disrupt the electrostatic
repulsion between particles as a means to achieve the agglomerated nanoparticles of a controlled size.
The aerodynamic performance of agglomerated nanoparticles was determined by cascade impaction. The
powders were found to be well suited for pulmonary delivery. In addition, nanoparticle agglomerates
revealed enhanced dissolution of the drug species suggesting the value of this formulation approach for

onar
ensio

b
i
h
f
e
a
s

a
(
p
p
t

poorly water-soluble pulm
to treat pulmonary hypert

. Introduction

Pulmonary formulation of dry powder aerosols represents a
apidly growing sector in the field of drug delivery (Edwards et al.,
998). With characteristically fast onset of action, high bioavailabil-
ty and relative ease of administration, pulmonary delivery of drugs
resents potential advantages to many traditional dosage forms
Patton and Byron, 2007). Nifedipine (NIF) is one such drug that
ears complicated pharmacodynamics when administered in an
ral dosage form. Nifedipine shows limited systemic bioavailabil-
ty via the oral route due to a combination of enzymatic effects in
he stomach and small intestine, primarily from P450 reductase and
YP3A-mediated drug metabolism (Zhang et al., 2007). Though it
s effective in easing symptoms of severe hypertension, it some-
imes can be harmful due to aberrant dosing leading to elevated
asodilation and extreme hypotension (Wachter, 1987). Nifedip-
ne is particularly useful in treating pulmonary hypertension, but
ypotensive side affects hinder the drug in this case (Ricciardi et al.,
999). Given orally, the concentrations that are needed to achieve
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y medicines. Ultimately, nifedipine powders are envisioned as an approach
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eneficial effects to the heart may cause unwanted side affects,
ncluding an increase in mortality rate for patients with coronary
eart disease (Furberg et al., 1995). For these reasons, current oral

ormulations of nifedipine bear a largely untapped therapeutic
ffect that could be harnessed if it were consistently administered
t lower dosages. Pulmonary administration of nifedipine is one
uch strategy that might alleviate the aforementioned difficulties.

Porous microparticles have recently been investigated for their
bility to avoid premature deposition due to inertial impaction
Dunbar et al., 2002). Aerodynamic diameter is a very influential
arameter for controlling inertial impaction. A geometrically large
article with a small aerodynamic diameter essentially means that
he particle moves as if it were a much smaller particle of unit den-
ity. An aerodynamically smaller particle carries with it a smaller
mount of inertia and so this translates to a lower susceptibility to
nertial impaction. The governing equation is shown:

ae =
( �particle

�water × �

).5
× dge (1)

he variables �particle and �water are the densities of the particle

aterial and water, respectively, dge is the geometric particle diam-

ter, and � is a shape factor (1 for a sphere and almost always
ncreasing for irregular shapes) (DeCarlo et al., 2004).

Nifedipine is a dihydropyridine and resides in a class of calcium
ntagonists known as calcium channel blockers (Fig. 1). The site of

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:berkland@ku.edu
dx.doi.org/10.1016/j.ijpharm.2008.10.016
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Fig. 1. Chemical structure of nifedipine.

ction is at the calcium channels residing on the surface of all cells
nd it primarily acts upon smooth muscle cells and heart muscle
ells. Nifedipine is a weak acid (pKa = 3.93) and is recognized for
ts photosensitivity and very low solubility in water (∼10 �g/mL in
ater at 37 ◦C) (Friedrich et al., 2005). Most drugs in the class of
ihydropyridines bear similar physical and chemical properties to
ifedipine, such as hydrophobicity and pyridine backbone.

Evidence has shown nifedipine to be effective in the treatment of
asospastic angina, hypertension, aortic regurgitation, and chronic
ngina but not unstable angina (Kloner, 1995). This drug has shown
wide range of therapeutic effect, but often it is abandoned due

o side effects such as pronounced hypotension, diarrhea, hepato-
oxicity, mental confusion, and even death (Hedner, 1986; Kloner,
995). It has also been shown to cause gastritis in the GI tract (Lavy,
999). These side effects, however, are primarily the result of excess
rug in the dose as is required for current oral formulation. The
ommon site of action for nifedipine is at the heart or the lungs, in
he case of primary pulmonary hypertension. If nifedipine was able
o be delivered via the pulmonary route then it may be possible to
ocally treat the diseased tissue while avoiding many of its most
nwanted side affects.

In the present study, the design and characterization of a dry
owder aerosol of nifedipine is reported. A pulmonary formulation

s envisioned as treatment of hypertension, primary pulmonary
ypertension and/or chronic acute angina pectoris. Novel for-
ulations of nifedipine have been investigated due to its poor

olubility and limited bioavailability (Sencar-Božic et al., 1997;
amiya et al., 2007). Few formulations, however, have employed

he pulmonary route for nifedipine administration. To this end,
anoparticle agglomerates were synthesized via the destabiliza-
ion of a suspension of stable charged nanoparticles (NPs). Stearic
cid allowed for stabilization of the resulting colloid, and the
harge provided by stearic acid facilitated destabilization with the
ddition of electrolytes. The resulting nanoparticle agglomerates
emonstrated excellent aerosol properties and improved dissolu-
ion compared to micronized drug.

. Materials and methods

.1. Materials

Nifedipine, stearic acid, and sodium chloride were purchased
rom Sigma Chemicals Co. USA and used as received in solid form.
thanol 95% denatured, acetone, and phosphate buffered salts were
urchased from Fisher Scientific and used as received. Spectra/Por
ellulose dialysis membranes (MWCO = 6–8 kDa) were purchased
rom Fisher Scientific. DI water was used throughout the study as
btained from a Millipore EasyPure unit present on site.
.2. Preparation of nifedipine nanoparticle suspensions

Since nifedipine can be degraded by light, special care was
aken to protect the drug throughout formulation and analysis.

M
M
t
f
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anoparticles were prepared by the rapid mixing of ethanol with
issolved nifedipine and stearic acid into a larger aqueous vol-
me, known as a solvent/anti-solvent precipitation technique. In
common experiment, 10 mg of nifedipine and 1 mg of stearic acid
ere completely dissolved in 1 mL of ethanol and allowed to stir

vernight. This solution was added to 29 mL of cold deionized water
ia pipette injection under probe sonication (Fisher Sonic Dismem-
rator, model 500) at 60% amplitude for 20 s. The resulting colloid
as then frozen at −20 ◦C and lyophilized, or stored in a 4 ◦C refrig-

rator until further processing into nanoparticle agglomerates. At
his time, 3 mL was taken from the solution for sizing and imag-
ng. All solution vials and reaction vessels were kept covered from
ny light sources, as nifedipine exhibits considerable photosensi-
ivity (∼10% in 24 h) from UV and visible light spectra (Grundy et
l., 1912).

.3. Nanoparticle characterization

Nanoparticle size, polydispersity, and zeta potential were all
easured in solution directly after synthesis by dynamic light scat-

ering (Brookhaven, ZetaPALS). Zeta potential measurements were
erformed using 1 mM KCl solution. All measurements were per-
ormed in triplicate. Briefly, 1 mL of the solution was added to a
tandard cuvette and the remaining volume was filled with deion-
zed water. Measurements were taken at 90◦ to the incident light
ource while assuming a viscosity and refractive index of pure
ater. After arriving at a combined size, a second cuvette was filled
ith 1 mL to determine the zeta potential of the particles in solution
sing 0.1 M KCl as the running buffer.

.4. Preparation of nanoparticle agglomerates

Nanoparticle colloids were destabilized via ionic force interac-
ions to control the agglomeration of nanoparticles. Briefly, 30 mL
f the nanoparticle suspension was taken from refrigeration and
olid salt crystals were added to 0.1 M. Directly after addition, the
uspensions were subject to vigorous mixing via homogenization at
0,000 rpm. Samples were left to sit at room temperature for ∼4 h,
nd then transferred to a −20 ◦C freezer before being lyophilized in
freeze dryer (Labconco, FreeZone 1). Some samples were allowed

o settle for 24 h and excess water was decanted prior to freeze dry-
ng. This procedure facilitated the elimination of most of the salt
sed as an agglomerating agent. Drying continued for 36–48 h to
emove residual water. Lyophilized powder was stored in glass vials
t room temperature until further characterization. Colloid stabil-
ty was tested under a range of salt molarities and agglomeration
ehaviors were observed under all conditions.

.5. Agglomerate characterization

Agglomerated nanoparticles were studied in solution and as a
ry powder. After the agglomeration event was complete, a small
olume (∼3 mL) of the solution was analyzed using a Beckman
oulter Multisizer III with a 100 �m aperture tube. Data were col-

ected until the output graphs showed a stable shape and particle
ounts were above 10,000. After lyophilization, particle yield was
etermined using the following equation:

ield = Mpowder

M
× 100 (2)
powder is the mass of solids retained after lyophilization, and
initial is the mass of solids introduced into the initial ethanol solu-

ion during nanoparticle fabrication plus the amount of salt added
or agglomeration.
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nature ensures that the molecule may act as an interface between
the nifedipine nanoparticles and water phase. Presumably, stearic
acid led to the negative surface charge on the nanoparticles, which
increased their stability in water (Table 1). Nifedipine is a charac-
teristically non-polar molecule, so any accumulation of charge on

Table 1
Particle properties of nifedipine nanoparticles and nanoparticle agglomerates.

Particle property Value
38 C. Plumley et al. / International Journ

Dry powders of the nanoparticle agglomerates were analyzed by
ime-of-flight measurement using an Aerosizer LD (Amherst Instru-

ents) equipped with a 700 �m aperture operating at 4 psi. For
his step, 5 mg of the powder were added to the aerosizer and data
ere collected until the output graphs showed a stable shape and

he particle counts were above 10,000. Measurements were taken
nder medium shear and no regularization.

A cascade impactor was then used to collect data on pow-
er performance. Briefly, eight filters were weighed and set onto
ollection plates which were housed within eight airtight stages
rranged serially and stacked on a level setting. Air was then
umped through the stages at a rate of 30 L/min via a vacuum
ump and about 10 mg of sample were introduced at the top of the

mpactor device. The powders were allowed to deposit amongst
he stages for 20 s, after which time the air flow was stopped.
ilters were then removed from the stages and weighed. Cut-
ff particle aerodynamic diameters for each stage were provided
y the manufacturer as follows: pre-separator–10.00 �m, stage
–9.00 �m, stage 1–5.8 �m, stage 2–4.7 �m, stage 3–3.3 �m, stage
–2.1 �m, stage 5–1.1 �m, stage 6–0.7 �m, stage 7–0.4 �m and the
nal stage (stage 8) is intended to collect any remaining partic-
lates. Mass of material deposited on each stage of the impactor
as determined by measuring the mass by differences of each
f the filters placed on the stages. These respective masses were
sed to calculate the respirable fraction emitted via the following
quation:

RF =
∑cutoff

F m

mtot
× 100 (3)

here %RF is the percent of respirable mass in the powder, F and
ut-off designate the final and cut-off stage for the calculation, m is
he mass on a given stage, and mtot is the sum of mass on all stages.
he mass median aerodynamic diameter, MMAD, was obtained by
linear fit of a plot of the cumulative mass plotted as a function of

he logarithm of the effective cut-off diameter, and recording the
iameter at the midpoint of the curve fit.

Finally, the powders were characterized via a tap density test
nd a test for angle of repose. The tapped and untapped (bulk)
ensities were determined by demarcating a small cuvette with
nown volumes, and then inserting a small mass of powder into
he cuvette (bulk density) and tapping it vertically against a padded
ench top 50 times (tapped density). The mass was divided by
he initial and final volumes. From these values the Hausner ratio
tapped density/bulk density) and Carr’s index (Ci) [(tapped den-
ity − bulk density)/tapped density × 100%] were also determined
or each of the samples (Aulton, 1988; Kumar et al., 2001). The angle
f repose for each powder was measured via the fixed cone height
ethod. Briefly, a glass funnel with an internal stem diameter of
mm was placed 1 cm over a glass slide. Particles were allowed

o flow gently through the funnel until a cone was formed which
eached the funnel orifice. The angle of the cone to the horizontal
as then recorded. This test was performed in triplicate for each

ample.

.6. Particle imaging

Nanoparticles, microparticles and pure drug crystals were
maged via a scanning electron microscope. The samples were

eposited onto mica slides in solution (or as received for the crys-
als) and allowed to evaporate overnight. These samples were then
oated with gold palladium under an argon atmosphere using a
old sputter module in a high-vacuum evaporator. Samples were
hen observed for their surface morphology using a LEO 1550 field-
mission scanning electron microscope.
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.7. Characterization of particle morphology

Dry nanoparticles, microparticles, and stock nifedipine were
nalyzed using a TA Q1000 differential scanning calorimeter. Sam-
les were weighed out (5 mg) and were deposited into aluminum
ans. Pans were sealed and inserted into the device for data col-

ection. A standard empty pan was inserted along with each pan to
ccount for the heating of pure aluminum. Data was collected using
temperature gradient test from 50 to 200 ◦C at a rate of 10 ◦C/min
nder nitrogen. Melting and transition point measurements were
erformed using the software provided with the device.

All 13C spectra were collected using a Chemagnetics CMX-300
pectrometer using ramped amplitude cross-polarization (RAMP)
Metz et al., 1994), magic-angle spinning (MAS) (Stejskal et al.,
977), sideband suppression, and SPINAL-64 decoupling (Fung et
l., 2000). Samples were packed in 7 mm zirconia rotors using
eflon® end caps, and spun at 4 kHz in a 7 mm spin module from
evolution NMR. All spectra are the sum of 1600–3600 transients
ollected using a 20–45 s pulse delay, a contact time of 2–7 ms, and
1H 90◦ pulse width of 3.1 �s. The free induction decays consisted
f 2048–3072 points with a dwell time of 33.3 �s. The spectra were
xternally referenced to tetramethylsilane using the methyl peak
f 3-methylglutaric acid at 18.84 ppm (Barich et al., 2006b).

.8. Dissolution studies

Dissolution of the nanoparticle agglomerates, nanoparticles,
nd pure drug was quantified using a Shimadzu SPD-10A UV–vis
etector set for wavelength detection at 240 nm. The HPLC sys-
em consisted of a SCL-10A system controller, LC-10AT LC pump,
IL-10A auto injector with a sample controller, and CLASS VP anal-
sis software. 45:55 (water:methanol) mixture buffered to pH 4.5
as used as mobile phase. Flowrates in the column were adjusted

o 2 mL/h and all injections were taken at 50 �L. All studies were
erformed via a dialysis method in triplicate and sink conditions
ere maintained at a 30:1 volume ratio. Solutions were allowed to

tir at 200 rpm at room temperature. The equivalent of 4 mg was
ntroduced into dialysis bags with a molecular weight cut off of
–8 kDa.

. Results and discussion

Stearic acid was used in the formulation of nanoparticles in this
tudy. Stearic acid is found in the surfactant layer that rests above
he lung epithelium in small amounts, is solid at room temperature,
mphiphilic, and has also exhibited a small penetration enhanc-
ng effect for specific drug types (Ilett et al., 1974; Rosa and Catalá,
998). Solidity at room temperature is particularly important to
nsure solid morphology of the final powders. Also, the amphiphilic
ffective diameter (nm) 470 ± 40
olydispersity 0.34 ± 0.1
eta potential (mV) 24 ± 6
P yield (%) 75 ± 5
ean agglomerate dia. (um) 11 ± 6

gglomerate yield (%) 91 ± 4
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Table 2
Flowability parameters stock nifedipine as received, nifedipine/stearic acid nanoparticles and the corresponding nanoparticle agglomerates.

Sample Stock nifedipine Nif/SA NP Nif/SA agglomerates

Bulk density (g/cm−3) 0.9 ± 0.2 0.10 ± 0.01 0.07 ± 0.02
Tapped density (g/cm−3) 1.0 ± 0.3 0.12 ± 0.01 0.09 ± 0.01
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arr’s index 10 ± 0.8
ausner ratio 1.1 ± 0.01
ngle of repose (◦) 50 ± 1

he surface of the nanoparticles may be attributed to the stearic
cid. In designing the formulation, it was of great importance to
ontrol the surface charge of the nanoparticles (Table 1). Charged
articles are able to interact across long distances via electrostatic
orces (Mendez-Alcaraz et al., 1992) and the surface charge may be
isrupted as a means to induce nanoparticle assembly.

It was observed that a main design constraint, nanoparticle size,
ould not be easily controlled by manipulating operating conditions
uring the formation of the colloid (data not shown). The rate of
article precipitation was strongly dependent on the relative sol-
bilities of the drug in both phases (water and ethanol), and this
ffect was observed to dominate other potential factors in particle
ormation such as mixing energy and mixing time. As long as there
as sufficient mixing of these two solvents, which was achieved via
ltrasonication at low to moderate amplitudes, the nucleation and
rowth kinetics led to submicron particle sizes. However, if solu-
ions containing a high concentration of nifedipine were injected,
article size tended to increase and colloidal stability was difficult
o maintain.
The yield of the mass recovered for processed nanoparticles
nd nanoparticle agglomerates was studied (Table 1). The yield
f nanoparticles recovered as dry powders were considerably
ower than nanoparticle agglomerate yields (∼12% lower). This was

ainly due to the tendency for nanoparticles to adhere to the

a
s
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t
i

ig. 2. SEM images for (A) nanoparticles, (B) nanoparticle agglomerates with 1:1 salt addi
ars are 1, 10, 10, and 100 �m (A–D).
17 ± 1.0 25 ± 2
1.2 ± 0.2 1.3 ± 0.3
77 ± 2 58 ± 4

urfaces of the collection vessels. Nanoparticles were also more
ifficult then their agglomerates to transfer to vials after lyophiliza-
ion, and this may have also contributed to low yields. The presence
f small amounts of residual sodium chloride was not considered
ince yield calculations were based on relative mass of drug recov-
red.

Basic powder properties for stock nifedipine, nanoparticles and
anoparticle agglomerates were also studied. Flowability and den-
ity characterization helped elucidate the bulk powder property
ifferences between samples (Table 2). Interesting points were
bserved, such as the large angle of repose for the nanoparticles,
he decrease in density of the unprocessed drug with respect to the
anoparticles and of the nanoparticles with respect to the nanopar-
icle agglomerates, and the increasing Carr’s index as a result of the
rocessing steps. A large angle of repose for the nanoparticles was
robably the result of strong adhesion forces between nanoparti-
les and between nanoparticles and larger agglomerates in the bulk
ixture.
When testing powder density, nifedipine nanoparticles and
gglomerates showed some ability to pack as illustrated by the
mall difference between bulk and tapped densities. Flowabil-
ty indices may be calculated from these density differences and
he angle of repose. Carr’s flowability index provides a general
ndication of interparticulate forces (Louey et al., 2004). As the

tion, (C) close up of a single agglomerate, and (D) pure nifedipine as received. Scale
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corresponding increase in surface imperfections of smaller partic-
ulates. Overall peak areas were calculated using a peak integration
method (Table 3). Processed samples all showed lower peak areas
on a per mass basis compared to the stock materials. The data
ig. 3. Aerodynamic and geometric diameter size distributions for nanoparticle
gglomerates.

ndex increases, the differences between bulk and tapped densities
ncrease. This equates to a greater degree of interparticulate forces
n the sample and generally poor flowability. The data showed that
he nanoparticle agglomerates yielded the highest Carr’s index;
owever, these indices are not an absolute measure of the per-

ormance of a powder. Indeed, good flowability does not equate
irectly to enhanced aerosolization. The results indicated poor
owability for agglomerates, but further data revealed that the
gglomerates were able to sufficiently aerosolize. Hausner ratios
ere not significantly different.

The decreasing densities were congruent with the particle struc-
ures observed in SEM micrographs (Fig. 2). The unprocessed drug
as composed of large faceted solids resembling crystals with

eometries on the order of 100 �m, which presumably led to the
igh bulk density observed. The agglomerate images indicated a
emi-porous structure and this probably led to the lower densi-
ies for the processed particles. Also, large arrays of agglomerates
ere shown to be consistently less than 10 �m (Fig. 2b). The similar

gglomerate sized indicated a well-controlled agglomeration.
To begin characterization of the final powders, particle sam-

les were tested on an Aerosizer LD and a Coulter Multisizer 3
o measure their aerodynamic and geometric diameters, respec-
ively (Fig. 3). The multisizer data were collected in solution, and
ere important to quantify the agglomeration event since it is
ell known that particles can uncontrollably agglomerate upon

yophilization. The samples revealed a fairly monodisperse dis-
ribution of sizes between about 5 and 15 �m, with an average
iameter of about 10 �m. More so, the data revealed very stable
icrostructure in the nanoparticle agglomerates. Their distribu-

ions were barely altered after intense homogenization, and the
urves maintained their overall shape (data not shown). Aerosizer
ata revealed a narrower size distribution and a lower mean diam-
ter.

The relationship between aerodynamic diameter and geometric
iameter may be recalled from Eq. (1). The variables are arranged
o that if the particle density is lower than that for water, then
he aerodynamic diameter will be some fraction of the geomet-
ic diameter. Also, irregularly shaped particles yield a shape factor
reater than one which will lead to the aerodynamic diameter being
ome fraction of the geometric diameter. In the case of nifedip-

ne nanoparticle agglomerate samples, the geometric diameters

ere shown to be much larger than the aerodynamic diameters.
or a typical sample, the average geometric diameter was about
ve times larger than the average aerodynamic diameter (Fig. 3).
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omparing these graphs offered further confirmed that the parti-
les were porous. The difference between particle distributions for
he aerodynamic and geometric measurements suggested that the
articles had excellent aerodynamic properties.

SEM micrographs also revealed the morphology of nanopar-
icles, nanoparticle agglomerates and pure drug (Fig. 2). Images
elped validate that nanoparticle agglomeration led to microparti-
le formation, since the images clearly indicated assemblages of
anoparticles. Studies in other disciplines have shown that col-

oidal particles will agglomerate due to van der Waals forces, and
hat electrostatic forces are essential to avoiding this agglomeration
Parkville, 1990). These studies provide an ample background for
aining insight into colloidal destabilization. The colloids studied
ere were agglomerated by charge neutralization or “salting out”
y employing sodium chloride. Stearic acid/nifedipine nanoparti-
les exhibited only a weakly negative surface charge to stabilize the
anoparticles. The colloid destabilization mechanism has also been
hown to benefit from anion presence (Parkville, 1990).

The nanoparticle SEM images showed a somewhat elliptical
orphology with an average diameter somewhere below 1 �m

Fig. 2a), but not as small as 100 nm, which was consistent with
LS data. The nanoparticle agglomerate images revealed a highly

extured morphology, with many small and similarly shaped pro-
rusions from the surface. These features were indicative of the

echanism behind particle formation, as they were probably the
esult of nanoparticles grouped together during the agglomeration
tep. Also, we can see a somewhat porous assembly (Fig. 2c). In
omparison, the stock drug was shown to bear a highly faceted
tructure, and particles resembling crystals larger than 100 �m
ere observed. This faceted morphology was not observed in any

f the other images, thus suggesting a possible change in overall
rystallinity.

DSC thermographs were used to investigate the effects of pro-
essing on drug morphology, and to verify the overall content in
ach of the formulations. Both stearic acid and nifedipine exhib-
ted sharp endothermic peaks where they underwent a melting
henomenon upon heating (Fig. 4). Endothermic peaks at the
ifedipine and stearic acid location appear in all the graphs. Firstly,

t can be seen that the area decreased for all processed samples,
hich could possibly result from the increased surface area and
ig. 4. Differential scanning calorimetry thermograms for stearic acid, nifedipine,
ure nifedipine nanoparticles, nifedipine/stearic acid nanoparticles, and nanoparti-
le agglomerates that contain nifedipine, stearic acid, and NaCl.
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Table 3
DSC peak integrations for stock nifedipine, stock stearic acid, nifedipine nanoparti-
cles, nifedipine/stearic acid nanoparticles and corresponding agglomerates.

Sample Peak location (◦C) Peak area (J/g)

Nifedipine 174 121
Stearic acid 76 245
NIF nanoparticles 150 30

156 28.8
NIF/SA nanoparticles 67 24.2

152 32
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160 38.8
IF/SA agglomerates 67 9.1

163 36.3

howed peak locations close to the original locations in the stock
aterial, thus, verifying sample compositions.
The 13C spectra of nifedipine as received and as nanoparticles

as acquired to further study drug morphology (Fig. 5). Both the
s received nifedipine and the nanoparticles exhibited relatively
arrow lines (several tens of hertz), indicating that these sam-
les were crystalline. Harris and coworkers have previously studied
he crystalline and amorphous forms of nifedipine, including the
ssignment of the 13C MAS NMR spectrum of crystalline nifedipine
Apperley et al., 2005). The spectra of nifedipine were identical to
hat of form 1 in the Harris paper.

The spectra of the as-received nifedipine and the nifedipine
anoparticles were practically identical, indicating that the crys-
alline form of nifedipine did not change upon nano-sizing. The

nly difference in the appearance of the spectra was that in the
anoparticle spectrum there was a slight broadening of the nifedip-

ne lines (∼2 Hz) and the presence of stearic acid. Line broadening
an be caused by smaller particle size (Barich et al., 2006a), and

ig. 5. 13C CP/MAS spectra of as-received nifedipine (bottom) and nanoparticle
ifedipine (top). Stars in the nanoparticle nifedipine indicate those peaks due to
tearic acid.
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ig. 6. Percent drug dissolution versus time for the nifedipine nanoparticles,
anoparticle agglomerates, and stock nifedipine as received.

he broadening was consistent with nanoparticles being smaller in
ize compared to the as-received material. Although the nanoparti-
le crystallite size was much smaller than the as-received crystallite
ize, the nanoparticles were primarily single crystals, whereas the
s-received crystallites were agglomerated. This helps to explain
he reason the nanoparticle line widths were close to that of the as-
eceived material, despite the fact that the average particle size was
ore than two orders of magnitude smaller than the as-received
aterial. The 1H T1 NMR relaxation times were also measured. The

s-received material had a 1H T1 of 37 s, while the nanoparticle
ormulation had a 1H T1 of 16 s. This was also consistent with the
maller size of the nifedipine nanoparticle (Lubach et al., 2007).

Dissolution studies were conducted to measure the rate of
ifedipine dissolution from the various forms of processed drug
Fig. 6). Drug was mostly dissolved from nanoparticle and nanopar-
icle agglomerate samples within 10 h. In the case of stock
ifedipine, the kinetics were significantly slower and less total
rug was dissolved throughout the duration of the experiment.
he nanoparticles liberated the most drug content in the allot-
ed time. This is to be expected as their smaller size allows for

greater surface area and faster dissolution to take place. The
anoparticle agglomerates dissolved faster than the stock drug by a
onsiderable margin, but not as quickly as the nanoparticle suspen-
ion. The comparative dissolution rates indicated that dissolution
ate increased for decreasing particle sizes. This behavior may also
llude to improved dissolution characteristics of the agglomerates
n the deep lung, though it should be noted that the aqueous solu-
ions used in the dissolution study may not sufficiently represent
he environment within the lungs.

Particle size was shown to affect the overall rate of particle dis-
olution. Dissolution data was fit for first order kinetics, using a
eneralized first order rate equation shown:

d(C)
d(t)

= k × C (4)

here C is the concentration of undissolved drug, k is a rate constant
nd t is time. The equation can be solved for the single boundary
ondition where no drug is present in solution at t = 0 to yield an
xponential function. This function was fit against all dissolution

ata to get rate constants for each sample. The data revealed that
issolution rate was inversely proportional to particle size (Fig. 7).
he rate was linear to the log of particle size, which was expected
ince the increasing size has an exponential effect on the available
urface area for particle dissolution. The results confirm that stearic
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Table 4
Cascade impaction results of stock nifedipine as received, nifedipine/stearic acid
nanoparticles and the corresponding nanoparticle agglomerates. EF% is the emit-
ted fraction percent, RF% is the respirable fraction percent, and MMAD is the mass
median aerodynamic diameter.

Cascade impaction data Formulations

Pure NP Floc

EF% 85 ± 12 93 ± 6 91 ± 4
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ig. 7. First order rate constants versus the logarithm of particle diameter for stock
ifedipine, nanoparticles, and agglomerates.

cid was not significantly affecting the release of nifedipine, but
rug loss from the particles was driven by dissolution and diffusion.

Nifedipine is photosensitive, and has also shown to degrade
pontaneously in solution (el Walily, 1997; Kawabe et al., 2008).
lthough careful precautions were taken during sample prepa-
ation and dissolution studies, degradation of the drug was still
bserved. Alternate peaks aside from the characteristic peak of
ative nifedipine were observed and identified as the byproducts of
ifedipine degradation. These peaks increased in area as the studies
eached their final time points (data not shown); however, aberrant
eaks only represented a small fraction of the dissolved drug at any
iven time point (∼1–5%). Degradation products were included in
omputing the overall concentration of drug in solution; however,
hese byproducts never exceeded ∼10% of the total dissolved sam-
le. This was done to ensure that all dissolved drug was accounted
or, and that kinetic data was minimally skewed due to species

egradation throughout the experiment.

Finally, cascade impaction studies were performed to formalize
owder characterization for pharmacological formulation char-
cterization. The cascade impactor is a well-known instrument
nitially designed in the 1950s for simulating aerosol performance

ig. 8. Cascade impactor mass distributions for nifedipine nanoparticles, nanopar-
icle agglomerates, and drug as received. Data is represented as a percentage of mass
eposited on each stage number within the cascade impactor.
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F%
<5.7 48 ± 4.1 84 ± 0.1 94 ± 1
<3.3 2.5 ± 1.5 84 ± 0.7 84 ± 4
MAD 4.8 ± 0.6 1.8 ± 0.2 1.4 ± 0.1

n the human lung. The stages are set up so that each of them (0–8)
epresents deeper penetration into the lung. Particles of smaller
izes are not able to maintain their trajectories as the flowrate
ncreases between stages. As a result, they impact upon the filter set
n top of the next stage. Data are summarized in Fig. 8 and Table 4.

The mass separation onto different stages revealed different
ehaviors for each of the dry powders. The pure drug mostly
eposited in the earlier stages, 1–3. These stages represent the
harynx and primary bronchi and so it may be assumed that these
owders would minimally penetrate the lungs. The dried nanopar-
icles showed the bulk of their deposition between stages 5–7
nd these stages represent the terminal bronchiolar and alveolar
egions. A significant sub-population of the nanoparticle sam-
le deposited in stages 1–3, suggesting the presence of large
anoparticle agglomerates resulting from the drying process. The
anoparticle agglomerates showed similar deposition patterns, but
eposited more strongly at the terminal bronchioles. Studies have

ndicated that this may be an effective region for local or systemic
rug delivery (Katz et al., 2006).

From the data, it appeared that both the nanoparticle sam-
les and their corresponding nanoparticle agglomerates were able
o deposit efficiently to the lungs. The primary reason for this
imilarity, given different processing steps, was that the stearic
cid-modified nanoparticles uncontrollably agglomerated upon
yophilization and hence revealed similar deposition behaviors.
lso, the nanoparticles appeared to be depositing in the deepest
egions of the impactor, but these particles may be quickly exhaled
n a clinical setting, since deposition in the alveolus often requires
reath holding to achieve deposition (Byron, 1986). The agglom-
rated particles may bear further advantages to the nanoparticle
ormulation simply because of the ability to harvest them directly
rom solution. Via a combination of particle separation and drying,
anoparticle agglomerates may be purified as a dry powder at a

raction of the cost of nanoparticles via lyophilization. Finally, the
ascade impaction data (Table 4) showed the nanoparticle agglom-
rates outperforming both the pure drug and the nanoparticle
owders in all fields except for fraction emitted, where differences
ere not statistically significant. The nanoparticle agglomerates

howed an exceptional respirable fraction above 5.7 �m at 94.5%
hile the nanoparticles only presented 84.4% at or below this cut-

ff diameter. Nanoparticle agglomerates showed a smaller mass
edian aerodynamic diameter, which, again, likely results from the

ontrolled agglomeration of the nanoparticles.

. Conclusions

Stearic acid-stabilized nanoparticles of nifedipine were syn-

hesized via solvent precipitation in an aqueous solution. These
olloids were destabilized using salt to induce particle agglom-
ration in a controlled fashion. Nanoparticles and nanoparticle
gglomerates revealed enhanced dissolution kinetics when com-
ared to the stock drug. The nanoparticle agglomerate dry powders
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xhibited aerosol characteristics and size distributions well suited
or pulmonary drug delivery. This research suggests that agglomer-
ted nanoparticles of nifedipine may serve as a unique drug delivery
pproach for treating pulmonary hypertension or more acute dis-
ases such as angina pectoris.
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