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ABSTRACT

Objective: This study aims to determine the optimized Pirfenidone-loaded Solid Lipid Nanoparticles (P-SLN) formula for Intrapulmonary Drug
Delivery System (IPDDS) using Response Surface Methodology (RSM).

Methods: Box-Behnken design was applied to create fifteen P-SLN formulas comprising three independent variables, namely lipid-to-drug ratio,
polymer type, and polymer concentration, and three dependent variables, including particle size, Polydispersity Index (PDI), and entrapment
efficiency. The P-SLNs were prepared by solvent injection followed by the ultrasonication method. Those formulas were optimized with the RSM
approach using the Design Expert®. Then, the optimized P-SLN was further characterized for morphology, moisture content, aerodynamic
performance, and dissolution profile.

Results: The optimization process, assisted by RSM, determined that the optimized P-SLN had a lipid-to-drug ratio of 6:1 and contained 0.5%
Plasdone K-29/32. The resulting P-SLN had a spherical shape with a particle size of 212.7 nm, a PDI of 0.39, an entrapment efficiency of 95.02%, and
a low moisture content of 1.59%. The optimized P-SLN also exhibited appropriate IPDDS required characteristics, including a Mass Median
Aerodynamic Diameter (MMAD) ranging from 0.540-12.122 pm and a Respirable Fraction (RF) of 12.4%. Moreover, the release of pirfenidone from
this optimized formula was 89.61% and 69.28% in pH 4.5 and 7.4 buffer media, respectively, in 45 min through a combination of diffusion and

polymer swelling mechanisms.

Conclusion: The optimized P-SLN showed promising potential as an IPDDS for pirfenidone.
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INTRODUCTION

Pirfenidone, a hydrophobic antifibrotic drug, is used in Pulmonary
Fibrosis (PF) treatment [1]. PF is a progressive and chronic lung
disease that could cause stiffness of the alveoli, reduce oxygen-CO2
diffusion, and disrupt the respiratory process [2]. A cohort study on
COVID-19 survivors in China concluded that about 56% of the
survivors exhibited a reduction in lung function and tissue
disruption similar to PF symptoms [3]. Pirfenidone has been studied
in clinical trials to treat COVID-19 survivors who developed PF, and
the results showed an improvement in total lung capacity and
oxygen-CO; diffusion. Furthermore, the chest Computed
Tomography (CT) scan performed on the survivors after two years
of PF illness showed a fibrosis reduction [4].

In current PF treatment, pirfenidone is administered through the
peroral route. However, orally administered pirfenidone undergoes
first-pass metabolism into its inactive form, necessitating high dose
levels (up to 2,403 mg/d) and increasing systemic adverse effects,
particularly skin phototoxic reaction [5]. Consequently, research has
been conducted to develop an alternative route for pirfenidone
administration. Intrapulmonary Drug Delivery System (IPDDS)
might be an alternative route to deliver pirfenidone locally in the
lungs, thus avoiding the first-pass metabolism and reducing the
systemic adverse effect [6].

As PF-scarred tissues are found in the alveolar regions, developing
an IPDDS that can reach and deposit at certain deep lung regions is
crucial. The particles in an IPDDS must be smaller than 500 nm to
target the alveoli, and this characteristic is derived from
nanoparticles [7]. In this context, Solid Lipid Nanoparticles (SLN),
which are capable of encapsulating hydrophobic drugs and
depositing the particles in the alveolar region through the Brownian
diffusion mechanism, might become a potential carrier for
pirfenidone [8]. Furthermore, SLN can minimize the mobility of the
entrapped drugs with its solid lipid structure. Hence, the expulsion

of the entrapped drug from the nanoparticle carrier could be
diminished [9].

In general, two major parameters have a significant impact on SLN
characteristics. The first is the formulation parameter, such as lipid
type, total lipid concentration, lipid-to-drug ratio, surfactant or
stabilizing polymer type, stabilizer concentration, etc. The second is
the process parameters, which depend on the SLN production
method. In this study, the SLN was produced by solvent injection
followed by the ultrasonication method, which has been optimized
from previous study [10]. Hence, the parameter processes such as
temperature, homogenization rate, homogenization duration,
sonication energy, and sonication duration were kept constant [11].
Therefore, the SLN formulation parameter should be optimized to
achieve SLN with optimum characteristics. Previous research
reported that the lipid-to-drug ratio could affect the particle size and
Polydispersity Index (PDI) of the produced SLN [12]. Meanwhile, the
type and concentration of stabilizing polymers could affect the
particle size and entrapment efficiency of the SLN [13]. Based on this
information, we selected the lipid-to-drug ratio, type of polymer, and
polymer concentration as the factors in the optimization process.
However, optimizing these multiple factors separately regarding the
required time and number of experiments would be inefficient and
complicated. Thus, a more efficient approach, namely Response
Surface Methodology (RSM), is required to optimize multiple factors
simultaneously.

In recent years, RSM has captured the interest of researchers
worldwide who perform optimization studies due to its advantages,
such as being capable of optimizing multiple factors simultaneously,
assisting in designing experiments, providing statistical analysis, and
accounting for the interactions between factors in the optimization
process. Moreover, RSM also aids the users in predicting optimum
responses [14, 15]. This study aimed to achieve the optimized
Pirfenidone-loaded Solid Lipid Nanoparticles (P-SLN) formula with
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ideal characteristics for IPDDS using RSM. Fifteen P-SLN formulas of
were prepared based on the Box-Behnken Design (BBD) by varying
lipid-to-drug ratio, type of polymer, and polymer concentration. The
Particle Size (PS), PDI, and Entrapment Efficiency (EE) of the P-SLN
were statistically analyzed and optimized using Design Expert®.
Additionally, the morphology, moisture content, aerodynamic
performance, and in vitro dissolution profiles of the optimized P-SLN
were characterized.

MATERIALS AND METHODS
Materials

Pirfenidone was purchased from Accela Chembio (Shanghai, China),
Glyceryl Monostearate (GMS) was purchased from Spectrum (New
Jersey, USA), Tween 80 was acquired from Gracefruit Ltd.
(Bonnybridge, United Kingdom), poloxamer 188, methanol, ethanol,
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and acetonitrile were purchased from Merck (Darmstadt, Germany).
Plasdone K-29/32 and Klucel LF were generously provided by
Ashland Pharmaceuticals (Wilmington, USA).

Experimental design

BBD was applied to create 15 different formulations based on three
independent variables, namely lipid-to-drug ratio (X1), polymer type
(X2), and polymer concentration (X3). The polymers used were
poloxamer 188, Plasdone K-29/32, and Klucel LF, encoded as 1, 2,
and 3, respectively. The assessed responses were PS (Y1), PDI (Y2),
and EE (Ys), while the levels of the factor, constraints, and goals for
each response are presented in Table 1. Design Expert® software
(version 13, Stat-ease Inc., USA) was used for the optimized P-SLN
formula, comprising steps such as regression model selection,
ANOVA analysis, polynomial equation generation, surface response
modeling, optimum formula prediction, and confirmation.

Table 1: Factors and responses of the optimized P-SLN formula

Factors Level Responses Constraints Goals

-1 +1
Lipid-to-drug ratio (X1) 5 15 PS (Y1) 100-300 nm Minimum
Type of polymer (Xz) 1 3 PDI (Y2) <0.5 Minimum
Polymer concentration (%) (X3) 0.5 1.5 EE (Y3) >90% Maximum

PS = Particle Size, PDI =Polydispersity Index, EE = Entrapment Efficiency

Preparation of P-SLN

P-SLN was prepared using solvent injection followed by
ultrasonication method, where 0.2 g of pirfenidone and a particular
amount of GMS were dissolved in 6 ml pre-heated ethanol at 55°C
(organic phase). Simultaneously, 1g of Tween 80 and the selected
polymer were dissolved in 100 ml pre-heated distilled water at 55 °C
(aqueous phase). The organic phase was slowly added to the
aqueous phase and homogenized at 10,000 rpm under 55 °C
temperature for 15 min (Ultraturrax® T-25 Easy Clean, IKA,
Germany). The resulting dispersion was then subjected to a probe
sonicator (Qsonica®Cl-334, USA) at 55% amplitude for 10 min (on
for 3 seconds and off for 2 seconds). After cooling to room
temperature, SLN solidified, and its suspension was stored in a
freezer overnight at -20 °C and lyophilized for 24 h.

Particle size and polydispersity index measurements of P-SLN

A 10 mg lyophilized P-SLN was dispersed in 10 ml distilled water
and then diluted tenfold. PS and PDI of the diluted P-SLN dispersion
were determined using Zetasizer Nano ZS-90 (Malvern Instrument
Ltd., United Kingdom) at 25 °C with a scattering angle of 90°.

Entrapment efficiency determination of P-SLN

EE was determined using the direct method with HPLC (Shimadzu
SPD-20A, Japan). A mobile phase consisting of acetonitrile and water
(65:35, v/v) was pumped at a flow rate of 0.7 ml/min through a C1s
column (4.6 x 250 mm, 5 pm) (Zorbax Eclipse Plus, Agilent, USA).
Lyophilized P-SLN, equivalent to 2.5 mg pirfenidone, was accurately

weighed, dissolved in 25 ml methanol, and then sonicated for 20 min.

A 0.6 ml aliquot was diluted with the mobile phase to reach a final
volume of 10 ml. The solution was filtered through a 0.45 pm PTFE
filter and analyzed at 317 nm [16]. Entrapment efficiency percentage
was calculated using the following equation:

Actual amount of PFD in lyophilized P — SLN (mg)

EE (%) = X 1009
(%) The theoretical amount of PFD in formulation (mg) %

Optimization of P-SLN formula

The collected responses were analyzed using Design Expert 13.0
software by fitting the responses to several mathematical models
and comparing the obtained R2 values. The model with the highest
R2 value was selected for further analysis. ANOVA was used to assess
the significance of the effects of factors on responses. Moreover, the
software automatically generated three-dimensional surface plots
and polynomial equations. The optimum predicted formula with the
highest desirability was confirmed through experiments.

Moisture content measurement

Approximately 0.5 g lyophilized P-SLN was accurately weighed and
then subjected to a moisture balance analyzer for the moisture
content (% w/w) measurement.

Particle morphology identification

The morphology of P-SLN was observed with Transmission Electron
Microscopy (TEM) (Jeol JEM 1400, USA). A total of 10 mg lyophilized
P-SLN was dispersed in 10 ml distilled water. One drop of this
dispersion was placed onto a carbon-coated copper grid, and a 2%
phosphotungstic acid solution was added. Subsequently, the sample
was observed under TEM at various magnifications.

Aerodynamic performance study

The aerodynamic performance study was conducted using the
Anderson Cascade Impactor. Approximately 250 mg lyophilized P-
SLN was aerosolized at a flow rate of 28.3 L/min for 4 min. The mass
of deposited particles at each stage was weighed and inputted to the
impactor data processing software to obtain the Mass Median
Aerodynamic Diameter (MMAD) [17]. The Respirable Fraction (RF)
was calculated using the following equation:
Amount of lyophilized P — SLN with size below 5 pm (mg)

RF (%) = 1009
(%) Amount of loaded lyophilized P — SLN (mg) % %

In vitro dissolution and drug release study

The dissolution study was performed through the dialysis bag technique
using two different media: Pulmonary Simulation Fluid (PSF) and
Pulmonary Macrophage Simulation Fluid (PMSF). PSF was prepared
from Phosphate Buffer Saline (PBS) at pH 7.4, containing 0.05% sodium
lauryl sulfate, while PMSF was produced from 0.02 M potassium
hydrogen phthalate at pH 4.5 [18]. Lyophilized P-SLN equivalent to 6 mg
pirfenidone was dispersed in 5 ml aquadest and filled into pre-hydrated
dialysis bags (molecular weight cut-off 12-14 kDa). The bags were
placed inside a 50 ml pre-heated medium at 37 °C and stirred at 100 rpm.
Samples of 1 ml were collected for HPLC analysis and replaced with 1 ml
fresh medium at 5, 10, 15, 20, 30, and 45 min [17]. The drug release
mechanism was determined by fitting the dissolution data from tested
samples into several kinetic model equations.

RESULTS
Characterization of P-SLN

The evaluated factors and their respective effects on each response
are presented in Table 2. The particle size of the produced P-SLN
was within the required particle size for IPDDS, ranging from 193.7
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to 295.7 nm. Formula F1, with a lipid-to-drug ratio of 5:1 and 1%
poloxamer 188, had the lowest average PS (193.7 nm). In
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comparison, formula F11 consists of a lipid-to-drug ratio of 10:1, and
0.5% Klucel LF had the largest average PS (295.7 nm).

Table 2: Effect of formulation on P-SLN characteristics based on Box-Behnken design

Formula Lipid-to-drug Type of polymer Polymer concentration PS (nm) PDI EE (%)
ratio (X1) (Xz2) (%), (X3) (Y1) (Y2) (Ys)

F1 5 1 1 193.7+5.0 0.57+0.14 63.71+3.71
F2 5 3 1 265.7¢11.9 0.36+0.02 65.60£4.36
F3 15 1 1 271.7+6.3 0.47+0.03 72.70+2.66
F4 15 3 1 211.2+11.2 0.57+0.18 68.77+2.82
F5 5 2 0.5 225.7+¢11.8 0.35+0.02 91.59+3.74
F6 5 2 1.5 234.2+15.8 0.41+0.01 84.57+2.26
F7 15 2 0.5 231.7+18.7 0.40+0.10 94.50+2.24
F8 15 2 1.5 249.4+5.0 0.38+0.06 93.07+2.90
F9 10 1 0.5 239.6x13.6 0.46+0.07 93.20£2.36
F10 10 1 1.5 286.5+18.7 0.80+0.08 89.77+2.30
F11 10 3 0.5 295.7+7.2 0.73+0.09 91.97+3.82
F12 10 3 1.5 258.9+12.1 0.43+0.04 87.21£2.53
F13 10 2 1 209.6+6.0 0.50+0.08 93.20+£1.36
F14 10 2 1 203.2+20.2 0.50+0.15 93.39£1.25
F15 10 2 1 206.4+24.4 0.51+0.06 93.31+0.10

PS = Particle Size, PDI = Polydispersity Index, EE = Entrapment Efficiency. All values are presented as meanz*standard deviation (n = 3)

Table 2 also showed the PDI results of the produced P-SLN. It can be
observed that the PDI ranged from 0.35 to 0.80. The lower PDI value
(less than 0.5) indicated a narrower size distribution, and the more
homogenous particles would be obtained. The lowest PDI was
obtained from formula F5, which consists of a lipid-to-drug ratio of
5:1and 0.5% plasdone K-29/32.

According to Table 2, the EE of the obtained P-SLN ranged from
63.71 to 94.50%. Based on the characterization results, it can be
observed that formulas with plasdone K-29/32 (F5, F7, F8, F13, F14,
and F15) were found to had EE more than 90%, with the highest
value of 94.50% from formula F7.

Formula optimization of P-SLN

The characterization results collected from fifteen P-SLN formulas were
input to Design Expert®. Then, linear, two-factor interaction, and
quadratic models were used to analyze the best model from the input
data. The best model was selected based on the p-value of the model and
lack of fit. Models should be significant (p<0.05), while lack of fit should
be insignificant (p>0.05). According to the model fit analysis, the
influence of all factors on each response was assessed through the
quadratic model, which indicated a non-linear correlation between
factors and responses. The polynomial equations are presented in Table

3, while the three-dimensional response surface plots are depicted in 1
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Fig. 1: Three-dimensional response surface plots of P-SLN based on PS (top), PDI (middle), and EE (bottom). The factors are X1 = ratio of
lipid-to-drug; Xz = type of polymer (1. Poloxamer 188, 2. Plasdone K-29/32, and 3. Klucel LF); X3 = Polymer concentration (%)

Table 3: Polynomial equations for each response

Response Polynomial equation

PS (Y1) Y1 =-2.89X12+32.06X22+31.71X32-33.13X1X>+2.33X1X3-20.93X,X3+5.58X1+5.00X2+4.55X3+206.40
PDI (Y2) Y2 =-0.005X12+0.105X22-0.012X3+0.016X1X2-0.010X1X3-0.320X>X3+0.074X1-0.280X2+0.788X5+0.013
EE (Y3) Y3 =-0.50X12-13.00X22+40.95X32-0.29X1X>+0.56X1X3-0.67X2X3+10.70X1+54.85X>-90.32X5+30.00

X1 = lipid-to-drug ratio, Xz = type of polymer, Xs = polymer concentration, PS = Particle Size, PDI = Polydispersity Index, EE = Entrapment Efficiency

The formula optimization process was performed using Design
Expert® by overlaying all nine three-dimensional response surface
plots. The response variables were optimized based on predefined

constraints and goals in Table 1. This process generated a design

space, visually represented in an overlay plot (2), aiding the
identification and prediction of the optimum region.

Overlay Plot

2.5 —

24

B: Polymer

A: GMS:PFD Ratio

Fig. 2: Overlay plot of the predicted optimized formula

Confirmation of optimum predicted formula

The optimum predicted formula was selected based on the
highest desirability value. Design Expert software predicted two
optimized formulas, FO1 and FO2, which had lipid-to-drug ratios
of 6:1 and 15:1, each with 0.5% Plasdone K-29/32 and
desirability values of 0.900 and 0.813, respectively. The
predicted particle size, PDI, and efficiency values for FO1 and

FO2 were obtained from the software and are presented in Table
4. Then, both formulas were confirmed through experiment. The
response values obtained from the experiments were denoted as
the actual value and were also presented in Table 4.
Furthermore, the residual error between predicted and actual
values was calculated to validate the confirmation results. The
calculated residual error of PS, PDI, and EE for FO1 and FO2 was
less than 10%, as indicated in Table 4.

Table 4: Confirmation results of the optimized P-SLN based on RSM

Formula Factors Response Predicted value Actual value Residual error (%)
X1 Xz X3
FO1 6 2 0.5 PS (nm) 213.1 212.7 0.19
PDI 0.38 0.39 2.63
EE (%) 94.29 95.02 0.77
FO2 15 2 0.5 PS (nm) 236.8 234.7 0.89
PDI 0.38 0.39 2.63
EE (%) 94.58 95.04 0.49

Xi = lipid-to-drug ratio, Xz = type of polymer, X3 = polymer concentration, PS = particle size, PDI = polydispersity index, EE = entrapment efficiency

Morphological examination of the optimized P-SLN

Morphological examination on optimized P-SLN was conducted
using a TEM at various magnifications. The results showed that
particles from the optimized P-SLN formulas exhibited a spherical

shape, as indicated in 3

Moisture content and aerodynamic performance of the
optimized P-SLN

According to Table 5, FO2, with a greater amount of GMS, had a higher
moisture  content than FO1l. Aerodynamic performance
characterization showed that FO1 and FO2 had a Geometric Standard
Deviation (GSD) of more than 1.22, indicating a multimodal
distribution for P-SLN particles [19]. This characteristic would affect
deposited particle distribution in the respiratory tract. Based on data
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analysis, FO1 exhibited MMAD ranging from 0.540-12.122 pm and
approximately 78.58%, 17.86%, and 3.56% of FO1 particles possessed
MMAD of more than 6 pm, 1-5 pm, and less than 1 pm, respectively.
Meanwhile, FO2 exhibited MMAD ranging from 0.710-13.490 um, with

Int ] App Pharm, Vol 16, Issue 4, 2024, 283-290

92.96%, 5.26%, and 1.78% of particles possessed MMAD of more than
6 um, 1-5 pm, and less than 1 pm, respectively. Table 5 also presents
the RF of FO1 and FO2. The results showed that both optimized P-SLN
had low RF. However, FO2 exhibited a lower RF than FO1.

4000577

Fig. 3: TEM micrographs of optimized P-SLN based on FO1 with 80,000x magnification (A) and 150,000x magnification (B) and FO2 with
40,000x magnification (C) and 80,000x magnification (D)

Table 5: Characteristics of FO1 and FO2

Formula Characteristics
Moisture content* (%) MMAD (pm) GSD Mass distribution (%) RF (%)

FO1 1.59+0.09 0.540 1.845 3.56 12.4
1.304 1.487 17.86
5.531 1.268 23.82
12.122 1.264 54.75

FO2 2.71+0.12 0.710 1.259 1.78 10.4
2.311 1.259 5.26
5.362 1.259 22.11
13.490 1.259 70.85

MMAD = Mass Median Aerodynamic Diameter, GSD = Geometric Standard Deviation, RF = Respirable Fraction. *values presented as mean+SD (n=3)

In vitro dissolution and Kkinetic release study of the optimized
formula
The dissolution study of FO1 and FO2 was conducted in two types of

dissolution media, and the dissolution profiles are presented in 4,

The release rate of pirfenidone from FO1 was significantly faster
than FO2 in both media (p<0.05). The results also showed that

pirfenidone was released significantly faster in PMSF at pH 4.5 than
in PSF at pH 7.4 (p<0.05). This discrepancy was attributed to the
higher solubility of pirfenidone in PMSF (+20.0 mg/ml) compared to
PSF (#19.3 mg/ml). According to previous research, GMS had better
solubility properties in acidic media than in basic ones, further
accelerating the release of pirfenidone from the P-SLN system in
PMSF at pH 4.5 [20].
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Fig. 4: Pirfenidone dissolution profile of FO1 (¢) and FO2 (") in PMSF pH 4.5 (A) and PSF pH 7.4 (B). All values are presented as meanSD (n=3)

The Kkinetics of pirfenidone release from FO1l and FO2 were
determined by calculating the r value for several kinetic models.
The results showed that the Korsmeyer-Peppas model had the

highest correlation coefficient values with an n coefficient of
about 0.70-0.77 for both formulas in the two-dissolution media
(Table 6).

Table 6: Drug release Kinetics of FO1 and FO2

Formula Zero-order First order Higuchi Korsmeyer-Peppas

k (min-1) r k (min-1) r k (min-1/2) r Kk (min-1) r n
PMSF pH 4.5
FO1 0.020 0.977 0.037 0.913 0.140 0.986 0.054 0.995 0.76
FO2 0.011 0.974 0.037 0.893 0.080 0.987 0.030 0.989 0.77
PSFpH 7.4
FO1 0.015 0.979 0.037 0.921 0.108 0.987 0.044 0.997 0.74
FO2 0.010 0.974 0.034 0.916 0.073 0.992 0.035 0.995 0.70

k = Release rate constant, r = correlation coefficient, n = release mechanism exponent, PMSF = Pulmonary Macrophage Simulation Fluid, PSF =

Pulmonary Simulation Fluid

DISCUSSION

In this study, we optimized the P-SLN formula comprising lipid-to-
drug ratio, type of polymer, and polymer concentration. PS, PDI, and
EE were selected as the critical responses during the optimization.
Our characterization results from fifteen P-SLN formulas showed
that lipid-to-drug ratio, type of polymer, and polymer concentration
affect all responses. Thus, our characterization results confirmed the
results from previous studies [12, 13, 21]. The polynomial equation
and three-dimensional response surface plots (Table 3 and 1)
derived from Design Expert® software showed that the factors had
a non-linear correlation toward the responses. This result indicated
that the interaction between factors existed, and the responses could
be influenced by the interaction between factors as well as each
factor individually. Consequently, explaining the correlation
between factors and the obtained responses would be difficult.

The optimization process was performed by overlaying all response
surface plots. It produced two optimum predicted formulas with
lipid-to-drug ratios of 6:1 and 15:1, each with 0.5% Plasdone K-
29/32, as well as desirability values of 0.900 and 0.813, denoted as
FO1 and FO2, respectively. The confirmation results showed that the
calculated residual error of PS, PDI, and EE for both optimized
formulas was less than 10%. It indicates a high agreement between
the actual responses and predicted values, validating the
optimization results [22]. Since FO1 with lower lipid content
produced P-SLN characteristics that are not significantly different
from FO2, FO1 is suggested as the preferable formula.

Morphological examination showed that both optimized formulas
had a spherical shape. Spherical particles were observed to produce
a better aerodynamic performance than non-spherical counterparts.
This was due to the lower mechanical interlocking interaction of
spherical particles, enhancing the fluidization properties in the
airstream [23]. As Table 5 shows, FO2 had a higher moisture content
than FO1. A high moisture content may decrease the fluidization

properties of the particles in the airstream due to the stickiness
properties, thus increasing the aerodynamic particle size [24].

Results from the aerodynamic performance study showed that FO1
exhibited MMAD ranging from 0.540- 2. 22 pm and pproximately
78.58%, 17.86%, and 3.56% of FO1 particles possessed MMAD of > 6
um, 1-5 pm, and < 1 pm, respectively. This distribution suggested the
possibility of about 78.58%, 17.86%, and 3.56% of FO1 particles
depositing in the oropharyngeal, bronchiolar, and alveolar regions
due to inertial impaction, gravitational sedimentation, as well as
Brownian diffusion mechanisms, respectively [25]. Meanwhile, FO2
exhibited MMAD ranging from 0.710-13.490 pm, with 92.96%,
5.26%, and 1.78% of particles tending to deposit in the
oropharyngeal, bronchial, and alveolar regions. The results showed
that FO2 exhibited a larger and broader MMAD distribution than
FO1. This could be attributed to the higher moisture content of FO2,
which led to particle aggregation.

MMAD, besides the deposition profile, determined the probability of
particle phagocytosis by alveolar macrophages. A previous study
reported that particles with MMAD greater than 1 pm were more
liable to be engulfed [26]. Based on the current results, FO2 had
approximately 98.22% of particles with MMAD exceeding 1 um,
while FO1 contained only 96.44%. This indicated that FO1 could
comprise more particles capable of avoiding phagocytosis than FO2,
signifying better aerodynamic performance for FO1.

Table 5 also presents the RF of FO1 and FO2. Our results showed that
both optimized P-SLNs had low RF. Nevertheless, FO2 exhibited a lower
RF than FO1. This could be attributed to the higher moisture content of
FO2, which led to greater MMAD due to particle aggregation, reducing
the RF of FO2. Previous research with similar results reported that the
RF of most carrier-based IPDDS formulations is relatively low, with
approximately only 10% of the total dose being delivered to the lower
airways [27]. For future research, we suggest to improve the RF in order
to enhance the efficiency of the P-SLN for IPDDS. Nevertheless, based on
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our results, FO1 is suggested to be the best formula that has the most
appropriate characteristics for IPDDS.

The dissolution profiles presented in 4 showed an initial burst
release of PFD from FO1 and FO2 in both media, which could be due
to the presence of the adsorbed drug on the surface of the SLN
system. Another study reported a similar result, suggesting that this
initial burst release might help provide the required pirfenidone
concentration in the lungs [28]. The release rate of pirfenidone from
FO1 was significantly faster than FO2 in both dissolution media. This
difference was due to the higher amount of GMS in FO2, leading to a
higher affinity of pirfenidone to GMS, decreasing the release rate
[29]. A previous study reported that pirfenidone-loaded liposomes
release up to 50% pirfenidone in PSF at pH 7.4 over 4 h [30]. In
contrast, our results showed a faster pirfenidone release from P-SLN,
reaching 50.5% in 45 min. The accelerated release might be due to
the presence of Plasdone K-29/32, which could increase the
hydration rate and porosity of the GMS matrix, enabling the
dissolution medium to penetrate the matrix and rapidly form pores
similar to pathways. This would subsequently enhance the diffusion
of pirfenidone through the formed pores [31].

Table 6 presents the results of pirfenidone release from FO1 and
FO2 in both dissolution media based on several kinetic models. Our
results revealed that both optimized P-SLN formulas had the highest
correlation coefficient values (r) in the Korsmeyer-Peppas model
with an n coefficient of about 0.70-0.77 in both dissolution media.
These indicated pirfenidone to be released from optimized P-SLN
through a non-fickian diffusion, which is a combination of diffusion
and polymer swelling mechanisms in both media [32].

The optimized P-SLN is prospected to be applied in treating PF
through intrapulmonary administration. Previous study showed that
rapid drug release would provide high drug concentrations locally in
lung tissue [33]. Therefore, FO1 was considered the best among both
optimized formulas as it could rapidly release pirfenidone and
achieve higher pirfenidone concentrations in both dissolution media.
Further investigation in in vivo studies should be conducted to
assess the effectiveness of the P-SLN through the intrapulmonary
route compared to the peroral pirfenidone.

CONCLUSION

In conclusion, the application of RSM in this study successfully
yielded two optimized P-SLN formulas. However, FO1 showed
superiority over FO2 due to the ability to achieve comparable P-SLN
characteristics with less lipid content. FO1, comprising a 6:1 lipid-to-
drug ratio and 0.5% Plasdone K-29/32, produced spherical P-SLN
with a PS of 212.7 nm, PDI of 0.39, EE of 95.02%, and low moisture
content of 1.59%. In addition, it exhibited suitable aerodynamic
performance for IPDDS, with MMAD ranging from 0.540-12.122 pm
and RF of 12.4%. The dissolution study indicated that pirfenidone
release from FO1 reached 89.61% and 69.28% in PMSF at pH 4.5
and PSF at pH 7.4, respectively, over 45 min, primarily through a
combination of diffusion and polymer swelling mechanisms. Our
results suggested FO1 as a potential candidate for IPDDS and should
be further investigated for efficacy in in vivo studies.
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