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Abstract — Micro and nanoparticles of Finasteride were prepared by gas-antisolvent method. The influence of process
parameters such as pressure (100, 130 and 160 bar), temperature (308, 318 and 328 K) and solute concentrations (10, 25
and 40 mg/ml) on mean particle size was studied by Box-Behnken design. As ANOVA results indicated, the highest
influence in production of smaller particles was attributed to the pressure. Optimum condition leading to the smallest
particle size was as follows: initial solute concentration, 10 mg/ml; temperature, 308 K and pressure, 160 bar. The
particles were evaluated with FTIR, SEM, DLS, XRD as well as DSC. The analyses revealed a size decrease in the
precipitated Finasteride particles (232.4 nm, on mean) via gas-antisolvent method, as compared to the original particles

(55.6 pum).
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1. Introduction

Low water-solubility of drugs is one of the key problems of the
pharmaceutical industry, since weak dissolution properties of the
drugs will result in their poor bioavailability and hence reduced
therapeutic efficacy [1]. Consequently, it is now a major issue to find
a way to increase drug solubility through different methods to achieve
acceptable bioavailability. Water is the major constituent of humans
so the drugs’ maximum efficacy with minimum dosage requires their
high water solubility [2]. For this purpose, numerous studies have
been devoted to improving the water solubility of low-soluble drugs
to increase their bioavailability [3]. Inadequate bioavailability of
drugs in the water-based gastrointestinal fluids stems from their low
solubility and dissolution rates. Particularly for class II (low solubility
as well as great permeability) drugs, consistent with biopharmaceutics
classification system (BCS), increase of solubility and dissolution rate
of substances in the gastrointestinal liquids will lead to bioavailability
improvement [4-6]. The negative effect of low-soluble compounds is
as follows: low absorption and bioavailability, inadequate solubility
for intravenous dosing, and developmental issues, resulting in the
increase in costs and time, which will shift the burden to the patients.
Nowadays, the reduction of particle size and its consequent increase
in the specific surface area can enhance bioavailability, giving rise to
augmented dissolution. Distribution of small particles is critical for
designing regular drug delivery systems. Various methods are proposed
to improve the drug dissolution rate with low water solubility along
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with particle size reduction to increase surface and hence elevate the
drug dissolution rate, solubilization in surfactant systems, the formation
of water-soluble complexes, salt formation [7,8] producing liquid-
solid formulations [9], solid dispersion [8], pH adjustment and lipid
formulation [10] can be mentioned. Conventional methods for
decreasing particle sizes are as follows: mechanical methods (like
crushing, grinding as well as milling), spray-drying, freeze-drying,
and recrystallization of the solute particles in the solution by a liquid
anti-solvent [11-13]. In the case of mechanical methods, elevated
temperature and toxic solvents can degrade the products. However,
conventional methods cause difficulty in obtaining suitable size and
uniform distribution of particles [14].

The application of supercritical fluid (SCF) in processes can
prevent the problems that occur in regular procedures. In the past few
years, the supercritical fluid method has been developed as a new
method to produce nanoparticles. In this regard, several supercritical
fluid-based methods are introduced among which the rapid expansion
of supercritical solutions (RESS), gas antisolvent recrystallization
(GAS), solution enhanced dispersion by SCF (SEDS), supercritical
antisolvent methods (SAS), and aerosol supercritical extraction
system (ASES) can be mentioned [15-18].

Complex procedures are required for producing particles with
special physical and chemical characteristics. The gas anti-solvent
procedure is one of these processes where supercritical fluids play a
role as antisolvent. This technique is particularly applicable in cases
of drugs with low solubility in supercritical CO, where the RESS
method is not feasible. Several researchers have addressed the
utilization of this process in production of various nano and
microparticles [19-24].

Wichianphong ef al. [23] studied the influence of parameters and
determined the optimum GAS process conditions for producing
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mefenamic acid-nicotinamide (MEF-NIC) co-crystal by the GAS
procedure in order to advance the MEF dissolution rate. It was
shown that the fastest dissolution time is achievable by the GAS
process under the following conditions. The temperature was set at
34.9 °C, the ratio of paracetamol to mefenamic acid was 4.3:1 and
drug saturation was equal to 86.8%. Ulker ef al. [25] also used GAS
for drug precipitation in the pores of an aerogel. This method was
further employed for loading paracetamol in the silica aerogel. They
found that the drug is more homogeneously distributed if the initial
concentration is high.

Dittanet et al. [26] synthesized mefenamic acid as well as
polyvinylpyrrolidone (PVP) composites using the GAS technique.
The influence of a different drug to polymer ratio, temperature,
solution concentration, and different type of solvents on the amount
of drug and size and morphology of particle was investigated. They
concluded that there is a greater amount of the drug if the ratio of
drug to polymer increases. Nevertheless, for lower or equal amounts
of polymer compared to the drug, the drug content was not affected
by temperature and solution concentration. Elevated drug-to-polymer
ratio or temperature are found to cause the development of larger
particles.

Furthermore, Lérincz et al. [27] studied the ibuprofen resolution
and crystallization with (R)-phenyl ethylamine to prepare a salt
mixture by the GAS method. They examined the influence of the
different operative parameters (i.e., different pressures, temperatures,
and the CO;-organic solvent ratios) on the produced particles (with
the size of 3 microns). In this research, the optimal conditions were
determined. Moreover, several researchers have focused on the use
of GAS process for production of micro and nanoparticles [28-31].

Finasteride (FNS) (N-(1,1-dimethyl ethyl)-3-oxo0-4-aza-5-androst-
lene-17-carboxamide) is a synthetic 4- azasteroid compound. This
drug is a competitive and specific inhibitor of type II 5-alpha-reductase
that can be inhibited in the prostate gland, liver as well as skin because
the competitive and specific inhibiting role of the drug interferes with
the enzymatic conversion of testosterone to Sa-dihydrotestosterone
(DHT), leading to lower serum DHT levels. This drug is applied for
treating benign prostatic hyperplasia (BPH) symptoms in males with
prostate enlargement to recover their symptoms. This drug was used
to stimulate hair growth in males having mild to moderate androgenic
alopecia (male pattern alopecia, hereditary alopecia, common male
baldness) [32,33]. In accordance with biopharmaceutical classification,
FNS is categorized as class 2 (poor solubility and great permeability
drugs), where the dissolution of the drug is the primary limiting
factor of the drug absorption rate. Its water solubility was reported to
be 0.05 mg/ml at the pH range of 1~13 indicating its poor solubility.
So, the drug is a weak acid with a pKa of 15.9 [32]. Also, the
solubility of FNS in supercritical CO, (molar fraction solubility from
10 to 10 at temperature range of 308-348 K and pressure range of
121-355bar) is poor [34]. So far, the preparation of FNS micro and
nanoparticles by the GAS method has not been studied in the literature.
In this paper, the GAS method was used for production of FNS
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nanoparticles to increase their dissolution rate. In GAS method,
C,HOS is applied as solvent and CO; is utilized as anti-solvent. The
effect of operation parameters such as temperature, pressure, and
initial solute concentration was investigated by Box-Behnken design.
Solid-state characterization techniques including differential scanning
calorimetry (DSC), Fourier transform infrared (FTIR) spectroscopy,
scanning electron microscopy (SEM), X-ray diffraction (XRD) as
well as dynamic light scattering (DLS) were applied to confirm
nanoparticle formation.

2. Materials and Methods

2-1. Materials

Finasteride (CAS Number 98319-26-7, 99.7% purity) was
obtained from Zhejiang Xianju Junye Pharmaceutical Co, Ltd,
China. The applied solvent was dimethyl sulfoxide (DMSO, CAS
67-68-5, purity: 99.9%), which was ordered from Sigma-Aldrich
Chemicals and used without any further purification. Fig. 1 shows
the FNS molecular structure. Carbon dioxide (CO,) with 99.99% purity
and CAS Number of 124-38-9 was purchased from Abughaddareh
Company (Shiraz, Iran).

2-2. Methods

2-2-1. Experimental procedure

We employed the GAS method to produce fine FNS particles. For
this purpose, the drug was dissolved in a polar solvent while supercritical
CO, served as anti-solvent. Alternatively, the solubility power
decreased with addition of SC-CO,. Crystallization occurs upon the
solution saturation with carbon dioxide under supercritical conditions.
A schematic flow diagram of GAS precipitation is shown in Fig. 2.
At each experiment, the prepared solutions of FNS and dimethyl
sulfoxide were loaded into the precipitation chamber. The required
gas was supplied by a CO; tank at a pressure of about 60 bar. First,
CO, was guided through a filter (pore size: 1 wm), then entered to the
refrigeration system to compress and convert to liquefied gas by
temperature reduction. The pressures of liquefied gas and the CO,
cylinder (60 bar) were equivalent at the refrigeration outlet. Then, the
gas was entered into a reciprocating pump for increasing the pressure
to the desired value. The pressure transmitter and gauge have an
accuracy of £1 bar. For reaching the desired temperature (308, 318,

NHC{CH,);
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Fig. 1. Molecular structure of FNS.
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Fig. 2. Process flow diagram of experimental apparatus.

Table 1. Variables and their levels used for Box-Behnken experimental

design
Parameters Level 1 Level 2 Level 3
Pressure (bar); x; 100 130 160
Solute concentration (mg/ml); x> 10 25 40
Temperature (K); x3 308 318 328

and 328 K), the cell (300 ml) was placed into an oven. The cell was
filled with a 3 ml solution for each experimental test. By stabilization
of the operation conditions at their set points for the cell, SC-CO,
was pressurized. After reaching the experimental temperature and
pressure, the pump was turned off and the solution was preserved in
the precipitator up to the saturation of supercritical CO, with FNS
solution for 30 min. When the liquid was pressurized, its volume
expanded, which reduced the solvating power of DMSO giving rise
to the dissolved solute precipitation. A sinter metal filter placed at the
chamber bottom trapped the precipitated materials. Afterward, the
passage of 3 g/min CO, from the chamber top at the constant
pressure and flush of the solvent through the filter for 60 min, led to
removal of the solvent from the chamber. Finally, the depressurized
products were preserved for further analysis. The process parameters
and levels are listed in Table 1. In our previous work, the temperature
and pressure range of the work was determined based on
thermodynamic relations [35].

2-2-2. Particle characterization

We characterized the FNS by FTIR, SEM, DLS, DSC and XRD
techniques. To ensure that the drug molecular structure did not change in
the procedure, FTIR (Perkin Elmer, RX1, Germany) was employed.
For this purpose, a potassium bromide pellet was created at room
temperature and the sample was studied in the wave number range of

Solvent collection

vessel

400-4000 cm™ and the resolution of 2 cm™. SEM (Tescan, Vega 3,
Czech Republic) was also done for unprocessed as well as processed
FNS particles to examine the shape and morphology of the particles
as well as their sizes and size distributions. Before SEM imaging, a
gold-palladium alloy was coated on the particles.

A differential scanning calorimeter (DSC, 404 F3 Pegasus from
Netzsch; Germany) was applied to characterize the melting points of
the unprocessed and the processed FNS powders. DSC graphs were
recorded as the specimens were heated from ambient temperature to
400 °C with a heating rate of 10 °C/min under nitrogen atmosphere
and a flow rate of 10 ml/min.

The size distribution of particles was measured using DLS
(Nanophox; Sympatec GmbH System-Partikel-Technik) and compared
with the particle size calculated from the SEM images. Before
analyzing, FNS (~0.01 g) particles were dissolved in deionized
water (10 ml).

The crystallinity of the unprocessed and processed FNS particles
was also assessed by XRD (XRD; Philips X’pert Pro MPD) at 20
range from 5° to 45° and a scan rate of 1.2 deg/min in which a copper
anode was used as the radiation source.

2-2-3. Experimental design (BBD) for nanoparticle production
via GAS

The systematic methodology for determining the significance of
input variables, their interaction and looking for an optimal response
is Box-Behnken design (BBD) with response surface procedure
[36]. Current work employed a 3 factor-3 level Box—Behnken design
for investigating the effect of process factors on the sizes and
morphologies of the precipitated FNS particles under various
processing situations. The independent variables were X1, x, and X3
representing pressure, initial solute concentration and temperature,
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respectively. Table 1 shows the range and level of differences.
Seventeen runs were implemented with different parameter settings
made by the Design-Expert software (version 7.0.0, Stat-Ease Inc.,
Minneapolis, USA). Regression and graphical analyses were also
performed on the obtained data using Design-Expert software. To
elucidate the association of independent variables as well as their
corresponding dependent variables, experimental data were adapted
to the mathematical model. The model goodness of fit was estimated
using the coefficient of determination (R?), adjusted R?, predicted
R2, F-values as well as analysis of variance (ANOVA). The fitted
quadratic model was used to obtain a 3D-plot. Mean particle size
(xs50) was also determined by DLS. The generalized second-order
quadratic polynomial equation, which is usually employed for
obtaining the response surfaces, can be expressed as:

y= BO + EBiXi + ZBiiXi2 + EBinij (1)

where Y shows the process response or output (particle size); X;
and x; indicate the uncoded independent variables; By denotes a
constant named intercept term; and f3;, B; and P; represent the
coefficients of the linear, quadratic as well as interaction terms,
respectively.

3. Results and discussion

In this study, the effect of GAS method parameters including
temperature, pressure, and initial solute concentration on the FNS
particle size and morphology was investigated by carrying out different
experiments. Seventeen experiments were performed to study the
effects of these parameters on the FNS particle size through application
of the Box-Behnken design with the response surface approach. The
response surface method was utilized for describing the effect of
independent variables as well as determining the optimal conditions

for achieving the desired responses [37]. The average particle size
for unprocessed particles was 55.6 um. The results are shown in
Table 2. All the experiments were done at a constant CO, flow rate (3
g/min) for 60 min.

3-1. Box-Behnken experimental design and evaluation of the
fitted model

A 3-factor 3-level Box-Behnken design including 17 experimental
runs was employed to investigate optimal conditions and select the
most influential parameters affecting the size and morphology of the
FNS particles during the GAS process. Table 2 presents the complete
matrix of experimental design using three factors as independent
variables as well as responses obtained from experimental runs.
Three variables of pressure (x;), initial solute concentration (x,) and
temperature (x3) as well as the experimental results were analyzed by
means of response surface methodology to achieve an empirical
model resulting in the best response. In this procedure, the association of
response and the three independent variables as well as their interactions
with regard to coded factors can be represented by:

Y =780.54 —240.15 x; + 13424 x5+ 267.61 x3— 933 x} —22.17 3
+74.59 x% +40.76 x1x; — 59.60 X1x3 + 25.66 X5X3 2)

where Y shows the response (particle size of FNS) and x;, x, and
x5 indicate the coded expression of pressure, initial solute con-
centration and temperature, respectively. The optimal values of
the selected variables of tests were obtained from Eq. (2) as well
as the analysis of response surface plots.

The model qualities were statistically assessed by the findings of
the coefficient of determination (R?) and the analysis of variance as
can be seen in Table 3. F-value and P-value were used to determine
the significance of different coefficients. The statistical significance
of a model is associated with a p-value smaller than 0.05 [38-40].

Table 2. The independent variables for the GAS process along with experimental data and predicted BBD

Run P (bar) Solute concentration (mg/ml) T (K) Particle size (nm) Predicted value (nm)
1 130 40 328 1240.4 1260.47
2 130 10 308 476.84 456.77
3 130 40 308 668.85 673.94
4 100 40 318 1083.0 1082.67
5 100 25 328 1432.9 1413.16
6 160 40 318 708.71 683.89
7 100 10 318 870.9 895.72
8 130 25 318 849.7 780.54
9 130 25 318 772.31 780.54
10 130 25 318 763.9 780.54
11 160 25 328 808.9 813.65
12 160 25 308 3779 397.64
13 130 10 328 945.76 940.68
14 100 25 308 763.49 758.74
15 130 25 318 773.9 780.54
16 160 10 318 333.56 333.89
17 130 25 318 742.9 780.54

Temperature and Pressure uncertainties were 0.1 K and 1 bar.

Korean Chem. Eng. Res., Vol. 59, No. 3, August, 2021
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The large F-values and the small p-values are attributed to the high
significance of the corresponding expression [41].

The determination coefficient (R%) was also used to check the
model goodness of fit. The higher the values of R-squared (R?) and
adjusted R-squared (Adj-R?), the better the association of input
parameters and response [39,42]. Joglekar and May[43] suggested
that R? needs to be a minimum of 80% in order to suitably fit the
model. Therefore, the proposed model is expected to have high
goodness of fit and can well predict the experimental results. P-value
>F-value of the model is 0.0001 (<0.05), indicating the significance
ofthe model. This is profitable because it shows the significant effect
of the model terms on the response. The R? and Adj-R? are 0.9923
and 0.9824, respectively, reflecting fitting of the experimental data to

Particle size (nm)
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8600

655.0
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Concentration (mg/ml) 40 308

Particle size (nm)

25
Concentration (mg/ml)

©

Fig. 3. The 3D-plots (a) the influence of temperature and pressure
at the fixed concentration 25 mg/ml (b) the influence of sol-
ute concentration and temperature at the fixed pressure 130
bar (c) the influence of solute concentration and pressure at
the fixed temperature of 318 K on particle size.

the model. Three-dimensional (3D) response surface plots as functions
of two factors (other factors remained constant) can be more useful
to understand the main effect and interaction influences of them.
Hence, plots of 3D response surfaces for the measured responses
were produced using the model equation (Eq. (2)) for gaining an
improved understanding of the independent variable influences and
the effect of variable interaction on the dependent variables.

Fig. 3 shows the influence of the three independent parameters on
the particle size. The temperature and pressure effects on the response
at the constant initial solute concentration of 25 mg/ml are represented
by Fig. 3a. Elevated temperatures from 308 to 328 K resulted in the
increased particle size. Fig. 3b demonstrates the temperature and
initial solute concentration effects on the response at the constant
pressure of 130 bar. This figure suggests a decline in particle size by
a decrease of the primary solute concentration from 10 mg/ml to 40
mg/ml. Fig. 3¢ indicates the influence of different pressure and initial
solute concentration at the constant temperature of 318 K on particle
size, which clearly indicates a reduction in particle size by pressure
enhancement from 100 to 160 bar. Design-Expert software as 308 K,
160 bar, and 10 mg/ml was used to calculate the optimal amount of
independent variables. The resulting particle sizes at the optimal
settings (226.5 nm) were close to those of the experimental data
(232.4 nm). The original size and morphology of FNS are shown in
Fig. 4.

3-2. Effect of operating conditions on particle size

3-2-1. Effect of pressure

As illustrated in Fig. 3a and Table 2 obtained from Box-Behnken
experimental design, the experiments were carried out at various
pressures (100, 130 and 160 bar), temperatures (308, 318 and 328 K)
as well as primary FNS concentrations (10, 25 and 40 mg/ml).
According to Fig. 3a, the average particle size decreased when pressure
was increased from 10 to 160 bar. This can be explained by the fact

that, the increased pressure will enhance the CO, density and hence

2 £ . ”
SEM HV: 30.00 KV WD: 6.0948 mm VEGAN TESCAN
SEM MAG: 500 x Dot SE 7

View field: 2888 pm  PC: 10

Fig. 4. SEM images for the original FNS.

50 pm
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Table 3 Analysis of variance (ANOVA) for quadratic model.

Source Sum of squares Mean square F-value P-value
Intercept
X 4.614E+005 4.614E+005 339.88 <0.0001
Xa 1.442E+005 1.442E+005 106.20 <0.0001
X3 5.729E+005 5.729E+005 422.05 0.0001
X1Xo 6646.81 6646.81 4.90 0.0625
X1X3 14209.99 14209.99 10.47 0.0143
XpX3 2632.83 2632.83 1.94 0.2064
X3 366.74 366.74 0.27 0.6192
X3 2068.86 2068.86 1.52 0.2568
X3 23424.28 23424.28 17.26 0.0043
Model 1.227E+006 1.363E+005 100.43 <0.0001
Residual 9502.38 1357.48
Lack of fit 2913.85 971.28 0.59 0.653
Pure error 6588.53 1647.13
Total 1.236E+006
Quadratic PRESS Adj R-Squared Pred R-Squared Adeq Precision Std. Dev.
56916.49 0.9824 0.9540 3.194 3.684

the solubility of FNS in SC-CO, will be augmented. As a result of
this pressure increase, the FNS concentration will be improved,
leading to greater super saturation and nucleation rate and creation of
reduced-size particles. SEM and DLS result also confirmed this
observation (as shown in Fig. 5a, b and Fig. 9a, b respectively). Jafari
et al. [44] and Esfandiari ef al. [45,46] reported comparable results
for the micronization of aspirin, ampicillin and 5-Fluorouracil,

respectively.

3-2-2. Effect of temperature

Many studies have addressed the effect of temperature in the GAS
process, Esfandiari et al. [45-47] and Kim ef al. [21], to name a few.
Elevated temperatures result in enhancements in solute vapor pressures,
giving rise to improved solubility. On the other hand, when temperature
increases, the CO, density reduces and lowers the CO, strength,
which in turn can decrease the solubility and supersaturation. As it
can be understood from classical nucleation theory, the critical size
of nuclei decreases by supersaturation increase, and therefore particle
size will be reduced. As shown in Fig. 3b, with increase of temperature
from 308 to 328 K, the average size of particles also increased,
implying a reduction in the CO, density and hence the solubility of
FNS particles. In fact, by decline of solubility, supersaturation will be
decreased, leading to the production of bigger particles (Fig. 5S¢, d &
Fig. 9c, d).

3-2-3. Effect of initial FNS concentration

In order to study the effect of primary concentration of FNS on the
particle size of FNS, experiments were performed at three different
concentrations (10, 25 and 40 mg solute /ml solution). As shown in
Table 2 and Fig. 3c, by elevation of FNS concentration in the
solution, particles with larger mean size were obtained. The effect of
concentration on the size of particles can be described by nucleation

Korean Chem. Eng. Res., Vol. 59, No. 3, August, 2021

and growth process. In fact, at a higher initial FNS concentration,
precipitation will occur in less expanded volumes. Thus, the nuclei
are allowed to form growing crystals, which will cause larger particles
over a long period time. On the other hand, by decreasing the FNS
concentration, solute precipitation will take place in more expanded
volumes, resulting in the reduced-size particles (Fig. 5¢, e and Fig. 9
c, ). Comparable findings are also reported by Jafari e al. [44],
Esfandiari et al. [45], Chen et al. [48] and Bakhbakhi ez al. [49]
which show the influence of FNS concentration on the mean size as
well as size distribution of particles during GAS procedure. Their
reports showed the increase of mean particle diameter with an increase

in the concentration.

3-3. Optimum conditions

The optimum condition for obtaining the smallest size of particles
was found by BBD method utilized in Design Expert 7.0.0 software.
The optimal condition involved: initial FNS concentration, 10 mg/ml;
temperature, 308 K, and pressure, 160 bar. These values were predicted
to result in particle size of 226.5 nm. Using BBD method, the accuracy
and validity of the optimization technique were evaluated through
investigations. Consequently, the average size of particles was obtained
as 232.4 nm, which is comparable to the expected amount.

3-4. Solid state characterization

FTIR spectra were obtained for the wavenumber range of 400-
4000 cm! for investigating the surface composition and chemical
bonds of the processed and unprocessed FNS particles. Figs. 6a and
b show the FTIR spectra of the unprocessed as well as processed
FNS specimens, respectively. Comparison of the FTIR spectra of
original (unprocessed) and GAS processed samples indicated no
wavenumber shift or variation in the absorption peaks of the
functional groups. Characteristic peaks of possessed FNS in 1682
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Fig. 5. SEM images for various cases (based on Table 2): (a) Run 4, (b) Run 6, (¢), Run 2, (d) Run 13, (¢) Run 3 and (f) R-Optimum.

em’!, 2376 cm™!, 2866-2968 cm™!, and 3238 cm! are attributed to the same results as well [50,51].
stretching vibrations in C=0, C=C, asymmetric and symmetric C-H

Thermal studies of the processed and original particles were
and N-H bonds, respectively. Other researchers have reported the

carried out by DSC analysis. According to Fig. 7, the melting point
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Fig. 7. DSC analysis results of FNS before and after the processes: a) original FNS and b) GAS processed FNS.

of unprocessed FNS was found to be 257.7 °C, while the GAS- structures or in the decreased average size of the processed particles.
processed FNS exhibited a melting point of 252.1 °C. Other scholars Additionally, Fig. 8a and b show the patterns of the unprocessed and
observed comparable behavior for samples processed by dense CO, the GAS-processed patrticles that also confirm the DSC and XRD
[52-54]. This difference in melting point can be related to the increased results.

accessible surface for heat transmission and variation of crystalline XRD is one of the powerful analyses to study sample crystallinity.
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Fig. 8. XRD patterns of FNS before and after the processes: a) original, b) GAS processed.

As shown in Fig. 8a and b, XRD patterns of GAS-processed FNS are
comparable to those of the original FNS particles, demonstrating
their similar crystal structure. In Fig. 8b, a reduction can be seen in
degree of crystallinity, for identical wavelengths and diffraction angles.
Such a small reduction in the processed FNS particle XRD peaks
intensity can be due to the particle size reduction after the GAS
process.

As other researchers have also presented, one reason for the
declining intensity of peaks in XRD pattern is the reduced particle
size or transition of crystals to amorphous state [55,56]. Comparable
results have been reported by other researchers [57-61].

SEM is a popular technique for characterizing the size and morphology
of particles. As shown in Fig. 4, the un-processed particles had an
irregular shape. However, the GAS process resulted in formation of
the quasi-spherical particles (Fig. 5). The unprocessed and processed
particles were also evaluated using DLS analysis. As DLS analysis
shows (Fig. 9), the size distribution of nanoparticles was 234.2 nm,
which is narrower compared to that of the original FNS which is in
the range of 124.5~35.6 pm with the mean of 55.6 um.

4. Conclusion

FNS nanoparticles were prepared by the GAS process for the
first time. The effects of GAS parameters like temperature,
pressure as well as initial FNS concentration on the size of particles
were studied. The effect of each variable was determined at
three levels. It was found from the results that the average size
and size distribution of particles can be effectively controlled by
the variables of the GAS procedure. Box-Behnken experimental
design was also employed to optimize the particle size. As
temperature increased from 308 to 328 K, the particles got larger;
while the pressure increase from 100 to 160 bar resulted in a
slight reduction of the particle size. Initial FNS concentration
enhancement from 10 to 40 mg/ml led to larger particles. The
average size of particles at the highest pressure (160 bar) was 232.4
nm. The increase in the pressure resulted in the smaller average
size of particles. Small particles were also attributed to the low
temperature (308 K) as well as low primary solute concentration
(10 mg/ml). FTIR and XRD analyses do not revealed any significant
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Fig. 9. DLS graphs for various conditions for GAS process (based on Table 2): (a) Run 4, (b) Run 6, (c), Run 2, (d) Run 13, (e¢) Run 3 and (f)
R-Optimum.
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