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Abstract

Inhalable dry powders containing poly lactic-co-glycolic acid (PLGA) nanoparticles (NPs) were developed
for the delivery of tadalafil (TAD) for treatment of life-treating pulmonary arterial hypertension. Taguchi
design was employed to evaluate the effects of different formulation variables on the physicochemical
characteristics of PLGA-NPs prepared using emulsion solvent evaporation method. Inhalable PLGA-NPs of
TAD were successfully prepared by co-spray drying the PLGA-NPs with inert carriers. Physicochemical
characteristics and in vitro deposition of the aerosolized drug were also evaluated. The optimized
formulation was prepared using 7.5 mg of PLGA, 2.5 mg of TAD, sonication time of 6 min and 2%
polyvinyl alcohol (PVA) as the stabilizer. The optimized aqueous/oil phase ratio for PLGA-NPs preparation
was 10:1. Polymer/drug ratio was the most effective parameter on the release efficiency. Encapsulation
efficiency, zeta potential and particle size of PLGA-NPs were more affected by aqueous/organic phase ratio.
The spray dried powders containing PLGA-NPs had a mass median aerodynamic diameter (MMAD) in the
range of 1.4-2.8 pum that was suitable for TAD delivery to the deep region of lung. The presence of L-
leucine in mannitol containing formulations decreased the interparticulate forces between particles and
increased significantly the process yield and fine particle fraction (FPF). The results indicated that prepared
dry powders containing TAD-loaded PLGA-NPs were suitable for inhalation and has the potential for the
treatment of pulmonary arterial hypertension.
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INTRODUCTION

Pulmonary hypertension (PH) is a
pathophysiological and hemodynamic
condition in which average blood pressure
in the pulmonary arteries is greater than
25 mmHg at rest (1).

The  current  treatments for PH
include endothelin  receptor antagonists,
calcium antagonist, anticoagulant, prostacyclins
analogues, and phosphodiesterase 5 inhibitors
(PDE-5) (2). High concentrations of PDE-5 in
the pulmonary arteries and its function can
cause abnormal growth of vessels and
impaired vasodilatation (3). Tadalafil (TAD),
the most potent inhibitor of PDE-5 enzyme,
was documented to improve pulmonary
hemodynamics.

*Corresponding author: S. Taymouri
Tel: 0098 31 37927065, Fax: 0098 31 36680011
Email: s_taymouri@pharmmail.mui.ac.ir

TAD belongs to the biopharmaceutical
classification system class II drugs.

Inadequate aqueous solubility of TAD
caused variations in bioavailability and clinical
drug responses (4). In addition, peroral
administration of TAD leads to systemic
availability of the drug that results in
unwanted side effects. The pulmonary route
has received extensive attention as non-
invasive method of drug administration for
local and systemic drug delivery due to the
large surface area, fairly low activity of
enzymes, high vascularization, and high
permeability owing to extremely thin walls of
the alveoli.
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Furthermore, the possibility to deliver
therapeutic agents at high concentrations into
site of action by preventing the first-pass
metabolism and reduced systemic doses allow
efficient treatment of pulmonary disease and
minimum drug side effects (5). The delivery of
TAD to the lung could allow safe local
treatment, more rapid onset of response and
reduced side effects. Nanoparticles (NPs) have
gained considerable attention as a carrier for
pulmonary delivery due to the ability to
penetrate into airway mucosa, while avoiding
macrophages and mucociliary clearance. They
provide some other advantages, including
increase of drug solubility, high drug loading
capacity, sustained release property which
reduces frequency of dosing and shortens
treatment period. NPs also have wider
distribution in the lung because of the higher
surface area to mass ratio (6). However, NPs
are not suitable for deep lung delivery due to
their low inertia causing them to be breathed
out after inhalation which may lead to dose
variability. In addition, NPs join together to
form large aggregate due to their high free
surface energy. To avoid these problems,
preparation of microscale powder containing
NPs, is unavoidable (7). Sugars, such as
lactose or mannitol, have been employed as
inert carriers of NPs because they are nontoxic
and approved by FDA (8). After deposition in
the lung, the microparticles dissolve and
dissociate into primary NPs in the surface of
alveoli (9). Spray drying is known as a
scalable process to produce inhalable powder
for lung delivery. It is a rapid, single step
process that converts very small liquid droplets
to dry product of powder with optimum
particle characteristics, including size and
density suitable for pulmonary delivery (10).
Metered-dose inhalers (MDI), nebulizers, and
dry powder inhalers (DPI) are the three main
aerosol devices used to deliver therapeutic
agents to the lung (11). Among these, DPI
appears to be the most promising because they
are propellant-free, portable, easy to operate
and cost effective devices with enhanced
stability of the formulation upon storage as a
result of the dry state (11). Polymeric
nanospheres composed of poly lactide-co-
glycolic acid (PLGA) have received a great
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attention for delivery of a wide variety of
therapeutic agents due to its advantages such
as biocompatibility, biodegradability, drug
release control, drug targeting and lower
toxicity compared to other polymers and more
stability than liposomes and other drug
delivery systems in biological environments
(9-10). In the present study, we have
developed an inhalable powder containing
TAD-loaded polymeric colloidal formulation
for the therapy of PH. The effects of
sonication time (S) as a process variable,
as well as formulation variables such as
aqueous/organic phase ratio (W/0),
polymer/drug (P/D) ratio and surfactant
concentration on different physicochemical
properties of NPs were evaluated. Then,
microstructures containing optimized NPs were
prepared and the influence of carrier type on the
characteristics of the powder was evaluated.

MATERIALS AND METHODS

Materials

TAD  was  provided by  Osvah
pharmaceutical company (Iran). PLGA (50:50,
molecular weight of 24,000-38,000) and
polyvinyl alcohol (PVA, 99% hydrolysis
degree and molecular mass 66000 g/mol) were
acquired from Sigma-Aldrich (US).
Dichloromethane (DCM) of analytical grade
was obtained from Merck chemical company
(Germany). Dialysis bag was supplied from
Sigma-Aldrich (US). Mannitol, leucine and
lactose were from Fluka (US).

Experimental design

Four different control factors, each at 3
levels were studied in the production of
PLGA-NPs by a Taguchi design L9 orthogonal
array experiment. Four investigated responses
included particle size, =zeta potential,
entrapment efficiency (EE) and release
efficiency. Design expert program (version 10,
US) was used for statistical analysis of
experimental results. Table 1 displays
formulations studied in the present study. The
optimum conditions were determined by the
Taguchi optimization method to yield a
heightened performance with the lowest
possible effect of noise factor.
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Table 1. Physicochemical properties of TAD-loaded PLGA nanoparticles.

Formulations PVA PD WO S Particle size  PDI EE (%) Zeta (RE,4%0)

% (min)  (nm) potential

(WIV) (mv)
P3D5W40S2 3 5 40 2 35.07+0.37 046001 61.40+0.58 -2.36+£0.14 77.80 +£2.01
P3D3W20S6 3 20 6 1454+725 037+0.04 83.60+0.13 -2.19+£0.42 58.07 £0.67
P3DIOW10S4 3 10 10 4 87.04+0.65 0.42+0.05 94.52+0.13 -2.14+£0.24 32.49+1.58
P2D5W10S6 2 5 10 6 188.1+9.30 0.48+0.08 96.12+0.06 -2.21+0.14 38.16 £11.73
P2D10W20S2 2 10 20 2 301.7+£10.5 0.50+£0.03 9291+0.46 -1.47+£0.08 30.49 £9.87
P2D3W40S4 2 3 40 4 87.73+358 041+0.20 79.24+0.52 -2.93+045 68.80 +3.25
P1ID10W40S6 1 10 40 6 31.30+£524 09+0.10 86.51 £0.90 -3.60 £0.21 34.07 £9.37
P1D5W20S4 1 5 20 4 166.2+31.5 0.67+0.02 91.17+0.36 -1.70£0.43 51.78 +7.86
P1D3W10S2 1 3 10 2 1729+144 0.52+0.02 95.83+0.23 -2.20+0.17 45.20 £ 6.68

PVA, polyvinyl alcohol; P/D, polymer/drug; S, sonication time; PDI, polydispersity

efficiency; RE,4, release efficiency until 24 h.

Preparation of tadalafil-loaded PLGA-NPs

TAD-loaded PLGA-NPs (TAD-PLGA-
NPs) were prepared by emulsion-solvent
evaporation method (9). 7.5, 12.5 or 25 mg
PLGA and 2.5 mg TAD were dissolved in 1
mL of DCM as organic solvent. The organic
phase was added dropwise to the different
amounts of aqueous phase containing 1%, 2%
or 3% PVA as a stabilizer under magnetic
stirring at the speed of 800 rpm. Then the
obtained coarse emulsion was sonicated for 2,
4 or 6 min using a high-intensity probe
ultrasonicator (Bandelin HD 3200; Bandelin
Electronics, Berlin, Germany). Finally, the
resulting emulsion was stirred under magnetic
stirring for 3 h to allow organic solvent
evaporation.

Entrapment efficiency

About 0.5 mL of TAD-PLGA-NPs was
centrifuged (Microcentrifuge Sigma 30 k, UK)
in Amicon microcentrifugation tubes (cutoff
10 000 Da, Ireland) at 14000 rpm for 30 min
(9). The amount of drug in aqueous medium
containing 1-3% PVA was measured by an
ultraviolet  spectrophotometer  (UV1200,
Shimadzu, Tokyo, Japan) at 292 nm. Blank
PLGA-NPs (without drug) were used as the
control. The EE of TAD in TAD-PLGA-NPs
was calculated using the following equation:

total amount of drug added—free drug
total amount of drug added

EE = ( )*100 (1)

Determination of particle size, polydispersity
index and zeta potential of TAD-PLGA-NPs
Particle size, polydispersity index (PDI),
and zeta potential of TAD-PLGA-NPs were
determined by dynamic light scattering
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method using Malvern nanosizer
Zetasizer 3000, Malvern, UK).

(PCS,

Drug release studies

To determine the release rate of TAD from
NPs, an appropriate amount of each
formulation was transferred to the dialysis
membrane (molecular weight cut off 12000
Da) and were placed in the glass beaker in
phosphate buffered saline (PBS, pH 7.4, at 37
°C) containing 2% w/v of Tween 80 to provide
sink condition with stirring at 400 rpm. At
predetermined time intervals, 1 mL of the
sample was taken for analysis and then
returned to glass beaker. This experiment was
done in triplicate. The amount of drug released
was determined using ultraviolet
spectrophotometer (UV mini 1240, Shimadzu,
Japan) at 291 nm.

Release efficiency until 24 h (RE»4%) was
calculated by equation 2:

t
Joy.dt

RE»,% =
24707 U100t

x 100 2

Drug release data of optimized formulation
were fitted with different kinetic models
including Baker Lonsdale 3/2 x [I-(1-
My/M..)**] - MyM,, = kt, Higuchi [(M/M.,) =
kt1/2], first order [Ln(1- M¢/M,) = -kt] , zero
order (MyM,, = kt), where M,, is the total
amount of drug loaded in PLGA-NPs that can
be released after infinite time, M; is the
amount of drug released at time t, t is sampling
time, and k is release constant. The best model
was selected based on the highest correlation
coefficient (r*). The mechanism of drug
release from prepared optimized PLGA-NPs
was also evaluated using Korsmeyer-Peppas



model (M¢/M,, =kt"), where n is release
exponent. For diffusion controlled systems,
n value is equal or less than 0.5. When 0.5 <n
< 1, diffusion- erosion is the dominant
mechanism of drug release. If n value is close
to 1, the drug release is mainly controlled by
erosion (or relaxation) (12-13).

Differential scanning calorimetry and FTIR
study

To remove the free drug, the final
nanosuspension of the optimized formulation
was centrifuged at 14000 rpm for 30 min and
then precipitated PLGA-NPs were washed
twice with water and lyophilized (14). The
final dry powder was taken out for differential
scanning calorimetry (DSC) and FTIR study.
DSC thermogram of TAD, PLGA, physical
mixture, TAD-PLGA-NPs (8-10 mg) were
recorded using a DSC instrument (Mettler
Toledo, Switzerland) between 10 °C - 350 °C
at a heating rate of 10 °C per min. FTIR
spectra of drug, PLGA, physical mixture and
TAD-PLGA-NPs were recorded on FTIR
spectrophotometer (Rayleigh, WQF-510/520,
China) using the potassium bromide (KBr)
disk method. The FTIR spectra scanned in the
IR range from 400 to 4000 cm™.

Preparation of spray-dried powder containing
TAD-PLGA-NPs

Optimized formulation in the presence of
lactose, mannitol with or without leucine was
spray-dried (Table 2) using a Biichi Mini
Spray Dryer B290 (Lab Plant SD-05, UK)
under the following conditions: inlet
temperature of 80 °C , solution flow rate of
2.5 mL/min, outlet temperature 42-49 °C , N,
flow rate of 35 m*/h. The resultant spray dried
powders were collected and yield percentage
was determined. Then samples were stored in
a desiccator at ambient temperature until used
for further studies.
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In vitro aerosolization study

To study in vitro  aerosolization
characteristics of powders, next generation
impactor (NGI, Model 170, Apparatus E;
British Pharmacopoeia, 2010, USA) was used.
10 mg of each spray dried powder was filled
into hard gelatin capsules (size 3). The capsule
was punctured and powder was aerosolized
through the next generation impactor using
Aerolizer® at flow rate of 60 L /min. All
collection surfaces were washed with water and
the drug was extracted by DCM.

The drug contents in each stage were then
determined using a UV spectrophotometer at
272 nm. Each test was repeated 6 times. The
percentage of emitted dose (ED), fine particle
fraction (FPF), mass median aerodynamic
diameter (MMAD) and geometric standard
deviation (GSD) were determined from drug
deposition data. CITDAS Version 3.10, data
processing  software  (Copley  Scientific,
Nottingham, UK) was used for determination of
these parameters (5,15).

Solid state characterization

Flowability of the spray-dried powders was
determined by measuring the angle of repose,
Carr’s compressibility index and Hausner
ratio. Angle of repose was determined by a
fixed funnel method as described previously.
Carr’s compressibility index was measured
from the tapped and bulk density of spray-
dried powders using equation 3. Bulk density
was determined by measuring the volume of a
known weight powder in a 10 mL measuring
cylinder and tapped density was determined by
bulk density measurements following 100 taps.

Cart’s lndepr‘:"” x 100 3)
Hausner ratio was determined from tapped

density (pt) and bulk density (pb) calculated
by equation 4.

Hausner ratio = pt/pb 4)

Table 2. Comparison of predicted and actual values of different responses of the optimized formulation of PLGA NPs.

Response  Particle size(nm)  PDI EE (%) Zeta potential (mv) (RE24%)
Observed 240.4 £19.5 0.31 £0.05 95.12 £0.079 -3.33£0.06 45.49 +0.57
Predicted 193.4 0.32 97.98 -2.67 47.43

Error % 24 3.12 2.92 24 4.09

PDI, polydispersity index; EE, encapsulation efficiency; RE,,, release efficiency until 24 h.
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Particle size measurement

The particle size and size distribution of the
spray-dried powder was determined by
dynamic laser light scattering (DLS) method
using Malvern nanosizer (ZEN3600, Malvern
Instruments Ltd, UK). Five mg of each sample
was dispersed in hexane or isopropyl alcohol
using water bath sonicator for lactose and
mannitol containing powder, respectively. The
particle size was measured in triplicate (10).

Scanning electron microscopy

The morphology of the optimized NPs and
spray dried powders were evaluated using a
scanning electron microscope (SEM, JSM-
5900LV, JEOL, Japan). Particles of each
sample were coated with gold under vacuum
before imaging.

RESULTS

Preparation and physicochemical
characterization of TAD-PLGA-NPs

TAD loaded polymeric PLGA-NPs were
prepared by emulsion-solvent evaporation
method. Effect of different variables, including
PLGA content, aqueous/organic phase ratio
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Particle Size Encapsulation Zeta potential

efficiency
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Studied responses

(W/O ratio), sonication time and surfactant
content on  different physicochemical
properties of PLGA-NPs were evaluated using
Taguchi orthogonal design. Contribution of
different studied parameters on TAD
encapsulation efficiency, particle size, zeta
potential and release efficiency of PLGA-NPs
is shown in Fig. 1. As shown in Fig. 1, EE,
zeta potential and particle size of PLGA-NPs
were more affected by W/O ratio. Table 1
shows the results of EE, particle size, zeta
potential, PDI and RE of studied formulations.
The particle size of TAD-PLGA- NPs varied
between 35.07 and 301.7 nm. The zeta
potential of all formulations was negative and
varied between -1.47 and -3.6. The EE of
PLGA-NPs ranged from 61.64 to 96.12 %. In
vitro drug release profiles from PLGA-NPs are
shown in Fig, 2.

The release of TAD from PLGA-NPs was
biphasic with an initial burst release followed
by slower release manner. The RE4% is
directly related to the release rate of the drug
from PLGA-NPs. The RE»4% ranged between
30.49 £ 9.87 and 77.8 + 2.01. As it is seen in
Fig. 1, the REx»% is more affected by the
polymer/drug ratio.

= W/O ratio
# PVA content
# Sonication time

i Polymer content

G

Release
efficiency

Fig. 1. Contribution of different studied parameters on tadalafil encapsulation efficiency, particle size, zeta potential and

release efficiency in PLGA-NPs.

226



Development of tadalafil-loaded PLGA nanoparticles

120 - —e—PID3W10S2
100 - —a—PIDI0W40S6
£ 90 A —e—P2D3W40S4
3 E;g T —%—P2D5W10S6
< ]
- —e—P2D10W20S2
260 -
— 50 - —o—P3D3W20S6
5
3 40 —=—P3D5W40S2
S 30 - ——P3D10W10S4
20 1 ——P2D3W10S6
10 -
0 .
30

Fig. 2. In vitro release profiles of tadalafil from different studied formulation of PLGA-NPs (mean + SD, n = 3).

Optimization of TAD-PLGA-NPs

For the optimization of the formulation of
PLGA-NPs, all responses were fitted to linear
model. The constraint of particle size was
between 35 < Y1 < 301.7 nm with targeting
the particle size in the range of the measured
values for the prepared batches. For zeta
potential, the constraint was between -1.47 <
Y2 < -3.6 nm with targeting the zeta potential
on maximum of obtained data. For
encapsulation and release efficiency, the
constraints were between 61.4 <Y3 <96.12 %
and 30.49 < Y4 < 77.8 %, respectively, with
targeting the both on maximum of the
measured values. The constraint of PDI was
between 0.37 < Y5 <0.9 with the goal set on a
minimum of PDI wvalue. Accordingly,
Taguchi’s design suggested the optimized
PLGA-NPs processing condition of the TAD-
PLGA-NPs with 0.825 desirability. The
optimized formulation was prepared using
optimized polymer/drug ratio of 3:1,
sonication time of 6 min, PVA of 2% and the
phase ratio of 10. This formulation was
prepared and its particle size, zeta-potential,
EE, PDI, and RE were determined. Table 2
shows the predicted and measured values of all
responses. The results showed the predicted
values by the software were close to the actual
values, indicating that the Taguchi design can
successfully predict the best situation of
preparing the stable TAD-PLGA-NPs.
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Scanning electron microscopy

The SEM images reveal that TAD-PLGA-
NPs are spherical with smooth surface
(Fig. 3 a,b). The size of PLGA-NPs determined
by SEM was smaller than that obtained by zeta
sizer. The larger particle size obtained by zeta
sizer might be attributed to hydrodynamic layers
covering the particles in solution while for SEM,
the samples are in dehydrated state.

Release kinetics and mechanism

Release data of the optimized formulation
were fitted to different kinetic models.
Considering the highest correlation coefficient,
it was concluded that the drug release pattern
of the optimized formulation follows the zero
order kinetic (R* = 0.98). The mechanism
responsible  for  drug release  from
biodegradable PLGA-NPs may be degradation
of the polymer matrix of PLGA-NPs or
diffusion of drug molecules through the matrix
or the combination of both processes.
Calculated release exponent in the optimized
formulation was about 0.9 indicates that the
release was mainly controlled by erosion.

Differential scanning calorimetry

To determine the physical status of drug in
the PLGA-NPs, DSC analysis was conducted.
Fig. 4 shows the DSC thermogram of pure
TAD, PLGA, TAD-PLGA-NPs, physical
mixtures of blank PLGA-NPs and pure TAD.
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Fig. 3. Scanning electron microscope (SEM) micrographs of (a), and (b), tadalafil loaded PLGA-NPs; dry powders
containing tadalafil loaded PLGA-NPs prepared by (c) mannitol, (d) mannitol/leucine (8:1), (e) lactose, (f)
lactose/leucine (8:1).
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Fig. 4. FTIR and differential scanning calorimetry (DSC) thermogram of (a) tadalafil, (b) PLGA, (c) physical mixture
of tadalafil and blank NPs, (d) tadalafil loaded NPs.
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The DSC thermogram of TAD showed a
sharp endothermic peak of melting at 304 °C
indicating its crystalline state. The PLGA
thermogram showed glass transition temperature
around 52 °C. It can be observed from DSC
thermograms  that the glass transition
temperature of the PLGA was not influenced by
microencapsulation procedure. Physical mixture
of blank PLGA-NPs and the drug showed a
melting peak, which corresponds to the melting
temperature of pure TAD. The nano-formulation
showed no peaks corresponding to melting point
of TAD in the DSC curve due to decreased
drug crystallinity in the formulations and /or
drug solvation in the polymeric matrix after
fabrication. Similar results were reported by
other authors when other hydrophobic drugs
were encapsulated in PLGA-NPs (16).

Fourier transform infrared

The FTIR spectrum of TAD showed
characteristic bands at 3326.6 cm™ (N-H stretch,
secondary amine), 3060 cm” (C-H stretch,
aromatic), 2904 cm™ (C-H stretch, aliphatic
CH3), 1676 cm™ (C=0 carbonyl), 1649.8 cm’
(C=C aromatic), 1437 cm™ (C-N stretch), 1041
cm’ (C-O-C) and 746.317 cm™ (benzene). The
FTIR spectrum of PLGA showed peaks at
3433.64 cm’ (O-H stretch), 1758 cm™ (ester
group), 1384.64 cm™ (bending C-H vibrations)
and 1095.37 cm™ (C-O stretch). The physical
mixture of blank PLGA-NPs and TAD and
TAD-PLGA-NPs showed all characteristic bands
of TAD and PLGA that were identified in the
isolated compounds in the IR spectra with
smaller intensity (Fig. 4). The result indicated no
chemical interaction between drug and polymer
during preparation of PLGA-NPs.

Development of tadalafil-loaded PLGA nanoparticles

In vitro pulmonary deposition study

Table 3 shows the aerodynamic properties
of the dry powder containing TAD-PLGA-NPs
co-spray dried with lactose or mannitol with
and without leucine. All spray-dried powders
showed high percentage of emitted dose (more
than 90%) and there was no significant
difference between different studied powders.
The data presented in Table 3 showed that the
one prepared from optimized formulation and
lactose revealed better acrodynamic properties
than that obtained from mannitol. As shown in
Table 3, incorporation of leucine in mannitol
containing formulation reduced cohesiveness
and significantly improved the deposition
profile of PLGA-NPs.

The spray dried powders were evaluated for
their flow properties in terms of Carrs index,
angle of repose and Hausner ratio. As shown
in Table 3, the angle of repose and Carr’s index
ranged between 21.59 to 25.85 and 12.08 to
16.53, respectively. The results revealed good
flow properties of the powder. This was
further confirmed by Hausner ratio. The
incorporation of leucine in excipients have no
significant effects on flow properties of the
powders. Fig. 3 (e-f) shows the SEM
micrograph of spray dried powders containing
lactose and mannitol with or without leucine.
The spray dried powders containing lactose
and mannitol exhibited spherical particles with
smooth surface.

The addition of leucine changed the smooth
surface of PLGA-NPs to a rough surface that
may be attributed to earlier precipitation of
leucine with lower solubility in the drying
process (17).

Table 3. Aerosolization and physical properties of dry powders obtained from TAD loaded PLGA NPs

F C/N ratio  Yeild ED FPF GSD MMAD  Hausner Carr's  Angle of Particle
LM Le (%) (%) (um) ratio index repose (°) size (um)
F1 9 52% 9523 3753+ 531+ 28+ 1.19 + 1653+  2585+0.67 4.20+0.30
+198 1114 0.78 1.34 0.01 0.75
F2 9 - - 44% 9173  51.79+ 471+ 145+ 1.19 1624+  25.64+0.10 3.20+1.01
£233 265 0.24 0.04 0.02 1.52
F3 8 1 61% 93.43 5924+ 114+ 152% 1.16 + 1379+  21.59+1.02 335+123
+£1.78  6.21 0.19 0.13 0.02 1.72
F4 8 1 66% 96.35 50.16+  4.01+ 158+ 1.14 + 12.08+  2450+1.36 2.45+0.67
+0.51  0.67 0.01 0.01 0.05 391

F, formulations; C/N ratio, carrier/nanoparticle ratio; L, lactose; M, mannitol; Le, leucine; FPF, fine particle fraction;
ED, emitted dose; MMAD, mass median aerodynamic diameter; GSD, geometric standard deviation.
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DISCUSSIONS

Statistical analysis using Design Expert
Software showed the most effective factor on
particle size was W/O phase ratio. With
decreasing organic/aqueous phase ratio from
1:10 to 1:20 (v/v), an increase in mean particle
size was observed. However, further increase
in aqueous phase volume decreased the
particle size. This may be due to a decrease in
viscosity and attractive forces between the
molecules (P < 0.05) (18). To achieve an
emulsified system, the addition of energy is an
essential step (9). To evaluate the effect of
sonication time on PLGA-NPs diameter,
sonication time was increased from 2 to 6 min.
Increase in sonication time from 2 to 4 min led
to a decrease in the size of the particles (P <
0.05), however, further sonication (6 min) did
not change the particle size significantly. The
particle size initially showed an increase with
the increase of PVA content. Further increase
in PVA content decreased particle size and
PDI (P < 0.05). This is due to the increased
concentration of PVA stabilizing the polymer
droplets well enough to protect them against
coalescence (19). There was no significant
increase in particle size as polymer/drug ratio
increased (P > 0.05).

The stability of colloidal dispersion
depends on zeta potential and enhances with
increase in value of zeta potential. Because of

small  absolute zeta potential, these
formulations may be susceptible to
aggregation in colloidal dispersion state,

however, since final prepared dosage form is
prepared as dry powder inhaler containing
PLGA-NPs co-spray dried with sugar-based
carrier, this is not considered as a limitation
(9). All formulations showed a negative zeta
potential. The negative charge is attributed to
ionization of the carboxyl groups of PLGA
polymer on the surface of PLGA-NPs (20).
The absolute zeta potential of PLGA-NPs
increased as aqueous/organic phase ratio
increased (P < 0.05). By increasing the
sonication time (though not significant), the
absolute value of zeta potential increased too.
All these changes reduced the particle size of
PLGA-NPs. As the particle size decreased,
surface charge increased, as a result absolute
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value of zeta potential increased (12). The
results indicate that an increase in surfactant
content reduced the negative zeta potential of
PLGA-NPs (P > 0.05). This may be attributed
to nonionic nature of surfactant. Its adsorption
on the surface of PLGA-NPs could reduce
their surface charge (21). Table 3 shows that
the EE of PLGA-NPs changed between 61.64
to 96.12 %. Increasing the aqueous phase
volume, decreased EE. It has been postulated
that the amount of drug diffused in aqueous
phase increased with increasing the volume of
aqueous phase (P < 0.05) (22). EE decreased
as PVA content increased which could be
explained by increasing the solubility of drug
(P < 0.05); as a consequence, drug loss was
observed when oil phase was in a semisolid
state before polymer hardening. This result
was in agreement with previous data reported
by Hadipour Moghaddam, et al. (10).
Increasing polymer/drug ratio has increased
the EE of PLGA-NPs (P > 0.05). This may be
due to the increase in viscosity of internal
phase that inhibits drug migration to external
phase and therefore increasing drug EE (9). By
increasing the sonication time (though not
significant), the EE of PLGA-NPs was slightly
increased. Emami, et al. (9) also reported
similar result in incorporation of celecoxib in
polymeric NPs of PLGA. This could be due to
the decreased diffusion of the drug to aqueous
media and rapid polymer hardening caused by
fast loss of oil phase due to the evaporation at
higher sonication time. Unidirectional and less
turbulent flow in lower speed also caused
migration of drug from the organic phase (23).

None of studied factors contribute
significantly to the release efficiency of
PLGA-NPs. The cumulative amount of drug
released at 24 h, decreased with an increase in
polymer concentration. The decrease in release
rate can be attributed to increased
concentration of the polymer content of
PLGA-NPs, which hinders the drug release by
diffusion (22). The RE;;s% of PLGA-NPs
exhibited an increase when the aqueous phase
volume increased. Enhanced RE»4% of PLGA-
NPs may be due to a reduction in particle size.
Smaller particles showed a faster rate of drug
release because of the shorter diffusion path
length that the drug had to move to achieve



release media (16). Upon increasing the
surfactant content, the amount of drug
solubilized in aqueous phase increased,
thereby increasing the RE;4% from PLGA-
NPs (22). The RE24% was slightly decreased
by increasing sonication time. The reason for
decreased RE»4% at higher sonication time
could be due to the formation of a more stable
matrix by fast loss of oil phase at higher
sonication time.

Particle size is one of the most important
factors that influence on the site of deposition
and the mass of inhaled drug that deposit in
the lung. In order to reach the deep lung and
optimize systemic drug absorption, MMAD
should be between 1 and 3 pum (17). The
MMAD for spray dried TAD-PLGA-NPs
ranged between 1.45 and 2.8 um indicating the
potential of the prepared particles for DPI
application. The lowest FPF obtained for
powder containing mannitol could be due to
highly cohesive properties of mannitol (24). It
has been reported that incorporation of leucine
into a precursor solution for spray-drying
could improve aerosolization and performance
of dry powder (25). To take benefit of this
feature of leucine, PLGA-NPs were co-spray
dried with sugar in the presence of leucine. By
adding leucine to mannitol containing
formulation, MMAD and GSD decreased,
thereby resulting a better in vitro deposition. In
addition, process yield improved as an effect
of the presence of leucine in spray dried
powders. Leucine has been reported to have
anti-adherent and surface active properties. As
a consequence, it has a good tendency to
assemble on the surface of droplets with their
hydrocarbon chains to reduce surface
cohesiveness (26). It has been shown that
amino acid with non-polar side chain (e.g.
leucine, phenylalanine, methionine and
tryptophan) provides higher particle surface
coverage after spray drying than amino acids
with polar side chain (e.g. asparagine and
arginine) (27).

In contrast, in formulation containing
lactose, leucine incorporation did not show
any effect on FPF and MMAD. This is
somewhat in opposition to previous studies
that showed the addition of leucine could
improve aerosolization of spray-dried particles
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with lactose (27). Increase the concentration of
leucine in the formulation or/and reduce its
solubility in solvent system may increase
surface concentration of leucine leading to
increase leucine effectiveness to improve
aerosol performance.

CONCLUSION

TAD-PLGA-NPs were prepared success-
fully by emulsion solvent evaporation method.
TAD-loaded optimized PLGA-NPs were
spherical with an average particle size of
240.43 nm and PDI of 0.31. TAD-loaded
polymeric PLGA-NPs showed sustained
release behavior during 24 h. The results
revealed that encapsulation efficiency, zeta
potential and particle size of PLGA-NPs were
more affected by aqueous/organic phase ratio,
while release efficiency was more affected by
the polymer/drug ratio. The addition of 10%
leucine in formulation containing mannitol had
significant effects on the process yield as well
as aerodynamic properties of the powders. A
good in vitro aerosolization performance of
developing DPI containing TAD-PLGA-NPs
suggests  these  powders  would be
predominately deposited in deep regions of the
lung following inhalation.
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