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This  study  tests  the hypothesis  that  large porous  poly  (lactic-co-glycolic  acid)  (PLGA)  microparticles  mod-
ified with  polyethyleneimine  (PEI) are  viable  carriers  for pulmonary  delivery  of  prostaglandin  E1 (PGE1)
used in  the  treatment  of  pulmonary  arterial  hypertension  (PAH),  a pulmonary  vascular  disorder.  The  par-
ticles  were  prepared  by  a double-emulsion  solvent  evaporation  method  with  PEI-25  kDa  in  the  internal
aqueous  phase  to produce  an  osmotic  pressure  gradient.  Polyvinyl  alcohol  (PVA)  was  used  for  external
coating  of the particles.  The  particles  were  examined  for morphology,  size,  aerodynamic  diameter,  sur-
face  area,  pore  volume  and  in-vitro  release  profiles.  Particles  with  optimal  properties  for  inhalation  were
tested  for  in-vivo  pulmonary  absorption,  metabolic  stability  in  rat  lung  homogenates,  and  acute  toxicity  in
rat bronchoalveolar  lavage  fluid  and  respiratory  epithelial  cells,  Calu-3.  The  micromeritic  data  indicated
that the  PEI-modified  particles  of PGE1 are  optimal  for inhalation.  Incorporation  of  PEI in the  formulations
resulted  in  an  increased  entrapment  efficiency  – 83.26  ±  3.04%  for  particles  with  1%  PVA  and  95.48  ± 0.46%
for  particles  with  2% PVA.  The  amount  of cumulative  drug  released  into  the  simulated  interstitial  lung

fluid  was  between  50.8  ±  0.76%  and  55.36  ± 0.06%.  A  remarkable  extension  of  the  circulation  half-life  up
to  6.0–6.5  h was  observed  when  the formulations  were  administered  via  the  lungs.  The  metabolic  stability
and toxicity  studies  showed  that the  optimized  formulations  were  stable  at physiological  conditions  and
relatively  safe  to  the  lungs  and  respiratory  epithelium.  Overall,  this  study  demonstrates  that  large  porous
inhalable  polymeric  microparticles  can  be  a  feasible  option  for  non-invasive  and  controlled  release  of
PGE1 for treatment  of PAH.
. Introduction

The lungs are affected by an array of disorders, including infec-
ion, inflammation, obstruction, fibrosis, and vascular diseases such
s thrombosis and arterial hypertension. Many lung disorders are
urrently treated by therapeutic agents that are required to be
dministered by systemic routes such as the parenteral and oral
outes (Ewert et al., 2007; Rubin et al., 2002). Because of this sys-
emic administration, the body is exposed to drugs that may  harm
ther vital organs such as the heart and kidney. Such off-target
ffects in the treatment of lung diseases can be minimized by
dministering the drugs directly to the lungs. Indeed, the pharma-
otherapy of certain pulmonary disorders, including asthma and

ulmonary arterial hypertension (PAH), currently involves the use
f nebulizers and inhalers for localized delivery of drugs to the
ungs (Olschewski et al., 2002; Papi et al., 2007). However, these
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formulations or delivery systems suffer from a wide range of lim-
itations that include multiple inhalations a day, short duration of
action, metabolic instability in the lungs, and drug loss due to pre-
mature deposition in the oropharyngeal tract (Lee and Rubin, 2005;
Lipworth, 1995). Short duration of action and metabolic instabil-
ity often stem from the fact that currently marketed inhalable
formulations consist of drug dissolved in a mixture of solvents
and propellants or plain drug formulated with respirable lactose
(Labiris and Dolovich, 2003). These shortcomings can be addressed
in two  ways: chemical modification of the drug, or reformulation
of the drug in controlled-release polymeric carriers. However, the
latter approach is preferred because chemical modification often
leads to reduction in pharmacological activity. Chemical modifica-
tion of heparin, for example, has resulted in reduced anti-coagulant
activity (Park et al., 2010).

In fact, polymeric particulate carriers have been used for many
years to prolong the duration of action and improve the stability of
numerous drugs (Lemoine and Preat, 1998; Shive and Anderson,

1997). Of the various polymeric carriers, poly (lactic-co-glycolic
acid) (PLGA)-based particles have been extensively investigated for
the delivery of drugs via the pulmonary route (Hirota et al., 2010;
Ohashi et al., 2009). Moreover, there has been intense interest in

dx.doi.org/10.1016/j.ijpharm.2011.04.017
http://www.sciencedirect.com/science/journal/03785173
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he use of large porous PLGA particles for prolongation of the dura-
ion of action of inhaled drugs since the publication of Edwards’
eminal paper in 1997. In that paper, Edwards and colleagues pro-
osed that large porous particles with mass densities <0.4 g/cm3

nd mean volume diameter >5 �m provide deep lung deposition
f the inhaled drug and help bypass clearance mechanisms in the
ungs, thereby providing enhanced respirability and prolonged res-
dence time in the lungs (Edwards et al., 1997). In agreement with
his study, we and others have shown that porous particles with

 density of <1 g/cc release drugs for a longer period of time com-
ared to nonporous and high-density particles (Gupta et al., 2011;
awat et al., 2008).

Pulmonary arterial hypertension (PAH) is a progressive dis-
ase that results from remodeling of the pulmonary vasculature
Gupta and Ahsan, 2010). It is a debilitating disease affecting
0,000–100,000 Americans, with 300–500 new cases diagnosed
ach year. The current therapeutic strategies for PAH involve
he use of short-acting inhalable or injectable formulations of
nti-PAH drugs. Unfortunately, the current pharmacotherapeutic
pproaches for PAH are plagued with many disadvantages, includ-
ng a requirement of 9–12 inhalations a day (Ventavis®, Iloprost
nhalation solution), or intravenous or subcutaneous injections
Ricachinevsky and Amantea, 2006). Recently, we showed that
LGA microparticles can be used to overcome the limitations of
hort duration of action and metabolic instability of an inves-
igational anti-PAH drug, prostaglandin E1 (PGE1) (Gupta et al.,
010). In fact, PGE1 is a potent pulmonary vasodilator with a
ery short biological half-life, 3–5 min; however, it produces sys-
emic side effects when administered intravenously (Meyer et al.,
998). Our published study suggests that it is feasible to develop

 long-acting inhalable formulation of PLGA-based microparticles
f PGE1 that releases the drug for a period of 8 h and provides
etter metabolic stability when compared with plain drug admin-

stered via the pulmonary route (Gupta et al., 2010). However,
educed drug loading and poor drug deposition patterns remain
roblematic for PLGA-based inhalable formulations of this anti-
AH drug. In addition, our lab has very recently demonstrated
hat PLGA microspheres encapsulating inclusion complex of PGE1
nd hydroxypropyl-�-cyclodextrin (PGE1-HP�CD) provide a very
ignificant improvement in the availability of PGE1 in-vivo fol-
owing pulmonary administration. At the same time, inclusion of
P�CD in the microspheres increases aqueous solubility of PGE1

esulting in better drug release, and also works as a porosigen.
owever, inclusion of HP�CD could not produce any significant

ncrease in drug entrapment efficiency of the formulations, and also
esulted in a significant reduction in biological t1/2 as compared to
on-porous PLGA microspheres encapsulating PGE1 (Gupta et al.,
011).

Recently, Rawat et al. (2008) showed that incorporation of a
orosigen such as polyethyleneimine-25 kDa (PEI-25 kDa) in the
queous core of PLGA microparticles results in highly porous parti-
les for pulmonary delivery of low molecular weight heparins. PEI, a
ydrophilic polycation, is known to produce large porous particles
ith a uniform distribution of pores owing to the osmotic pressure

radient produced between the microparticle core and the external
queous phase. In addition to facilitating formation of porous parti-
les through the osmotic pressure gradient, PEI is likely to form an
lectrostatic complex with PGE1 that results in improved solubility
nd enhanced entrapment of the drug in microparticulate systems.
urther, PEI-25 kDa, at therapeutically safe doses, has been reported
o work as an absorption enhancer for pulmonary delivery of low

olecular weight heparins (Yang et al., 2006). This study therefore

ests the hypothesis that PEI-modified large porous micropar-
icles of PGE1 have high drug-loading capacity, an extended
rug-release profile, and favorable respirability for deep lung
eposition.
f Pharmaceutics 413 (2011) 51– 62

2. Materials and methods

2.1. Materials

Poly (lactic-co-glycolic acid) (PLGA) 85:15 with an inherent vis-
cosity of 0.55–0.75 dL/g (average molecular weight = 85.2 kDa) and
prostaglandin E1 (PGE1) were obtained from Lactel Absorbable
Polymers (Pelham, AL) and Spectrum Chemicals (Gardena, CA),
respectively. Polyethyleneimine (PEI) 25 kDa, poly vinyl alco-
hol (PVA), and dichloromethane (DCM) were purchased from
Sigma–Aldrich, Inc. (St. Louis, MO). Kits to assay PGE1 and pro-
tein were acquired from Assay Designs, Inc. (Ann Arbor, MI)  and
Pierce Biotechnology (Rockford, IL), respectively. Alkaline phos-
phatase (ALP) and lactate dehydrogenase (LDH) kits were procured
from Pointe Scientific, Inc. (Canton, MI). All other chemicals were
of analytical grade and used without any modification.

2.2. Preparation of core-modified large porous PLGA
microparticles

Core-modified large porous PGE1-loaded PLGA microparticles
were prepared by a water-in-oil-in-water (W/O/W) double emul-
sion/solvent evaporation method after slight modification of a
published protocol (Gupta et al., 2010; Rawat et al., 2008). Briefly,
250 mg  of PLGA was initially dissolved in 5 mL of DCM (organic
phase, OP). The internal aqueous phase (IAP) was  prepared by
adding 5 mg  of PGE1 to 500 �L of deionized water after solubiliz-
ing the drug in a minimal quantity of absolute alcohol. PEI 25 kDa,
used as a core-modifying agent, was added to IAP at varying con-
centrations (1.25, 2.5, and 5% (w/v); Table 1). The IAP and OP were
emulsified (W/O) by probe sonication for 1 min  using a Branson®

Sonifier 450 (Branson Ultrasonics Corporation, Danbury, CT). The
primary emulsion was then homogenized with 25 mL of PVA solu-
tion (external aqueous phase, EAP) at two different concentrations
(1% and 2%; Table 1) at 8000 rpm for 10 min  with an Ultra-Turrex
T-25 Basic (IKA, Wilmington, DE). The resultant W/O/W emulsion
was stirred overnight at room temperature to facilitate the removal
of the OP. Next day, the formulations were washed by centrifuga-
tion with deionized water to remove excess PVA and lyophilized
to obtain free flowing powdered microparticles (FreeZone 2.5, Lab-
conco Corporation; Kansas City, MO).

2.3. Physical characterization

2.3.1. Particle morphology
Particle morphology was examined by using a scanning electron

microscope (Hitachi® S-3400N; Hitachi High Technologies Amer-
ica, Inc., Pleasanton, CA). The samples were prepared by sprinkling a
small amount of powdered formulation onto a double-sided adhe-
sive tape attached to an aluminum stub. The particles placed on the
stub were sputter coated with gold under argon (Emitech K550X;
Quorum Technologies Ltd., Kent, UK) and were viewed under the
electron microscope. Photomicrographs of the formulations were
taken at varying magnifications.

2.3.2. Particle size
Particle size distribution and mean volume diameters of all

the formulations were determined by Tri-laser diffraction tech-
nology using a Microtrac® S3500 (Microtrac, Inc.; Largo, FL).
Samples for wet-fluid sampling were prepared by dispersing 2 mg
of microparticulate formulations in 0.2% (w/v) solution of Tween-

80. Polydispersity indices (PDIs) were calculated as a ratio of
volume-averaged mean particle size to number-averaged mean
diameter. All the formulations were measured in triplicates and
the data are presented as mean ± SD.
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Table  1
Composition and polydispersity indices (PDI) of different microspheric formulations.

Formulations IAP:OP:EAP IAP composition
(w/v)

EAP composition
(w/v)

PDI Tapped density
(g/cm3)

Plain-1

0.5:5:25

–

1% PVA

5.16 ± 0.021 0.36 ± 0.12
PEI-1 1.25% PEI 3.85 ± 0.014 0.21 ± 0.03
PEI-2  2.5% PEI 1.51 ± 0.006 0.15 ± 0.02
PEI-3  5% PEI 1.47 ± 0.016 0.1 ± 0.003

Plain-2  –

2% PVA

3.356 ± 0.035 0.45 ± 0.11
PEI-4  1.25% PEI 2.98 ± 0.003 0.25 ± 0.02
PEI-5 2.5% PEI 1.49 ± 0.003 0.2 ± 0.014
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2.5. In-vivo absorption studies

Adult male Sprague-Dawley rats (Charles River Laboratories,
Charlotte, NC) weighing between 250 g and 300 g were used for

Table 2
Compositions of actual lung fluids and simulated lung fluids.

Ion Actual lung
fluid (mEq)

Simulated lung
fluid (mEq)

Calcium, Ca2+ 5.0 5.0
Magnesium, Mg2+ 2.0 2.0
Potassium, K+ 4.0 4.0
Sodium, Na+ 145.0 145.0

Total cations 156.0 156.0

Bicarbonate, HCO3
− 31.0 31.0

Chloride, Cl− 114.0 114.0
Citrate, H5C6O7

3− – 1.0
Acetate, H3C2O2

− 7.0 7.0
Phosphate, HPO4

2− 2.0 2.0
Sulfate, SO4

2− 1.0 1.0
Protein 1.0 –
PEI-6 5% PEI 

AP, internal aqueous phase; OP, organic phase; EAP, external aqueous phase; PEI, p

.3.3. Tapped density measurements
The density of microspheric formulations was estimated from

apped density measurements as described previously (Vanbever
t al., 1999). An aliquot of microspheres was transferred to a 10
±0.05) mL  graduated cylinder and the initial volume was  recorded.
he tapped density of the formulations (�) was calculated as the
atio between sample weight (g) and the volume (mL) occupied
fter 100 taps.

.3.4. Mass median aerodynamic diameter determination
The mass median aerodynamic diameter (MMAD) was stud-

ed in an 8-stage Mark-II non-viable Andersen Cascade Impactor
ACI) (Westech Instruments, Marietta, GA). Briefly, freeze dried

icroparticulate formulations (10 mg)  were filled in size 3, hard
elatin capsules and fired into the cascade impactor via the induc-
ion port using a Rotahaler (Spiriva® Handihaler®, Boehringer
ngelheim, Inc., Ridgefield, CT). The impaction was  performed at

 flow rate of 28.3 L/min for 2 min. To prevent bounce or re-
ntrainment of the particles, glass fiber filter papers were placed in
n inverted position on collection plates of all stages 0–7 (Vanbever
t al., 1999). The amount of particles deposited at each stage was
etermined gravimetrically by calculating the differences in the
eights of the glass fiber filter papers. Data obtained were plot-

ed on a semilog graph paper and MMAD  was determined at 50% of
he particle distribution profile. The fine particle fractions (FPF) of
he formulations were determined using the following equation:

ne particle fraction (FPF)

=
[

Cumulative weight of particles < 4.7 �M (stage 3 or lower)
Total weight of particles recovered from the impactor

]
× 100

.3.5. Entrapment efficiency
The amount of PGE1 entrapped in the microparticulate formu-

ations was determined by quantifying the amount of PGE1 in the
AP, i.e. unentrapped PGE1 recovered after the first washing of
he microparticles. The samples recovered were diluted 104–105

imes and were assayed for the unentrapped PGE1 using an ELISA
it (Assay Designs, Ann Arbor, MI)  according to the protocol pro-
ided by the manufacturer. The kit can reproducibly quantify PGE1
n the range between 4.88 and 5000 pg/mL. All measurements were
erformed in triplicates and data are presented as mean ± SD.

.3.6. Surface area and pore size determination
For determination of surface area and the extent of pore for-

ation, nitrogen physiosorption isotherms were obtained at 77 K
sing a Nova 3200e Surface Area Analyzer (Quantachrome Instru-
ent Corporation, Boynton Beach, FL). For physiosorption isotherm
etermination, the samples were first degassed for 24 h at room
emperature under vacuum at 75 mm Hg to remove any of the dis-
olved components from the surface. After completion of degassing,
amples were placed on the surface area analyzer in a sample
4.82 ± 0.664 0.146 ± 0.012

yleneimine 25 kDa; PVA, polyvinyl alcohol; PDI, polydispersity index.

cell with a dewar flask filled with liquid nitrogen underneath
the sample cell. After generation of the isotherm, surface areas
of all the microparticulate formulations were evaluated by using
Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH)
adsorption isotherms. The average pore radius and cumulative pore
volumes were calculated from the desorption curve of BJH isotherm
from a range of desorption points (Gill et al., 2009). The analysis was
performed in triplicates for 24 h with a 150 s equilibrium interval.

2.4. In-vitro release studies in simulated interstitial lung fluid

In-vitro drug-release studies were performed in a simulated
interstitial lung fluid (SILF) prepared based on the “Moss Formula”
(Moss, 1979) (Table 2). Briefly, SILF was prepared as per the recipe
described in Table 2 (Moss, 1979) and the pH of the fluid was
maintained at 7.0–7.2 throughout the experiment. An aliquot of
formulations (10 mg)  was  dispersed in 1 mL  of SILF and incubated
at 37 ± 1 ◦C under moderate shaking (∼200 rpm). To determine
the drug release at predetermined time points, samples were cen-
trifuged at 16,000 × g for 15 min  at 4 ◦C and the supernatant was
collected. To maintain the pH of SILF at 7.0–7.2 and the sink condi-
tion, the media was  replaced with an equal amount of fresh media
during sampling. The drug content in the supernatant was quanti-
fied by ELISA. The kit can reproducibly quantify PGE1 in the range
between 4.88 and 5000 pg/mL. All measurements were performed
in triplicates and data are presented as mean ± SD.
Total anions 156.0 156.0

pH 7.3–7.4 7.3–7.4

Modified from Moss (1979).
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Waltham, MA). Data were analyzed for area under the concen-
tration time curve (AUC0–24 h), Cmax, Tmax, and t1/2. All data were
4 V. Gupta, F. Ahsan / International Jo

tudying pulmonary absorption (n = 6–8). Briefly, rats were first
nesthetized by an intramuscular (IM) injection of ketamine and
ylazine cocktail (90 mg/kg + 10 mg/kg). The optimized formula-
ions (PEI-1, and PEI-4) were administered via the intratracheal
oute utilizing a microsprayer (Penn-Century, Philadelphia, PA).
icroparticulate formulations were administered after dispersion

n normal saline at a dose of 120 �g/kg. Three control groups
eceived the following formulations: (i) normal saline via the pul-
onary route, (ii) intravenous bolus dose of 80 �g/kg PGE1 via the

ugular vein, and (iii) pulmonary dose of 80 �g/kg PGE1. Following
dministration, blood samples were collected for 24 h in citrated
icrocentrifuge tubes containing 10 �g/mL indomethacin as PGE1

ynthase inhibitor. The plasma was separated by centrifuging the
lood (5000 rpm for 5 min) and stored in separate microcentrifuge
ubes at −20 ◦C until further analysis. The plasma levels of PGE1
ere determined by using the ELISA kit as described above. The
lasma samples from untreated rats were used as negative con-
rols to take into the account the influence of endogenous PGE1 on
he analysis.

.6. Metabolic degradation studies in rat lung homogenates

To determine the stability of the optimized formulations (PEI-
 and PEI-4) under physiological conditions and to assess their
ontrolled release properties, metabolic degradation studies were
erformed in rat lung homogenates according to a protocol estab-

ished in our laboratory with slight modification (Gupta et al.,
010). Briefly, lungs from healthy adult male Sprague-Dawley
ats (300–350 g) were surgically removed and homogenized
n 4 volumes of cold homogenization buffer (Bücher medium

 20 mM KH2PO4, 72 mM K2HPO4, 27.6 mM nicotinamide, and
.6 mM MgCl2, pH 7.4) (Nakano et al., 1973) using a Potter-Elvehjem
lass homogenizer. Supernatant collected after centrifugation was
sed for further studies. For metabolic degradation studies, lung
omogenates were incubated with (i) plain PGE1 (10 �g/mL), (ii)
EI-1, or (iii) PEI-4 containing 10 �g PGE1 each for 8 h in the
resence of 2 mM NAD+ at 37 ◦C in an oscillating water bath.
he reaction was  terminated at predetermined time points by
dding 200 �L of 0.1 N HCl to the incubation mixture. The amount
f drug released in the homogenate samples was determined
y PGE1-ELISA. To determine the amount of drug remaining in
he formulations, particles in the homogenate were digested and
xtracted with 5 volumes of DCM. Following the extraction, the
rganic layer containing DCM with polymer and drug was  trans-
erred to a clean test-tube and evaporated in a N2 stream by using
-Evap (Organomation Associates Inc., Berlin, MA). PGE1 was  then
xtracted by vortexing the residue in the test-tube with 1.0 mL  of
hosphate-buffered saline (PBS, pH 7.2) for at least 30 s. The PBS
olution thus obtained was assayed for PGE1 content by ELISA. This
mount of PGE1 was considered to be the amount of PGE1 not
eleased upon incubation in lung homogenates.

.7. Bronchoalveolar lavage studies

Bronchoalveolar lavage (BAL) fluid studies were performed to
stablish the safety profile of the formulations (PEI-1 and PEI-4)
ccording to our previously published procedure (Gupta et al.,
010; Hussain and Ahsan, 2005; Thomas et al., 2008). Briefly, four
roups of adult male Sprague-Dawley rats (300–400 g) (n = 4) were
nesthetized with a cocktail of ketamine and xylazine, and were
reated with (i) saline as a negative control, (ii) PEI-1 equivalent
o 120 �g/kg PGE1, (iii) PEI-4 equivalent to 120 �g/kg PGE1 and

iv) 0.1% (w/v) solution of sodium dodecyl sulfate (SDS) as a
ositive control. The lungs were surgically removed 12 h post
dministration from anesthetized rats by exposing the respiratory
ystem by a mid-level incision in the thoracic cavity and severing
f Pharmaceutics 413 (2011) 51– 62

the abdominal aorta. Excised lungs were carefully cleaned from
adjoining tissues/organs and were weighed to investigate the
possibility of edema formation. Lungs were lavaged with 5 mL
normal saline instilled through the trachea. Saline was  left into
the lungs for 30 s, withdrawn, re-instilled for 30 s, and finally
withdrawn and collected in microcentrifuge tubes. The BAL fluid
samples thus collected were centrifuged at 500 × g for 10 min, and
the supernatant was collected and stored at −20 ◦C until further
analysis (24–48 h). BAL fluid samples were analyzed for (i) total
protein concentration, (ii) ALP and (iii) LDH.

All animal studies were performed in accordance with NIH
Guidelines for the Care and Use of Laboratory Animals under a pro-
tocol approved by Texas Tech University Health Sciences Center
(TTUHSC) Animal Care and Use Committee (AM-10012).

2.8. Cell viability studies

For determining the extent of cytotoxic effects of the optimized
formulations on lung epithelial cell lines, cell viability studies were
performed by propidium iodide exclusion fluorescence assay using
the Calu-3 cell line (Nieminen et al., 1992). Briefly, Calu-3 cells
(ATCC, Manassas, VA) were seeded at a density of 20,000 cells/well
in a 96-well black microtiter plate (Corning, Inc., Corning, NY) in
MEM medium. The cells were allowed to attach overnight in a
5% CO2 incubator at 37 ◦C. All experiments from here onwards
were performed in Krebs-Ringer-N-2-hydroxyethylpiperazine-N′-
2-ethanesulfonic acid (HEPES) buffer (KRH) containing 115 mM
NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM KH2PO4, 1.2 mM MgSO4, and
25 mM NaHEPES (pH 7.4) (Qian et al., 1997).

Immediately prior to the experiment, media was  removed from
the wells, cells were washed with KRH buffer twice and 20 �L of
test formulations were added at concentrations of 0.5, 1.0, 2.0, and
5.0 mg/mL. Sodium dodecyl sulfate (SDS) at a concentration of 0.1%
was used as a positive control. Following a 4-h incubation at 37 ◦C,
test samples were removed, cells were washed with KRH buffer
twice and background fluorescence for each well was recorded after
adding 100 �L buffer. The cells were then treated with propidium
iodide solution (100 �L of 5 �M),  incubated at 37 ◦C for 30 min  and
measured for fluorescence (F). Digitonin at a final concentration of
375 �M was  added to permeabilize the cells and subsequently label
them with propidium iodide. Following addition of digitonin, the
fluorescence measurement was repeated every 5 min for 15 min,
which was considered as the final fluorescence (Fmax) and used to
calculate cell viability using the following equation (Sarafian et al.,
1994, 2002).

% cell viability = 100 −
(

F − blank
Fmax − blank

)
× 100

All fluorescence measurements were performed in a SynergyMX
microplate reader (Biotek, Winnoski, VT) using an excitation wave-
length (Ex) of 546 nm and an emission wavelength (Em) of 620 nm
at a band pass of 20 nm.

2.9. Pharmacokinetic and data analysis

Pharmacokinetic parameters for in-vivo absorption studies
were determined by using standard non-compartmental extravas-
cular analysis (Kinetica®, version 5.0, Thermo Fisher Scientific,
analyzed by one-way ANOVA followed by appropriate post hoc
analysis (GraphPad Prism version 5.0, GraphPad Software, La
Jolla, CA). Values showing p < 0.05 were considered significantly
different.
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ig. 1. SEM of PGE1-loaded large porous PLGA microspheres. (A) PEI-1, (B) PEI-2
ormulations.

. Results and discussion

.1. Physical characterization

A series of experiments was performed to study the micromerit-
cs – i.e. morphology, size, density, porosity and pore size – of the
articles to be used for depositing PGE1 in the respiratory tract.

.1.1. Morphology
First, the morphology of the particles was examined under

 scanning electron microscope. All formulations were com-
rised of spherical particles with a porous surface (Fig. 1). The
egree of porosity increased with increasing PEI concentration
5.0% > 2.5% > 1.25%), which agrees with our previous study that
howed that incorporation of PEI in the IAP resulted in very large
articles with highly porous surfaces (Rawat et al., 2008). PEI, an

smotically active polycation, increases the porosity by pulling
ater into the particle core during emulsification. Subsequent

emoval of this water by lyophilization results in the formation of
oles or pores on the particle surface. This assumption agrees with
EI-3, (D) PEI-4, (E) PEI-5, and (F) PEI-6. See Table 1 for compositions of different

other published studies suggesting that surface porosity results
from increased osmotic pressure in the aqueous core (Pistel and
Kissel, 2000; Ravivarapu et al., 2000). The concentration of PVA (1%
and 2%) used in the EAP also significantly influenced particle mor-
phology. Formulations with 1% PVA (Fig. 1A–C) showed spherical
particles with a somewhat dented or bumpy surface, whereas for-
mulations with 2% PVA in the EAP (Fig. 1D–F) showed uniformly
distributed spherical particles with even surfaces. These observa-
tions are in agreement with published data that showed that PVA
works as an emulsion stabilizer and can affect the hydrophobicity
and digestibility of PLGA microparticles by being adsorbed on the
particle surface (Jeong et al., 2003).

3.1.2. Particle size
The particle size data presented in Fig. 2A suggest that the

particle size of various formulations varied depending on PEI con-

centration in the IAP and PVA concentration in the EAP. The particle
size, presented as mean volume diameter – defined as the diam-
eter of a sphere having the same volume as the test particle,
increased significantly when the PEI concentration was increased
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Fig. 2. Micromeritic profiles of PGE1-loaded large porous PLGA microspheres. (A)
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olume-based mean diameter and actual mass median aerodynamic diameter
MMAD); (B) % fine particle fraction. Data represent mean ± standard deviation
n  = 3).

rom 10.72 ± 0.04 �M (PEI-1) to 22.53 ± 0.255 �M (PEI-3) and from
.01 ± 0.009 �M (PEI-4) to 12.26 ± 0.115 �M (PEI-6). The increase

n particle size with increasing PEI concentration is because PEI
eads to increased porosity (Rawat et al., 2008). However, a reduc-
ion in particle size was observed when the PVA concentration was
ncreased from 1% to 2%. PVA stabilizes the emulsion droplets by
roviding a hydrophilic environment and produces a reduction in
article size (Jeong et al., 2003). The polydispersity index values
resented in Table 1 show that the formulations were moderately
olydispersed, with polydispersity indices ranging from 0.99 to
.73.

.1.3. Tapped density
The tapped density of particulate formulations can provide

mportant information concerning flowability, particle porosity
nd particle size distribution. Therefore, tapped density was mea-
ured, and a decrease in tapped densities was observed with

ncreasing concentrations of PEI, suggesting that larger but lighter
articles were formed. However, no significant differences in
apped density were observed when the PVA concentration was
ncreased from 1% to 2%. The decrease in tapped density with the
f Pharmaceutics 413 (2011) 51– 62

increase in PEI concentration was due to the increased porosity of
the particles as observed in SEM photomicrographs.

3.1.4. Mass median aerodynamic diameter (MMAD)
The mass median aerodynamic diameter (MMAD), the most

important particle parameter that determines the flight of the for-
mulation over the route of inhalation, was  determined by using
an 8-stage non-viable Andersen Cascade Impactor. All formu-
lations showed an aerodynamic diameter between 2.5 �m and
3.5 �m.  While no direct correlation between PEI concentration and
MMAD  was  observed, a slight increase in MMAD  was observed
with increasing PVA concentration despite the smaller particle size
(Fig. 2A). Importantly, MMAD  was between 1 and 6 �m,  which is
considered optimal for efficient deposition in the respiratory tract.
In fact, for effective deposition of a particulate drug-delivery car-
rier, a geometric diameter of 1–5 �m with a particle density of
∼1 g/cm3 is desirable (Adjei and Garren, 1990). However, Edwards
et al. (1997) suggested that particles larger than 5 �m with reduced
density (<0.4 g/cm3) can enhance deep lung deposition and provide
enhanced bioavailability by prolonging the release period of the
drug.

3.1.5. Fine particle fraction (FPF)
The fine particle fraction (FPF) of all the formulations was  deter-

mined from the fraction of particles that was  deposited at stage 3
or lower in the cascade impactor. All formulations showed a FPF
in the range of 50.98–63.16% (Fig. 2B). Similar to the MMAD  data,
FPF also showed little or no correlation with PEI concentration, but
decreased with the increase in PVA concentration.

3.1.6. Surface area, pore volume, and pore radii
Surface area, pore volume, and pore radii were determined using

a Nova 3200e surface area analyzer (Gill et al., 2009). The sur-
face area increased as a function of PEI and PVA concentrations.
In fact, the surface area data generated from two isotherms, BET
and BJH, showed very similar patterns (Fig. 3A). These data agree
with the particle size data presented in Fig. 2, which show that the
presence of PEI produces a lighter and more porous particle in a
concentration-dependent manner. Further, the data are also con-
sistent with the assumption that increasing the PVA concentration
produces less porous, smaller particles. Interestingly, the increase
in surface area was directly proportional to the increase in parti-
cle size, which contradicts an established fact that surface area is
inversely related to particle size. Indeed, mathematically, the exter-
nal surface area of a non-porous particle decreases with increasing
particle size. However, in the case of porous particles, the internal
surface area takes into account the porous nature of the particles in
addition to the external surface area. For this reason, there was  a net
increase in the specific surface area with the increase in porosity
of the particles, as pointed out by Jeyanthi et al. (1997).  Similar to
the surface area data, an increase in the pore volume was observed
with the increase in PEI or PVA concentration (Fig. 3B). The pore vol-
ume  data corroborate the porous character and extent of porosity
observed by SEM. The pore radii of the formulations were 27–28 Å,
and no significant differences in pore radii were observed among
the various formulations (Fig. 3C).

3.2. Entrapment efficiency

Following the micromeritic analysis, the entrapment efficien-
cies for all the formulations were evaluated by analyzing drug

content in the supernatant recovered after washing the micropar-
ticles (Fig. 4A). All PEI-modified formulations showed excellent
entrapment efficiency compared to their plain counterparts. In the
first set of formulations (1% PVA), the entrapment efficiency was
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Fig. 3. Physiosorption-based surface characteristics of PGE1-loaded large porous
PLGA microspheres. (A) Surface area as determined by BET and BJH adsorption
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sotherms, (B) pore volume, and (C) pore radii. Data represent mean ± standard
rror of mean (n = 3). *Significant differences among the group (1% PVA) (p < 0.05);
*significant differences among the group (2% PVA) (p < 0.05).

3.26 ± 3.04% when PEI was used at a concentration of 1.25%. How-
ver, the entrapment efficiency was increased to 97–99%, when
EI concentration was increased from 1.25% to 2.5% or 5%. Similar
ncreases in drug loading were observed when the PVA concentra-
ion was 2%, although no major differences were observed with the
hange in PEI concentration. In fact, PEI-modified particles showed
 considerable increase in drug loading compared to our previ-
usly published study on PLGA particles of PGE1, in which drug
ntrapment efficiency was between 59.44% and 65.51% (Gupta et
l., 2010). Such a dramatic increase in drug loading in PEI-modified
f Pharmaceutics 413 (2011) 51– 62 57

particles can be explained on the basis of following two assump-
tions: First, PEI is a positively charged polymer which forms an
electrostatic complex with negatively charged PGE1, resulting in
retention of a larger amount of drug in the particle core. Second,
both PEI and PVA increase entrapment by enhancing the stabil-
ity of the primary emulsion (Cirpanli et al., 2005; Lee et al., 1999).
Overall, the micromeritic analysis of the particles shows that PEI
as a porosigen and PVA as an emulsifier play important roles in
controlling the size and porosity of the formulations and that the
particles meet the standard for an inhalable formulation. Similar to
the influence of PEI and PVA on the physical properties of the par-
ticles, these formulation additives play a major role in the loading
of drug in PLGA particles.

3.3. In-vitro release studies in simulated interstitial lung fluid

To access the efficacy of large porous PLGA microspheres in pro-
viding prolonged and controlled release of PGE1, the in-vitro release
profiles were studied in Simulated Interstitial Lung Fluid (SILF) at
37 ◦C, thus mimicking physiological conditions in the human body.
As is evident from Fig. 4B, drug released from all the formulations,
except PEI-1, followed a two-step process: an initial burst release
phase followed by a nearly zero-order release (Fig. 4B). There was
no further release after 10 h of the study. Formulations containing
1.25% PEI produced a cumulative release of 55.36 ± 0.06% over a
24-h period.

The amount of drug released from 1.25% PEI-modified par-
ticles was 2–5-fold higher than that from plain PLGA particles
published in our earlier report on PLGA particles of PGE1 (Gupta
et al., 2010). Such a major improvement in drug release can be
explained on the basis of the porous nature of the particles, as
was observed for porous PLGA particles of low molecular weight
heparin (Rawat et al., 2008). In the case of porous particles, a
larger amount of release medium comes in contact with the par-
ticle surface and facilitates drug release. However, the amount of
drug released was  dramatically reduced when the PEI concentra-
tion was increased. For example, the cumulative drug release for
the formulations containing 2.5% and 5% PEI was 35.02 ± 2.31% and
16.59 ± 2.17%, respectively. Similar to the first set of formulations
containing 1% PVA, in the second set of formulations containing
2% PVA, a significant increase in drug release was  observed for
the 1.25% PEI-modified microspheres, whereas the formulations
containing 2.5% or 5% PEI showed a reduced drug release. This
decrease in cumulative drug release with increasing PEI concen-
tration may  stem from the fact that PEI, when used at a higher
concentration, forms a strong electrostatic complex with PGE1
that prevents dissociation of the drug from PEI. Further, because
of its hydrophobic nature, PVA has been reported to significantly
reduce the release of drugs at higher concentrations (Jeong et al.,
2003).

The in-vitro release profiles were further analyzed to calcu-
late the following release parameters: (i) surface-associated drug
release, i.e., the amount of drug released at 0 min; (ii) burst release,
the amount of drug released in the first 30 min; and (iii) the amount
of drug released per hour. With increasing PEI concentration, there
was a significant increase in the amount of surface-associated
drug release (Fig. 4C). The percentages of surface-associated drug
released from the first three PEI-modified formulations containing
1% PVA were 1.85 ± 0.73%, 2.86 ± 0.01% and 6.28 ± 0.31%, respec-
tively. Formulations containing 2% PVA showed a similar pattern.
Interestingly, PEI-2 (1% PVA, and 2.5% PEI) showed the greatest

increase in burst release, followed by PEI-3 and PEI-1. Increase in
burst release suggests the presence of greater amounts of drug on
the particle surface or in the distal core of the particles. This behav-
ior may  have been due to rapid degradation of the particle core
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ig. 4. A Entrapment efficiencies of PGE1-loaded large porous PLGA microsphere
atterns showing surface-associated release, burst release, and percent drug releas

uring the in-vitro release studies, thereby causing a higher burst
elease.

The release profiles performed in SILF suggest that PEI-1 and
EI-4 microspheres are likely to produce a prolonged-release effect
fter inhalation. However, it is possible that some drug molecules
iffuse out of the particles and act like a non-particulate formu-

ation. Such diffusion would be minimal since we optimized the
orosity of the particles to minimize drug leakage from the parti-
le core or through the porous network of the particle. If the drug
ad been released all at once, we would not have observed con-
inuous release during in-vitro studies performed in the simulated
nterstitial lung fluid and/or during metabolic degradation stud-
es described below (Fig. 6). It is also worth noting that SILF is a
olution of electrolytes that mimics the electrolytes present in the
urfactant-rich fluid released by Type II alveolar cells, which fills

he space between alveolar cells and maintains the surface tension
f water in the lungs (Daniels and Orgeig, 2003). In terms of elec-
rolyte composition, SILF is virtually identical to actual human lung
uid, although it lacks the proteins present in actual lung fluids.
in-vitro release profiles of PGE1 from PLGA microspheres, and (C) in-vitro release
 hour. Data represent mean ± standard deviation (n = 3).

However, in SILF the total ionic contribution from protein is com-
pensated for by citrate ions (Moss, 1979). Because SILF provides an
environment that is close to that of the mucosal fluids in the res-
piratory system, in-vitro release studies in this medium is likely to
give a more accurate estimate of the drug that would be released
upon pulmonary or intratracheal administration of the formula-
tions. Importantly, there are very few studies that have used SILF
for studying the release properties of an inhaled formulation (Cook
et al., 2005; Davies and Feddah, 2003). This is the first study to doc-
ument the release profile of an anti-PAH drug in a simulated lung
fluid.

3.4. In-vivo absorption studies

In-vivo pulmonary drug absorption studies were performed in

adult male Sprague-Dawley rats with the formulations that showed
optimum micromeritic properties, entrapment and prolonged in-
vitro release properties. As we have reported earlier, administration
of plain PGE1 (80 �g/kg body weight) via the I.V. route resulted
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Fig. 5. In-vivo absorption studies. (A) Changes in plasma levels of PGE1 after admin-
istration of plain PGE1 (80 �g/kg) via the intravenous and pulmonary routes (n = 6,
modified from Gupta et al., 2010) and (B) in-vivo performances of the formula-
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ions (PEI-1 and PEI-4) after pulmonary administration of PGE1 (120 �g/kg). Data
epresent the mean ± standard deviation (n = 6–8).

n a rapid rise in PGE1 levels in the plasma, with a Cmax of
0.09 ± 9.37 ng/mL and a half-life (t1/2) of 1.5 ± 0.2 min. Pulmonary
dministration of plain PGE1 showed a Cmax of 56.73 ± 6.2 ng/mL
nd a half-life of 3.49 ± 0.49 min  with a relative bioavailability
F) of 0.821 ± 0.15. (Fig. 5A, reproduced from Gupta et al. (2010).

 rapid rise in plasma drug concentration suggests that intact
GE1 traversed the pulmonary epithelial membrane and reached
he systemic circulation in biologically active form (Gupta et al.,
010). Since PGE1 is a small molecule like that of other prosta-
yclin analogs, inhaled PGE1 is likely to produce its vasodilatory
ffects directly on the pulmonary arterial wall by diffusing through
he outer side (adventitial side) of the pulmonary vascular bed
ather than reaching the vasculature upon recirculation from the
ulmonary and bronchial artery as discussed previously (Gomberg-
aitland and Olschewski, 2008).
Two inhalable microspheric formulations, PEI-1 and PEI-4, were

ested in-vivo at a dose of 120 �g/kg body weight. As can be seen in
ig. 5B, pulmonary administration of both PEI-1 and PEI-4 resulted
n a significant increase in the half-life of PGE1 compared to the
lain drug administered via either the pulmonary or I.V. route. With

he increase in half-life of the drug, a concomitant reduction in
max was also observed. In fact, compared to plain PGE1 admin-

stered via the pulmonary route, a 2.5- to 4-fold reduction in Cmax

PEI-1 – 20.12 ± 3.81 ng/mL, and PEI-4 – 14.51 ± 2.91 ng/mL), and
f Pharmaceutics 413 (2011) 51– 62 59

a 100–110 times extension in t1/2 (PEI-1 – 362.3 ± 50.56 min, and
PEI-4 – 390.66 ± 55.71 min) were observed with both the micro-
spheric formulations, when administered intratracheally (Table 3).
As evident, the Cmax for PEI-1 microspheres was slightly higher than
that for PEI-4. This can perhaps be attributed to PEI-1 having more
pronounced surface-associated drug release compared to PEI-4, as
observed in Fig. 4B and C. Importantly, the data from the in-vitro
release study provide a good estimate of in-vivo absorption after
pulmonary administration.

The initial rise and decline in the in-vivo absorption profile
(Fig. 5B) of microsphere encapsulated PGE1 stems from the fact that
a significant amount of drug associated with the particle surface
was released soon after administration of the formulation, which is
in conjunction with the in-vitro release data (Fig. 4C). In fact, release
of surface associated drug results in the availability of more drug
early in the absorption phase and such a release pattern is actually
desirable for providing an immediate relief from an acute symptom
such as hypertension. Nevertheless, the data presented in Fig. 5B
reveals that PGE1 was  available in the circulation at a concentra-
tion of ∼7.5 ng/mL at 60 min  following pulmonary microparticle
administration whereas no drug was  available in the circulation
after 30 min  of plain PGE1 administration (Fig. 5A). The later time
points in Fig. 5B also show that the drug was  available in the plasma
at a concentration of ∼5 ng/mL for about 8 h, suggesting a con-
tinuous release of the drug from the optimized microparticulate
formulations. In fact, commercially available PGE1 (Caverject®, cur-
rently used in erectile dysfunction) showed a Cmax between 0.089
or 0.102 ng/mL at 30 and 60 min  following intracavernosal injection
of 20 �g drug.

Several factors may have contributed to the reduced Cmax and
extended t1/2 of the two  formulations. First, because of their porous
nature and large geometric diameter, phagocytosis of the particles
by alveolar macrophages was  delayed or prevented, which allowed
for prolonged release of the drug (Edwards et al., 1997). Second, the
average biodegradation time for PLGA is about 5–10 weeks, which
may  also have contributed to the prolonged release of the drug
after pulmonary administration. Third, it is also possible that the
PVA coating on the microparticle surface prevents polymer degra-
dation by hydrolysis and thus facilitates continuous drug release
over a prolonged period (Lee et al., 1999). Fourth, the glass tran-
sition temperature of the polymer used also plays an important
role in drug release upon polymeric degradation. The glass transi-
tion temperature of PLGA 85:15 used in this study is ∼45 ◦C, thus
making it prone to time-dependant degradation under physiolog-
ical conditions (Park and Jonnalagadda, 2006). Overall, both large
porous formulations showed a significantly extended half-life and
excellent bioavailability as compared to our published report with
nonporous PLGA microparticles.

3.5. Metabolic degradation studies in rat lung homogenates

To determine whether the formulations that showed increased
blood levels in the pulmonary absorption studies underwent
metabolic degradation in the respiratory epithelium, we investi-
gated the metabolic degradation profiles of PEI-1 and PEI-4 in rat
lung homogenates. As discussed elsewhere, lung is a major site
of metabolism of PGE1 and 70–80% of the drug is metabolized
by oxidation, which is catalyzed by a microsomal enzyme, NAD+-
dependent 15-hydroxy prostaglandin dehydrogenase (Nakano
et al., 1973). This metabolic pathway is primarily responsible for
rapid clearance of PGE1 from the lungs. The metabolic degradation
study showed that plain PGE1 (10 �g/mL) underwent rapid degra-

dation in lung homogenate, with little or no drug being detectable
after 2 h’s incubation. The drug concentration decreased from
9.415 ± 1.005 �g/mL at time 0 to 0.505 ± 0.05 �g/mL at 120 min.
However, when the equivalent amount of PGE1 encapsulated
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Table  3
Pharmacokinetic parameters of PGE1-loaded PLGA microspheric formulations. Data represent mean ± standard deviation (n = 6–8).

Formulation Cmax (ng/mL) t1/2 (min) AUC0–8 (ng/mL min) Relative
bioavailability

Plain PGE1 I.V.a 80.09 ± 19.37 1.5 ± 0.2 723.53 ± 86.4 –
Plain  PGE1 pulmonarya 56.73 ± 6.2 3.49 ± 0.41 594.16 ± 66.1 0.821 ± 0.15
PEI-1  20.12 ± 3.81 362.296 ± 50.56 1038.11 ± 180.1 0.957 ± 0.13
PEI-4  14.51 ± 2.91 390.66 ± 55.71 973.52 ± 130.2 0.897 ± 0.17
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Adapted from Gupta et al. (2010).
UC, area under the concentration time curve; I.V., intravenous; PEI, polyethylenei

n PLGA microspheres was incubated in lung homogenates, the
rug concentration in the homogenate continually increased
ver the period of the experiment. For PEI-1, the amount of
GE1 released increased from 78.9 ± 5.42 ng/mL at time 0 min to
41.9 ± 15.42 ng/mL at 8 h; for PEI-4, the amount of PGE1 increased
rom 32.83 ± 4.21 ng/mL at time 0 to 142.42 ± 20.741 ng/mL at

 h (Fig. 6A). The presence of PGE1 in the homogenates is an
ndication of continual release of the drug from the formulations
s a result of time-dependent degradation of the polymeric core of
he microparticles.

To further confirm the drug degradation in the lung

omogenate, we  also determined the amount of drug that remained
nreleased from the microspheric formulations by extracting PGE1
rom the microparticles incubated with the homogenates. As
hown in Fig. 6B, with the increase in drug release, a concomitant

ig. 6. Metabolic degradation of PGE1 in rat lung homogenate. (A) Concentration of
GE1 upon incubation of 10 �g/mL plain PGE1, PEI-1, and PEI-4 containing 10 �g/mL
GE1. (B) The amount of drug extracted from PEI-1 and PEI-4 microspheres incubated
n  lung homogenates. Data represent mean ± standard deviation (n = 3).
5 kDa.

decrease in the amount of drug in the polymeric microparti-
cles was  observed. The amount of drug in PEI-1 microspheres
decreased from 3.96 ± 0.45 �g/mL to 0.115 ± 0.0142 �g/mL after
8 h of incubation. A similar pattern was  observed for PEI-4 micro-
spheres: the drug concentration decreased from 12.87 ± 1.3 �g/mL
to 1.91 ± 0.21 �g/mL after 8 h (Fig. 6B). On the whole, in concur-
rence with the pulmonary absorption profiles, data on metabolic
degradation suggest that polymeric microparticles continuously
release PGE1 over an extended period and protect the unreleased
drug against metabolic degradation.

3.6. Safety studies

Safety of the formulations was  studied in two  sets of experi-
ments: analysis of bronchoalveolar lavage fluid and a cell viability
study using a propidium iodide assay.

3.6.1. Analysis of bronchoalveolar lavage fluid
The acute safety of the formulations was studied by analyz-

ing the BAL fluid collected from rats treated with two  optimized
formulations, PEI-1 and PEI-4, and a positive control 0.1% (w/v)
solution of SDS. In addition to determining the levels of injury mark-
ers, alkaline phosphatase (ALP) and lactate dehydrogenase (LDH)
in BAL fluid, total protein content and wet  lung weight were also
recorded to investigate accumulation of extracellular fluid in the
epithelial cell lining of the respiratory wall upon drug inhalation.
Presence of LDH, a cytoplasmic enzyme, in BAL fluid is represen-
tative of cell damage and lysis (Henderson et al., 1978). ALP is a
membrane-bound lysosomal enzyme, and its presence in the BAL
fluid represents alveolar type II cell proliferation in response to
type I cell damage (Hussain and Ahsan, 2005). Further, total protein
content of the BAL fluid is an important biomarker of permeabil-
ity of the alveolar capillary barrier and inflammation (Beck et al.,
1982). The inflammatory markers, ALP and LDH, are considered as
the direct indicators of the inflammation in the respiratory system.
In fact, the cough symptoms in humans are initiated by stimula-
tion of two different classes of afferent nerves, myelinated rapidly
adapting receptors and nonmyelinated C-fibers with endings in the
lungs. Activation of these receptors results in mast cell degranula-
tion that stimulates the release of various inflammatory markers
and cause edema (Goldsobel and Chipps, 2010). Based on this fact,
it is reasonable to argue that measurement of LDH and ALP levels are
an acceptable method to evaluate toxicity of inhaled formulations.

Wet  lung weights of rats treated with PEI-1 were significantly
higher than those of saline-treated animals, but lower than those of
0.1% SDS-treated rats. The increase in wet lung weights caused by
PEI-4 was  much smaller than that produced by the PEI-1 formula-
tions (Fig. 7A). Further, compared to the saline-treated animals, no
formulations produced a remarkable increase in total protein con-
tent or elevation in LDH and ALP levels. Both formulations were safe
compared to 0.1% SDS. However, these data should be treated with

caution because of the acute nature of the study. A long-term study
using PEI-1 and PEI-4 would give better insight into the patholog-
ical changes that may  occur upon repeated administration of the
formulations.
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Fig. 7. Acute in-vivo toxicity studies of optimized formulations PEI-1 and PEI-4
in  bronchoalveolar lavage (BAL) fluid after 12 h of administration. (A) Corrected
wet  lung weights (g/100 g body weight) and total protein concentration (mg/mL).
*Means are significantly different from (p < 0.05) (protein concentration), and
**means are significantly different (p < 0.05) (wet lung weight). (B) Levels of lactate
dehydrogenase (LDH) (IU/L), and alkaline phosphatase (ALP) (IU/L). *Means are sig-
nificantly different (p < 0.05). Data represent mean ± standard deviation (n = 4). (C)
Acute cytotoxicity studies to determine in-vitro safety profiles of the optimized for-
mulations, PEI-1, and PEI-4, by propidium iodide fluorescence exclusion assay in the
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for  pulmonary drug delivery. J. Control. Release 104, 79–90.
alu-3 respiratory epithelial cell line at 0.5, 1.0, 2.0, and 5.0 mg/mL of microspheric
ormulations. Data represent mean ± standard deviation (n = 16).

.6.2. Cell viability study
The cell viability study was performed using a propidium iodide

xclusion fluorescence assay in Calu-3 cells, a lung epithelial cell
ine, a widely used model for studying transport and safety of

nhaled drug or formulation adjuvants (Foster et al., 2000). Pro-
idium iodide is a fluorescent dye and an intercalating agent
hat binds to double-stranded nucleic acids of non-viable cells
f Pharmaceutics 413 (2011) 51– 62 61

by intercalating between bases. It is a membrane-impermeable
molecule and excluded from viable cells (Nieminen et al., 1992;
Pavlik et al., 1985). When bound to nucleic acids, propidium
iodide causes a red shift and about a 20- to 30-fold increase in
fluorescence compared to background. The cell viability data pre-
sented in Fig. 7C show high levels of cell viability when incubated
with saline. In fact, saline-treated cells were 100% viable, whereas
SDS-treated cells showed a viability of 37.79 ± 7.03%. However, nei-
ther formulation produced a major reduction in cell viability. In
the case of PEI-1, cell viability was reduced from 92.49 ± 7.61%
to 89.13 ± 6.85% when the concentration of the formulation was
increased from 0.5 mg/mL  to 5 mg/mL. A similar reduction in cell
viability was  observed with PEI-4-treated cells at concentrations
between 0.5 and 5 mg/mL. As is evident from the data, PEI, a
polycationic absorption enhancer, when encapsulated in the poly-
meric particles, exhibited moderate cytotoxicity toward Calu-3
cells compared to SDS treated cells. This can be attributed to its
reduced charge density upon complexation with PGE1. Although
the cell viability studies suggest that both formulations are safe
when treated with a bronchial epithelial cell line, caution should
be exercised in translating the data to the overall safety of the
formulation.

4. Conclusions

In summary, this study investigates in-vitro release profiles of
polymeric PLGA microspheres of PGE1 in a simulated lung fluid.
PEI-modified microspheres can enhance the drug payload and
produce large porous particles. The resulting microspheres meet
micromeritical standards of inhaled particles. The microspheres
provided an extended biological half-life in addition to offering
protection against metabolic degradation, suggesting that these
formulations can overcome important limitations of existing ther-
apies for pulmonary hypertension, a pulmonary vascular disorder.
Currently, studies are underway in our laboratory to investigate
the efficacy of these formulations in producing sustained vasodila-
tion of pulmonary arteries in a rodent animal model of pulmonary
hypertension.
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