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Abstract: Chronic obstructive pulmonary disease has been the most widespread worldwide health
problem that has influenced millions of people worldwide. The freeze-dried inhalable microparticles
(FDIMs) of Trigonella foenum-graecum and Alpinia galanga extracts were synthesized by simple
emulsification solvent evaporation technique using polyvinyl pyrrolidone K30 (PVP K30) and
polyethylene glycol 6000 (PEG 6000) and were optimized using Box-Behnken design (BBD). Mannitol
was utilized for surface modification of FDIM for enhancing their aerodynamic characteristics. The
independent parameters which were utilized in the optimization strategy were herbal extract: polymer
(w/w, X1), mannitol (% w/v, X2), and surfactant (% v/v, X3). The studied response variables were
mean diameter (um) (Y1) and bulk density (g/cc) (Y2). The present study concluded that optimized
FDIMs could be successfully manufactured using herbal extract: polymer (1:2 w/w), mannitol (4.616
% wi/v) and surfactant (1.5 % v/v), which had 0.977 desirability functions. The predicted values of
response parameters of optimized FDIMs were found at 1.326 pum mean diameter and 0.244 g/cc bulk
density. The percentage relative error between actual and model-predicted values of mean diameter and
bulk density for optimized FDIM was found 4.09 and 2.45%, respectively (< 5%), which authenticated
the articulacy of the optimization approach.

Keywords: Alpinia galanga; Box-Behnken design; freeze-dried inhalable microparticles; polyvinyl
pyrrolidone K30; polyethylene glycol 6000; Trigonella foenum-graecum.
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1. Introduction

The chronic obstructive pulmonary disease has influenced millions of people
worldwide and has been the most prevailing worldwide health concern [1,2]. Lungs are
important for the exchange of gases and oxygen delivery to all cells. Because of the greater
alveolar surface area, rich blood supply, thin blood alveolar boundary, and high permeability,
the pulmonary route can non-invasive delivery for systemic and local drug delivery in the
respiratory system. This route requires a lower dosage and provides immediate drug release
and decreased first-pass hepatic metabolism and adverse effects. As a result, pulmonary drug
delivery has attracted attention as a recommended method of treating various respiratory
problems. Inhalable microparticles have emerged as a significant advancement in treating
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respiratory ailments [3-15]. The plant extracts-based inhalable microparticles have minimum
side effects and have enormous prospects to alleviate pulmonary diseases.

Several techniques for producing inhalable microparticles include emulsion
polymerization, dry coating, air suspension, emulsification solvent evaporation technique,
freeze-drying, spray drying, and spray freeze drying method [16-18]. The polymers which are
commonly used for the production of inhalable microparticles includes 2-hydroxypropyl-f-
cyclodextrin, ascorbic acid, bovine serum albumin, calcium beta-glycerophosphate, chitosan,
compritol 888, gelucire-based surfactant, glyceryl behenate, hydroxypropyl-B-cyclodextrin,
lactose, lipoid®-S100, L-leucine, maltodextrin, mannitol, pluronic F-68, poly (D, L-Lactide-
co-glycolide), poly (I-lactic acid), polyethylene glycol, polyvinyl pyrrolidone, sodium alginate,
sodium carboxymethyl cellulose, sodium hyaluronate and starch [19-35].

Trigonella foenum-graecum and Alpinia galanga extracts have been excellent medicine
for the management of respiratory problems like asthma, bronchitis, and pleuritic [36-39]. The
current research involved manufacturing freeze-dried inhalable microparticles (FDIMs) of
Trigonella foenum-graecum and Alpinia galanga extracts, their evaluations, and their quality-
by-design optimization. The FDIMs were synthesized using a simple emulsification solvent
evaporation technique using polyvinyl pyrrolidone K30 (PVP K30) and polyethylene glycol
6000 (PEG 6000). An optimized batch of FDIMs with minimum particle size and bulk density
was explored using the Box-Behnken design (BBD) as required for lung deposition and
retention. Mannitol was utilized for surface modification of FDIM for enhancing their
aerodynamic characteristics.

2. Materials and Methods

2.1. Materials.

Trigonella foenum-graecum and Alpinia galanga extracts were purchased from NJP
Healthcare Pvt. Ltd. Gujarat. PVP K-30, PEG 6000, mannitol, and tween 80 were procured
from Loba Chemicals Private Limited, Mumbai, India. All ingredients employed were of
analytical grade.

2.2. Experimental design.

The independent and response variables selected for fabrication and optimization of
FDIMs are given in Table 1. In the present investigation, FDIMs were manufactured according
to 3-factor, 3-level Box-Behnken design (BBD) layout (Table 2), and second-order polynomial
was developed by multiple linear regression analysis using Design-Expert software (Trial
Version 11.1.2.0, Stat-Ease Inc., MN) [40-45].

Table 1. Composition of freeze-dried inhalable microparticles (FDIMs).

Independent variables -1 (Low) 0 (Medium) +1 (High)
X1= *Herbal extract: Polymer (w/w) 1:2 1:3 1:4

X2 = Mannitol (% wiv) 2 4 6

X3 = Surfactant (% v/v) 0.5 1 15
Response variables Constraints Importance
Y1 = Mean Diameter (um) Minimize +++++

Y2 = Bulk Density (g/cc) Minimize +++++

*Trigonella foenum-graecum and Alpinia galanga extracts in equal proportions.
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Table 2. Box-Behnken design layout for different batches of FDIMs.

FDIM Herbal Extract: Polymer (w/w) (X1) | Mannitol (% w/v) (X2) | Surfactant (% v/v) (X3)
1 -1 -1 0
2 1 -1 0
3 -1 1 0
4 1 1 0
5 -1 0 -1
6 1 0 -1
7 -1 0 1
8 1 0 1
9 0 -1 -1
10 0 1 -1
11 0 -1 1
12 0 1 1
13 0 0 0
14 0 0 0
15 0 0 0
16 0 0 0
17 0 0 0

2.3. Fabrication of freeze-dried inhalable microparticles (FDIMSs).

The FDIMs were manufactured by quasi-emulsification solvent evaporation technique
and lyophilization. The aqueous solution of herbal extracts, mannitol, and tween 80 was
prepared. The organic solution of PVP K30 and PEG 6000 was transferred slowly into the
aqueous phase and stirred using magnetic stirring (REMI, India) at 2000 rpm for 30 minutes,
succeeded by lyophilization (ISIC Make) for 24 hrs to generate fine, porous powder having
very less density [46-49].

2.4. Evaluation of mean diameter (Y1) of FDIMs.

The mean diameters of FDIMs were determined using an optical microscope outfitted
with an ocular micrometer calibrated with a stage micrometer. An overall of 100 microparticles
was observed to determine the mean diameter. The observations were performed in triplicate
(n=3) [50,51].

2.5. Evaluation of bulk density (Y2) of FDIMs.

The bulk density of FDIMs was determined using a 10 mL graduated cylinder. 1 gram
of FDIMs was poured into the cylinder, and bulk density was calculated using equation 1 [52-
54].

Weight of powder (gm) E (1)
Volume of powder (cc) 9.

Bulk density (g/cc) =

2.6. Fit summary and lack of fit test analysis for selection of appropriate model by
Design-Expert Software.

Using Design-Expert Software, fit summary and lack of fit test were applied in order to
select the appropriate model out of linear, 2-factor interaction (2FI), quadratic and cubic
models. The highest-order polynomial where the additional terms were significant and the
model was not aliased was selected. The model which maximizes the adjusted and predicted
regression coefficient was focused on model selection. Another criterion for model selection
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was that the selected model should have an insignificant lack-of-fit (p > 0.05) and the highest
R? value. Predicted residual error sum of squares (PRESS) statistics were utilized to cross-
validation the selected regression model on the criterion of least PRESS value [55-57].

2.7.  Analysis of variance (ANOVA), diagnostic and response surface analysis of mean
diameter (um) (Y1) and bulk density (g/cc) (Y2) by Design-Expert Software.

ANOVA for the quadratic model was applied for the determination of the sum of
squares, mean square, F-value, and p-value for the model, X1, X2, X3, X1X2, X2X3, X1X3,
X12, X22, X32 and lack of fit to find out significant independent parameters which affect
response variables (p-value < 0.05). The quadratic equations for Y1 and Y2 were developed to
estimate the main interaction and quadratic effects of independent parameters on mean
diameter (um) (Y1) and bulk density (g/cc) (Y2). Diagnostic plots were developed by Design-
Expert software to investigate the goodness of fit of the proposed model. Three-dimensional
response surface graphs and corresponding two-dimensional contour graphs were developed
using the Design-Expert Software model graph tool (Trial Version 11.1.2.0, Stat-Ease Inc.,
MN) to evaluate the impact of independent variables on dependent parameters [58-62].

2.8. Numerical and graphical optimization of FDIMs.

Optimal values of formulation and process variables for the manufacture of FDIM were
acquired using the Design-Expert software on the set paradigm of minimizing mean diameter
(um) (Y1) and bulk density (g/cc) (Y1). This involved setting parameters for optimization,
followed by running optimization to produce a view of numerical ramps for optimization.
Design-expert ® 11.1.2.0 Software generated report of optimized formulation and process
conditions for the optimal formulation of FDIM along with predicted values of dependent
variables. To acquire graphical view of region corresponding to highest overall desirability
function, a three-dimensional response surface graph and corresponding contour plot were
generated [63].

2.9.  Checkpoint analysis.

Using Design-expert ® 11.1.2.0 software, optimum formulation variables were
acquired to synthesize optimized FDIM with the highest desirability coefficient. To validate
the optimization technique, the FDIM checkpoint batch was synthesized using optimal
variables values and evaluated for mean diameter (um) (Y1) and bulk density (g/cc) (Y2). The
percentage of relative error between experimental and predicted values of dependent variables
was determined for optimized FDIM using the following equation [63].

|Predicted value -Experimental value|

% Relative error = x 100 Eqg. (2)

Predicted value
2.10. Characterization of optimized FDIM.
2.10.1. Production yield.

The production yield (%) was determined after weighing the recovered FDIMs
(practical yield) using the following formula [64]:

Yield = Practical yield % 100 Eq (3)

Theoretical yield
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2.10.2. Micromeretic properties.

The micrometric characteristics of FDIMs were performed to assess the physical
appearance and flowability behavior to verify their appropriateness for inhalation [65-67]. A
weighed quantity of FDIMs was poured into a graduated cylinder to determine the bulk and
tapped density using tapped density tester. A static funnel technique was utilized to estimate
the angle of repose. Bulk characterization considerations were performed to investigate flow
characteristics using the following formulas.

. g _ Weight of FDIMs
Bulk density (E) e —— Eq. (4)
: Weight of FDIM
Tapped density (%) = % Eq. (5)
Carr’s Index(%) = TappedTZ;r;Sei;yD_iilil;ydenSity X 100 Eq. (6)
Angle of repose (0) = tan™! (%) Eq. (7)

2.10.3. Dynamic light scattering (DLS).

The mean diameter of FDIMs was assessed using the dynamic light scattering technique
using Beckman Coulter, Version 3.73/2.30 (USA). In brief, FDIMs were dispersed in distilled
water in a quartz cuvette and analyzed at 25°C [68,69].

2.10.4. Stability study.

The optimized FDIMs were filled in 5 ml amber color vials, sealed with a rubber
closure, and crimped with an aluminum over-seal. The filled and sealed vials were placed in
Remi stability chamber; model SC-10 Plus at 25+2°C/60+5% RH and 40+2°C/75+5% RH.
After the preliminary examination of stability parameters, i.e., mean diameter, bulk density,
tapped density, Carr’s index, Hausner’s ratio, and angle of repose. The vials were periodically
sampled at 15, 30, 45, 60, and 90 days. The FDIMs were assessed for observing any change in
stability parameters [70-74].

2.11. Statistical analysis.

The statistical analysis of polynomial equations was carried out by using the analysis
of variance (ANOVA) tool in Design-Expert software (Trial Version 11.1.2.0, Stat-Ease Inc.,
MN). All other data were analyzed by two-way ANOVA using GraphPad Prism version 6.01
(GraphPad Software, San Diego, California, USA). The statistical difference was considered
significant (p < 0.05).

3. Results and discussions

3.1 Fit summary and lack of fit test analysis for selection of appropriate model by
Design-Expert Software.

Results of the fit summary and lack of fit test have been depicted in Tables 3 and 4.
Results illustrates that sequential p-value was significant for linear (< 0.0001 for Y1; 0.0002
for Y2) and quadratic models (< 0.0001 for Y1; 0.0078 for Y2). Lack of fit p-value was
insignificant only for quadratic models (0.3608 for Y1; 0.9239 for Y2). The R? value for mean
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diameter (Y1) for linear, 2 FI, quadratic, and cubic models was 0.9227, 0.9267, 0.9959, and
0.9980. R? value for bulk density (Y2) for linear, 2 FI, quadratic and cubic models were 0.7635,
0.7880, 0.9574, and 0.9618, respectively. The highest R? value was for quadratic and cubic
models, while the predicted R2 value was not found for the cubic model. Therefore, cubic
models were aliased by Design-Expert, and ultimately quadratic models were selected for
further analysis by software. The best fitting of quadratic models was confirmed by predicted
R?, adjusted R?, and PRESS values. The predicted R2 of 0.9632 (Y1) and 0.8710 (Y2) were in
reasonable agreement with the adjusted R2 of 0.9907 (Y1) and 0.9027 (Y2), i.e., the difference
is less than 0.2. Moreover, the quadratic model has the smallest PRESS values for Y1 (2.75)
and Y2 (0.0544) [55-57].

Table 3. Fit summary analysis for mean diameter (um) (Y1) and bulk density (g/cc) (Y2).

Response Source Sequential | Lack of Fit R2 Adjusted R2 | Predicted Rz | PRESS
p-value p-value

Y1 Linear < 0.0001 0.0076 0.9227 0.9048 0.8718 9.59
2FI 0.9050 0.0042 0.9267 0.8827 0.7635 17.70
Quadratic < 0.0001 0.3608 0.9959 0.9907 0.9632 2.75

Y2 Linear 0.0002 0.2187 0.7635 0.7089 0.5853 0.1749
2FI 0.7655 0.1514 0.7880 0.6609 0.2449 0.3184
Quadratic 0.0078 0.9239 0.9574 0.9027 0.8710 0.0544

Table 4. Lack of fit tests for mean diameter (um) (Y1) and bulk density (g/cc) (Y2).

Response Source Sum of Squares Mean Square F-value p-value

Y1 Linear 5.64 0.6266 16.93 0.0076
2FI 5.34 0.8895 24.04 0.0042
Quadratic 0.1575 0.0525 1.42 0.3608

Y2 Linear 0.0836 0.0093 231 0.2187
2FI 0.0733 0.0122 3.03 0.1514
Quadratic 0.0018 0.0006 0.1510 0.9239

3.2.  Analysis of variance, diagnostic and response surface analysis of mean diameter
(um) (Y1) and bulk density (g/cc) (Y2) by Design-Expert Software.

The model F-value for Y1 was 189.72 (p < 0.0001), and for Y2 was 17.5 (p < 0.05),
which implies that the quadratic model is significant. The lack of fit F-value for Y1 was 1.42
(p > 0.05) and for Y2 was 0.15 (p > 0.05), which implied that lack of fit is not significant
relative to the pure error (Table 5). Figures 1a and 2a depicted normal probability plots, which
illustrated that the utmost color points depicting Y1 and Y2 were positioned on a typical
probability line, demonstrating normality in responses. Figures 1b and 2b showed externally
studentized residuals versus the predicted plot, which indicated that color points corresponding
to Y1 and Y2 were in proximity to the zero-axis, which displayed the lack of constant error.
Figures 1c and 2c investigated residual versus run graphs to search for the prominent variable
that could have profoundly affected Y1 and Y2 throughout the investigation. Predicted versus
actual plot portrayed in Figures 1d and 2d demonstrated a significant linear graph running via
the origin, which meant that measured data of Y1 and Y2 significantly correlated with expected
values [58-62].

Independent factors affecting the mean diameter (um) of FDIMs were herbal extract:
polymer (X1) and surfactant (X3) (p < 0.01), which can be elucidated by Eqg. (8) and has been
depicted in Figure 3.

Y1=3.58+291X1-0.125 X2 -0.363 X3 - 0.05 X1X2 + 0.225 X1X3 + 0.15 X2X3 + 1.02
X1% +0.297 X22+ 0.17 X3? Eq. (8)
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The negative and positive coefficients before independent variables pinpoint negative
and positive effects on response variables, respectively. Independent factors affecting bulk
density (g/cc) of FDIMs were herbal extract: polymer (X1) and surfactant (X3) (p < 0.01),
which can be elucidated by Eqg. (9) and has been depicted in Figure 4.

Y2 =0.376 + 0.198 X1 + 0.0075 X2 - 0.0263 X3 - 0.0125 X1X2 + 0.025 X1X3 - 0.0425
X2X3 +0.1295 X12 + 0.007 X22- 0.0055 X32

Eqg. (9)

Table 5. Analysis of variance for quadratic model for mean diameter (um) (Y1) and bulk density (g/cc) (Y2).

Source df | Sum of Squares Mean Square F-value p-value
Y1 Y2 Y1 Y2 Y1 Y2 Y1 Y2
Model 9 74.52 0.4038 8.28 0.0449 189.72 17.50 < 0.0001* 0.0005*
X1 1 67.86 0.3160 67.86 0.3160 1554.92 | 123.27 < 0.0001* < 0.0001*
X2 1 0.1250 0.0005 0.1250 | 0.0005 2.86 0.1755 0.1344 0.6878
X3 1 1.05 0.0055 1.05 0.0055 24.09 2.15 0.0017* 0.1860
X1X2 1 0.0100 0.0006 0.0100 | 0.0006 0.2291 0.2438 0.6468 0.6366
X1X3 1 0.2025 0.0025 0.2025 | 0.0025 4.64 0.9752 0.0682 0.3563
X2X3 1 0.0900 0.0072 0.0900 | 0.0072 2.06 2.82 0.1941 0.1371
X12 1 4.40 0.0706 4.40 0.0706 100.87 27.54 < 0.0001* 0.0012*
X22 1 0.3727 0.0002 0.3727 | 0.0002 8.54 0.0805 0.0223 0.7849
X32 1 0.1253 0.0001 0.1253 | 0.0001 2.87 0.0497 0.1340 0.8300
Lack of Fit 3 0.1575 0.0018 0.0525 | 0.0006 142 0.1510 0.3608 0.9239
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Figure 1. Diagnostic plot for mean diameter (um) (Y1).
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Figure 2. Diagnostic plot for bulk density (g/cc) (Y2).

3.3.Numerical and graphical optimization of FDIMs.

Using Design-Expert Software (Trial Version 11.1.2.0, Stat-Ease Inc., MN), an
optimized FDIM batch explored the desirability function and composition for optimized FDIM
has been depicted in Table 6 and Figure 5. Ramps are a graphical view of each optimal solution.
Optimal factor settings are shown with red points. Optimal response prediction values are
displayed in blue (Figure 6) [63]. Overlay plots demonstrating optimal composition of
independent parameters (coded) and responses of optimized FDIM are given in Figure 7.

Table 6. Optimized FDIM as per the Design-expert® 11.1.2.0 software.

Independent variables Criteria Importance Value ¢Desirability
X1= *Herbal Extract: Polymer (w/w) In range +++ 1:2

X2 = Mannitol (% w/v) In range +++ 4.616

X3 = Surfactant (% v/v) In range +++ 15

Response variables Predicted values

Y1 = Mean Diameter (um) Minimize +++++ 1.326

Y2 = Bulk Density (g/cc) Minimize +H+++ 0.244 0.977
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Figure 6. Numerical optimization ramps graph showing desirability function of optimized FDIM.

3.4. Checkpoint analysis.

An additional batch of optimized FDIM with herbal extract: polymer (w/w) (X1 = 1:2),
mannitol (% w/v) (X2 = 4.616), and surfactant (% v/v) (X3 = 1.5) were produced and evaluated
for mean diameter and bulk density. The actual mean diameter and bulk density of optimized
FDIMs were found 1.38 um and 0.238 g/cc, respectively. The percentage relative error between
actual and model-predicted values of mean diameter (um) (Y1) and bulk density (g/cc) (Y2)
for optimized FDIM was found 4.09 and 2.45%, respectively (< 5%), which authenticated
articulacy of the optimization approach [63].
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Figure 7. Overlay plot displaying optimal values of independent (coded) and response parameters of optimized
FDIM.

3.5. Production yield of optimized FDIMs.

The production yield (%) of optimized FDIMs prepared using herbal extract: polymer
(1:2), mannitol (4.616 % w/v) and surfactant (1.5 % v/v) was found 83.21%. The loss during
the manufacturing process might be due to the adhering of some polymer solutions to a glass
container and loss during removal of the product from the round bottom flask after freeze-
drying [64].

3.6. Micromeretic characteristics.

The physical appearance of FDIMs was found free flowing powder with 0.238 g/cc
bulk density, 0.263 g/cc tapped density, 9.5 % Carr’s index, and 15.36° angle of repose. Carr’s
index and angle of repose of FDIMs were less than 15% and 25°, respectively, which indicated
excellent flowability of FDIMs and verified that these could be effectively utilized for
inhalation [65-67].

3.7. Dynamic light scattering (DLS).

The mean diameter (z-average) of optimized FDIMs was found at 1.152 pm, which was
in micrometer size at a smaller scale which could be attributable to a reduction in surface
tension over the surface of particles by tween 80 (Figure 8) [68,69].
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Figure 8. Intensity distributions analysis of optimized FDIMs.
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3.8. Stability study.

The FDIMs stored at 25+2°C/60+5% RH, and 40+2°C/75+5% RH were evaluated for
mean diameter, bulk density, tapped density, Carr’s index, and angle of repose. No significant
change in the stability parameters of FDIMs samples was observed after 15, 30, 45, and 60
days of storage, while there was a significant difference in parameters after 90 days of storage
(*p < 0.05) at 25+2°C/60£5% RH in comparison to storage at 40+2°C/75+5% RH. There was
an insignificant difference in change in values of mean diameter, tapped density, and bulk
density of samples placed at 25+2°C/60£5% RH till 90 days. However, there was a significant
increase in values of Carr’s index and angle of repose of FDIM stored at 25+2°C/60+5% RH
and 40+2°C/75+5% RH, yet these values were below 15% and 25°, respectively (Figure 9) [70-
74].

4. Conclusions

This research work might provide a yardstick for manufacturing of FDIM of Trigonella
foenum-graecum and Alpinia galanga extracts using PEG 6000, PVP K-30 and mannitol by
simple solvent evaporation technique and freeze-drying and was optimized by Box-Behnken
design. The present study concluded that optimized FDIMs of the herbal extract could be
manufactured using 1:2 (w/w) herbal extract: polymer, 4.616 % w/v mannitol, and 1.5 % v/v
surfactant which had a desirability function of 0.977. The predicted response parameter values
of optimized FDIMs were found at 1.326 um mean diameter and 0.244 g/cc bulk density.
Stability testing of optimized FDIM demonstrated that fabricated FDIMs were stable at room
temperature conditions.
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