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A B S T R A C T   

Glibenclamide is an antidiabetic drug that also acts as an anti-inflammatory factor and reduces oxidative stress, 
medullary edema, and heart attack. Glibenclamide has high permeability and poor solubility in water (BCS class 
II). This work addresses particle size reduction of Glibenclamide using the gas antisolvent (GAS) to improve the 
drug dissolution rate. Three process parameters were studied at three levels: pressure (120, 140, and 160 bar), 
temperature (308, 318, and 328 K), and initial solute concentration (15, 45, and 75 mg/mL). The Box-Behnken 
design method was applied to optimize the process conditions. The coprecipitation of Glibenclamide with 
polyvinyl pyrrolidone (PVP) and hydroxypropyl methylcellulose (HPMC) was investigated by GAS at optimum 
pressure and temperature conditions (i.e., 160 bar and 308 K). Furthermore, the particles produced were char
acterized by high performance liquid chromatography, powder x-ray diffraction, differential scanning calorim
etry, Fourier transform infrared spectrometry, dynamic light scattering, and field emission scanning electron 
microscopy. The maximum dissolution rate in water obtained after 75 minutes was 36.6 %, 88.3 %, 94.1 %, and 
97.7 % for unprocessed Glibenclamide, Glibenclamide nanoparticles, Glibenclamide-HPMC and Glibenclamide- 
PVP composites, respectively. Glibenclamide-HPMC nanocomposites produced by GAS showed the smallest 
particle size, while Glibenclamide-HPMC exhibited the fastest dissolution rate.   

1. Introduction 

Glibenclamide is an antidiabetic drug that also acts as an anti- 
inflammatory factor and reduces oxidative stress, medullary edema, 
and heart attack. Glibenclamide reinforces insulin diffusion from the 
pancreas to control the blood sugar amount [1]. Glibenclamide is cate
gorized as a BCS class II drug [2]. The appropriate time of glibenclamide 
release for best efficacy depends on the specific formulation of the 
medication. Glibenclamide is available in immediate-release and 
extended-release formulations. The long-release formulation of gliben
clamide is controlled by controlling the particle size and combining it 
with hydrophilic polymers, allowing for a slower and more stable ab
sorption of the drug over a longer period of time. 

The majority of new chemical entities within the pipelines of the 
pharmaceutical industry and currently the market have poor solubility 
[3]. Particle size micronization can increase the specific particle surface 

area, thus enhancing the drug solubility and biological absorption. In 
recent years, the utilization of supercritical fluids has been extensively 
noticed for nanoparticle production. Supercritical carbon dioxide 
(SC-CO2) is a common fluid in the making of pharmaceutical nano
particles owing to its unparalleled characteristics such as nontoxicity, 
nonflammability, cost-effectiveness, appropriate critical temperature 
and pressure [4,5]. 

The SC-CO2-assisted methods available for nanoparticle production 
can be divided into several categories based on the task of supercritical 
fluid. The rapid expansion of the supercritical solution (RESS [6]) 
method is used for the drug via good solubility in SC-CO2. If the phar
maceutical drug does not have a proper solubility in carbon dioxide, 
then carbon dioxide can be utilized as an antisolvent [7] (SAS [8], GAS 
[9], SEDS [10], and ASES [11]) method. 

As mentioned above, the solubility of a pharmaceutical substance in 
SC-CO2 is one of the effective parameters in the choice of nanoparticle 
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production methods [12–15]. According to Esfandiari and Sajadian 
[16], Glibenclamide has a very low solubility in SC-CO2. The mole 
fraction of Glibenclamide in supercritical carbon dioxide was measured 
experimentally to be in the range of 0.8×10− 6 (338 K and 12 MPa) to 
8.03×10− 5 (338 K and 30 MPa). Hence, the GAS method was selected 
for this work. 

In the GAS process, the solute is dissolved into a suitable solvent and 
placed in the high-pressure cell. Aterward, SC-CO2 is injected into the 
cell. Volume expansion occurs upon the dissolution of carbon dioxide in 
a solvent. The solubility of the solute is decreased in the solvent. As a 
result, the solute appears as particles in the solid phase. When particles 
are produced with a new particle size distribution, the excess solvent is 
deleted from the system by carbon dioxide. Parameters such as tem
perature, pressure, initial concentration, and carbon dioxide flow highly 
affect the quality of micronization [17]. The mentioned parameters on 
particle size and particle size distribution of Ampicillin [18], 5-Fluoro
uracil [19], Rosuvastatin Calcium [20], Finasteride [21], Sertraline 
hydrochloride [22], Capecitabine [23], Griseofulvin [24], and pos
aconazole [25] has been via GAS has been reported in the literature. 

Amani et al. reported the average particle size reduction of the 
Capecitabine particles from 2 μm down to 243 nm, with an increase the 
pressure and decrease the temperature and initial solute concentration. 
Measuring the solubility of nano drug Capecitabine showed that the 
solubility had a significant improvement compared to the original 
sample[23]. Sodeifian et al. studied the reduction of sertraline hydro
chloride with GAS method. The GAS method led to reduction of ser
traline hydrochloride particle size from 50 μm to 102 nm. Therefore, the 
dissolution rate of sertraline hydrochloride nanoparticle that was 50 
times greater than that of the original sertraline hydrochloride.[22]. 

The dispersion of pharmaceutical drugs in a hydrophilic polymer 
(such as polyvinyl pyrrolidone (PVP), hydroxypropyl methylcellulose 
(HPMC), poly (vinyl pyrrolidone)-vinyl acetate (PVP-VA), and poly 
(vinyl acetate) (PV-Ac)) has been widely addressed in the literature in 
recent years. Hydroxypropyl methylcellulose is one of the cellulose de
rivatives with wide application in pharmaceutical research and drug 
industries. This hydrophilic matrix-forming polymer has found major 
applications in the improvement of delivery systems. In addition, it 
provides excellent stability properties for the formation of solid dis
persions to stabilize amorphous pharmaceutical products and is stable 
within a wide range of pH. HPMC is arranged as a secure excipient [26]. 
Physicochemical properties of PVP made it suitable for pharmaceutical 
applications [27]. PVP is nontoxic, non-ionic, inert, 
temperature-resistant, pH-stable, biocompatible, and indicates a com
plex association for both hydrophilic and hydrophobic drugs [28]. PVP 
is typically stable in both acidic and alkaline environments. However, 
extreme pH conditions can potentially affect its stability and solubility. 
PVP has a higher solubility in water at lower pH values, around pH 3–5. 
At higher pH values, above pH 9, PVP can undergo hydrolysis, leading to 
a decrease in its molecular weight and solubility. Generally, HPMC ex
hibits better solubility in water and other solvents at higher pH values, 
typically above pH 6. Since pH is close to neutral in most parts of the 
body (pH≈7) and is acidic in the stomach (pH≈2). So, the use of PVP 
helps to increase the solubility of Glibenclamide. 

Shirafkan et al. investigated the coprecipitation of pyrazinamide 
with polyvinylpyrrolidone through the GAS process. The effects of 
pressure, temperature, antisolvent flow, solvent composition, and 
polymer-drug ratio were studied on morphology and particle size dis
tribution. The pressure and polymer-drug ratio exhibited the highest 
impact on controlling the particle size distribution. The dissolution rate 
of pyrazinamide-polyvinylpyrrolidone was significantly increased in 
comparison to the unprocessed pyrazinamide. There are two reasons for 
it, one is the behavioral improvement caused by the increase in particle 
surface area via GAS process. Secondly, polyvinylpyrrolidone as a highly 
hydrophilic polymer can enable faster dispersion of pyrazinamide in the 
polyvinylpyrrolidone matrix in the dissolution medium [29,30]. Ditta
net et al. investigated the effects of the drug-to-polymer ratio, solute 

concentration, temperature, and type of solvent on nanoparticle pro
duction of mefenamic acid with PVP through the GAS process. The 
mefenamic acid − PVP composites precipitated by the GAS process 
dissolved 7 times faster than the original mefenamic acid. [31]. 
Hydrocortisone-PVP micro particles and Itraconazole- Polyethylene 
Glycol were produced by the GAS method [32,33]. The influence of GAS 
processing parameters such as temperature, agitation rate, and pressure 
on the production of Indomethacin with Poloxamer 407 was investi
gated [34]. 

In this research, the effects of GAS process parameters (pressure, 
temperature, and initial solute concentration) were explored on particle 
size and particle size distribution. The Box-Behnken design (BBD) was 
also utilized to optimize the production of Glibenclamide nanoparticles 
via the GAS process. The produced nanoparticles were analyzed by high 
performance liquid chromatography (HPLC), X-ray diffraction (PXRD), 
dynamic light scattering (DLS), differential scanning calorimetry (DSC), 
field emission scanning electron microscopy (FESEM), and Fourier 
transforms infrared spectrometry (FTIR). Then, Glibenclamide-PVP and 
Glibenclamide-HPMC were coprecipitated at optimum GAS experi
mental conditions for the production of Glibenclamide nanoparticles. 
Finally, the Glibenclamide nanoparticles, Glibenclamide- PVP, and Gli
benclamide - HPMC dissolution rate were determined. 

2. Materials and methods 

2.1. Materials 

Glibenclamide with a purity of 99.9 % (form I, as determined by 
Differential Scanning Calorimetry) was supplied by Darou Darman Pars 
Research. DMSO (99 %) was also supplied by Merck (Darmstadt, Ger
many). Carbon dioxide (99.99 %) was supplied by Abughadareh. PVP 
and HPMC were purchased from Sigma Aldrich. Table 1 summarizes the 
physicochemical properties 

of the substances used in this work. 

2.2. Gas antisolvent (GAS) setup 

Fig. 1 displays the flow diagram of the GAS process. The setup in
cludes a carbon dioxide cylinder (E-1), needle valves (E-2), filter (E-3), 
refrigerator (E-4), high-pressure pump (air driven liquid pump, type 
M64, SHINEEAST company) (E-5), air compressor (E-6), oven (E-7), cell 
along with sinter metal filter (Functional pore size (0.1 μm) supported 
by a PTFE filter (0.1 μm) (E-8), coil (E-9), backpressure regulator (Xi’an 
Shelok Instrument Technology Co., Ltd) (E-10), metering valve (E-11), 
collection vial (E-12) and automation (E-13). Firstly, Glibenclamide was 
dissolved in DMSO at various concentrations (15, 45, 75 mg/mL). In this 
study, 5 mL of this solution was filled into the cell, which consisted of a 
column with a 300 mL internal volume, placed in an oven. A sintered 
filter with a polymer filter was installed inside the precipitation cell at 
the bottom. The oven was turned on to reach the desired temperature (i. 
e. 308, 318, 328 K). Carbon dioxide gas is liquefied by passing through 
the refrigerator. The liquefied carbon dioxide is then pressurized to the 
required level (i.e. 120, 140, 160 bar). When the oven temperature 
reached the adjusted temperature, carbon dioxide was syringed into the 
cell at a constant rate of 5 bar/min until achieving the final pressure. The 
outlet valve in the precipitation cell remained closed when carbon di
oxide was syringed into the precipitation cell. When the process pressure 
reached the designed and fixed level, the inlet valve was closed and 
precipitation occurred. Then, for solvent elimination and CO2 flushing, 
the outlet valve was opened and a backpressure adjustment was used to 
protect the demand pressure. Flushing was conducted to remove DMSO 
from the particles at a constant CO2 flow rate (4 g/min for 180 min), 
then the cell was depressurized with 5 bar/min and the precipitated 
particles were collected on the filter for further analysis. 

The Box-Behnken design method was applied to optimize the process 
conditions. The co-precipitation of Glibenclamide with PVP and HPMC 
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was investigated by GAS at optimum pressure and temperature condi
tions (i.e., 160 bar and 308 K). 

2.3. Experimental design 

The Box–Benhken Design (BBD) was used to optimize the GAS pro
cessing conditions for the generation of fine Glibenclamide particles. 
The design variables are listed in Table 2. The mean size was measured 
by the DLS analysis. The design expert software (version 12.03.0, State- 
Ease Inc.) was applied for different experiments. Regression and 
graphical analyses were also conducted on the obtained data using the 
software. The experimental data were appropriated as follows [35]: 

y = β0 +
∑k

i=1
βixi +

∑k

i=1
βiix2

i +
∑k

i=1

∑k

j=1
βijxixj + ε (1) 

Here y is the response, β0 denotes a constant term, βi is the coef
ficient of linear, βii shows the coefficient of square effect, βij represents 
the coefficient of interaction effect; xiandxj are un-coded independent 
variables, and ε stands for the random error. The coefficient of deter
mination 

(
R2

)
, adjusted R2, predicted R2, and F–value was used to 

determine the degree of adaptability between experimental and model- 
predicted data. 

2.4. Solid-state characterization 

High Performance Liquid Chromatography (HPLC) HPLC of unpro
cessed and processed Glibenclamide was done by AZURA (KNAUER, 
Germany). The solvent was methanol. The mobile phase consisted of 
acetonitrile and phosphate buffer. The crystallization of unprocessed 
and processed Glibenclamide was analyzed by PXRD (Powder X-ray 
Diffraction) using a X′Pert Pro. Differential Scanning Calorimetry (404 
F3 Pegasus, Netzsch Co., Germany) was used to measure the melting 
point of the unprocessed and possessed Glibenclamide nanoparticles. In 
the DSC analysis, sample was loaded in aluminum pan and heated until 

Table 1 
Chemical information for the materials used in this work.  

Compound/ Formula  Supplier CAS Number Mass Purity Analysis method Mw (g/mol)c Tm 

(℃)d 
λ (nm)e 

Glibenclamide (C23H28ClN3O5S)  Darou Darman Pars Research 10238–21–8  0.999 HPLCa  494 173±2  305 
DMSO  Merck 67–68–5  0.999 GCb      

CO2  Abughadareh 124–38–9  0.999 GCb      

HPMC  Sigma Aldrich 9004–65–3         
PVP  Sigma Aldrich 9003–39–8         

c,dhttp://www.chemspider.com/. 
a High-performance liquid chromatography. 
b Gas chromatography. 
c Molecular weight. 
d Melting temperature. 
e Maximum wavelength. 

Fig. 1. Schematic diagram of GAS nanoparticle production; carbon dioxide cylinder (E-1), needle valves (E-2), filter (E-3), refrigerator (E-4), high-pressure pump (air 
driven liquid pump, type M64, SHINEEAST company) (E-5), air compressor (E-6), oven (E-7), cell along with sinter metal filter (Functional pore size (0.1 μm) 
supported by a PTFE filter (0.1 μm) (E-8), coil (E-9), backpressure regulator (Xi’an Shelok Instrument Technology Co., Ltd) (E-10), metering valve (E-11), collection 
vial (E-12) and automation (E-13). 

Table 2 
Experimental design used for the production of Glibenclamide particles by the 
GAS method.  

Variables Coded levels 

Low (-1) Medium (0) High (+1) 

x1: pressure (bar)  120  140  160 
x2: initial solute concentration (mg/mL)  15  45  75 
x3: temperature (K)  308  318  328  
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200 ℃ with a ramp of 10 ℃/min, followed by a cooling until 0 ℃ with 
the same ramp and, finally, was heated until 200 ℃ again with the same 
ramp. The form and morphology of Glibenclamide particles were 
explored by FESEM (Hitachi, S-4160). The Samples preparation by 
sputtering method are gold coated at 1200 V, 20 mA, using vacuum 
coater (Polaron E6100, UK). 

The particle size and particle size distribution were measured using 
dynamic light scattering (DLS). To measure the particles in the polymer, 
a suitable medium must be created. Therefore, a medium with an acidic 
pH was created. As Tran et al. used this environment for the DLS analysis 
of the raloxifene with PVP and HPMC. For the DLS analysis, Glibencla
mide samples ( ∼ 0.01g) were dispersed in pH 1.2 medium and then 
analyzed [36]. The DLS test was performed using a NANOPHOX particle 
sizer (Sympatec, Germany) operating by a He-Ne laser. FTIR (Perkin 
Elmer, RX1, Germany) was used to ensure that the solid state of product 
did not change by the GAS process. 

2.5. Dissolution test method 

There are various methods to check the solubility of medicinal sub
stances (Paddle, Flow-Through Open-Loop and Closed-Loop). The 
method used in this project has been used in many other papers in the 
literature to measure the solubility of pharmaceutical drugs [22,37–39]. 
The dissolution rates obtained using the different methods are similar if 
the sink condition is maintained [40]. The dissolution of powdered 
samples of unprocessed Glibenclamide, Glibenclamide nanoparticles, 
Glibenclamide-PVP, and Glibenclamide-HPMC nanocomposites was 
assessed in a simulated fluid under non-sink conditions. The solubility 
test been performed under non sink condition. At sink condition the 
volume of dissolution medium that at least three to ten times the satu
rated volume. The dissolution medium was the phosphate buffer 
(pH=7.4). The solubility of Glibenclamide in the phosphate buffer 
(pH=7.4) was reported 0.059 mg/mL [41]. In this research, 30 mg of 
the Glibenclamide was used. By dividing 30 mg by 0.059 mg/mL, the 
volume is 508 mL. The volume for sink conditions is between 3 and 10 
times of this volume. The used volume of phosphate buffer at pH 7.4 was 
equal to 900 mL, so the condition is non-sink. The dissolution medium 
included 900 mL of phosphate buffer (pH=7.4) which was prepared by 
agitation (75 rpm) at 37 ℃. Approximately, 30 mg of each sample was 
singly eked to this. Approximately 3 mL aliquots were then drawn back 
at a predetermined time (i.e. 15, 20, 30, 45, 60, and 75 min), using a 
100 nm pore size syringe filter (Membrane Solution CO.). Then, the 
value of dissolved Glibenclamide was distinguished at 305 nm using a 
UV–vis spectrophotometer. A calibration curve was established to 
determine the concentration of Glibenclamide. 

2.6. Encapsulation efficiency (%) 

Approximately 5 mg of each sample were dissolved in 5 mL of 
methanol. Then the solution was centrifuged and the supernatants were 
decanted. The absorbance of the supernatants was detected by UV–vis 
spectrophotometer at 305 nm. The encapsulation efficiency (%) value 
was determined by Eq. (2): 

EE(%) =

[

1 −
Glibenclamide in supernatants

Total Glibenclamide added

]

× 100 (2)  

3. Results and discussion 

3.1. Experimental design 

The BBD technique was used to determine the outcome of the 
experimental states on the characteristics of Glibenclamide nano
particles gained from the GAS process. The pressure, initial solute con
centration, and temperature were checked as independent variables. 
The mean particle size of GAS-processed Glibenclamide nanoparticles 
was taken as the response variable. The effect of each variable was 
investigated considering three levels (Table 2). Under this experimental 
design way, the number of experimental runs was 17. Table 3 shows the 
pressure (x1), initial solute concentration (x2), temperature (x3), mean 
particle size of experimental data, and the forespeak mean particle size 
of the model. Eq. (3) received from the response surface methodology 
(RSM):   

Y demonstrated the response (Glibenclamide particle size), and x1, 
x2, and x3 were the coded values of the parameters. The optimal values 
of the selected experimental variables were determined from Eq. (3) as 
well as the analysis of response surface plots. 

The analysis of variance (ANOVA) was depicted in Table 4. The F- 
value and P-value were utilized to determine the significance of each 
coefficient. The large F-values and the small p-values are featured to the 
high significance of the corresponding expression. As indicated in 
Table 4, pressure, solute concentration, and temperature showed the 
greatest influence on the model. The R2, adjustedR2, and predictedR2 

were calculated to study the grade of compatible for the quadratic 
model. The higher values of these parameters indicate the better the 
association of input parameters and response. The value of 
R2and adjustedR2 were 0.9908 and 0.9790, respectively. These values 
reflect the beneficence of fit for the empirical data. 

Table 3 
List of the processing conditions used in the gas antisolvent process with 
experimental data and predicted values obtained for particle production of 
Glibenclamide.  

Run Pressure 
(bar) 

Initial solute 
concentration 
(mg/mL) 

Temperature 
(K) 

Particle 
size 
(nm) 

Predicted 
value (nm)  

1  120  15  318 235±43  241  
2  160  15  318 99±21  98  
3  120  75  318 292±63  293  
4  160  75  318 191±41  185  
5  120  45  308 206±55  203  
6  160  45  308 109±24  113  
7  120  45  328 386±51  382  
8  160  45  328 218±45  221  
9  140  15  308 128±26  125  
10  140  75  308 180±30  182  
11  140  15  328 259±59  257  
12  140  75  328 334±47  338  
13  140  45  318 220±38  208  
14  140  45  318 206±37  208  
15  140  45  318 201±47  208  
16  140  45  318 207±52  208  
17  140  45  318 208±35  208  

Y = 208.9 − 62.72x1 +34.61x2 +71.79x3 +8.7x1x2 − 18x1x3 +5.92x2x3 − 0.012x1
2 − 4.39x2

2 +21.36x3
2 (3)   
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3.2. Effect of GAS process conditions on the production of Glibenclamide 
particles 

The effect of GAS conditions was studied on the Glibenclamide 
particle size, as depicted in Fig. 2. Three factors with major effects on the 
particle size and morphology were detected. Particle size increased by 
enhancing the initial solute concentration at a given temperature and 
pressure (experimental runs 1–3, 2–4. 9–10, and 11–12). A comparison 
of experimental runs 9–11 and 10–12 shows a rise in the particle size by 
temperature elevation. Conversely, increased pressure resulted in 
smaller particle sizes. 

The simultaneous effect of pressure and solute concentration at a 
constant temperature (318 K) on Glibenclamide particle size is illus
trated in Fig. 3(a). As indicated, the particle size of Glibenclamide 
decreased upon pressure increment. The interaction effect of tempera
ture and pressure was investigated on particle size at constant concen
tration (45 mg/mL) (Fig. 3(b)). The particle size of Glibenclamide 
showed a decline by increment the pressure and decrement the tem
perature. Fig. 3(c) shows the action of temperature and solute concen
tration on particle size at constant pressure. Lower temperatures and 
concentrations led to smaller particle size. 

3.3. Effect of initial Glibenclamide concentration 

As indicated in Table 3 and Figs. 2 and 3, an increase in the initial 
solute concentration originated an increase in the size of Glibenclamide 
particles. At the maximum concentration, the supersaturation curve is 
closer to the saturation curve and nucleation occurred in less expand
ability. As such, the product nuclei had more chances to grow, leading to 
the dominance of the growth mechanism. Conformingly, a rise in the 
concentration of solute in organic solvent enhanced the particle size in 
the GAS method. Esfandiari et al. [18], Jafari et al. [42], and Najafi et al. 
[20,21] presented analogous results on the effect of the initial concen
tration on the mean particle size of Ampicillin, Aspirin, Rosuvastatin 
calcium, and Finasteride in the process. Solvent in the production of 
aspirin nanoparticles, methanol and acetone were considered. DMSO 
has been used as a solvent in the production of Ampicillin, Rosuvastatin 
calcium, capecitabine, and Finasteride nanoparticles in GAS process. An 
increase in the initial concentration of capecitabine increases the cape
citabine particle size from 662 nm to 868 nm [23]. 

3.4. Effect of pressure 

The influence of pressure on the mean particle size was studied at 
120, 140, and 160 bar. Pursuant to Figs. 2 and 3(b), the average particle 
size was decremented by enhancing the pressure from 120 to 160 bar. 
Pressure increment (from 120 to 160 bar) augmented the CO2 density, 
raising the solubility of CO2 in DMSO. Hence, shorter times would be 
needed to overtake the supersaturation conditions and begin the pre
cipitation of Glibenclamide particles. Between nucleation and growth, 
the nucleation mechanism dominated leading to smaller particles. An 
akin trend was noticed in the preparation of nanoparticles of various 
drug model systems, as published elsewhere (for 5-Fluorouracil [43], 
finasteride [21], rosuvastatin [20], capecitabine [23], and liposomes 
[44]). 

3.5. Effect of temperature 

Temperature elevation increased the solubility of Glibenclamide and 
reduced CO2 solubility in DMSO [16]. By reducing the solubility of 
Glibenclamide, the nucleation rate declined at high temperatures, and 
growth befits the superior mechanism. Therefore, the particle size 
increased by temperature enhancement (Figs. 2 and 3(c)). Amani et al. 
[23], Esfandiari et al. [18,21], and Jafari et al. [42] have also previously 
reported the building of coarse particles at higher temperatures in the 
GAS process. The Capecitabine particle size rose from 332.8 nm (at 
140 bar, 15 mg/mL, and 318 K) to 662 nm (at 140 bar, 15 mg/mL, and 
332.8 K) [23]. The result of Finasteride micronization via GAS process 
indicated an increment in the mean particle size from 476.84 to 945.76 
with temperature elevation from 308 to 328 K [21]. The particle size of 
sertraline hydrochloride increased with temperature [22]. The same 
trend was observed in the production of phenanthrene nanoparticles 
with toluene as solvent [45]. According to the p-value in Table 4, the 
temperature is a significant parameter. The F-value of the parameters 
are listed in Table 4. Regarding its F–value, temperature is the most 
influential parameter in this process; followed by pressure and initial 
solute concentration, respectively. 

3.6. Solid state form and particle characterization 

HPLC method was applied for quantitative analysis of the remaining 
solvents in the solution after the GAS process. Fig. 4 show the HPLC 
chromatograms of the unprocessed and nano particles of Glibenclamide. 
Similar chromatographic specifications of the unprocessed and nano 
Glibenclamide and the absence of the DMSO characteristic peaks 
confirm the purity of Glibenclamide nanoparticles. 

PXRD was applied to analyze the solid-state of Glibenclamide par
ticles (achieved at a temperature of 308 K, a pressure of 160 bar, and a 

Table 4 
ANOVA for fitted model to Glibenclamide nanoparticle production via GAS 
process.  

Source Sum of squares Mean square F-value Prob > F 

Intercept     
x1 3.15×104 3.15×104 620.03 <0.0001 
x2 9.58×103 9.58×103 188.80 <0.0001 
x3 4.12×104 4.12×104 812.14 <0.0001 
x1x2 302.76 302.76 5.96 0.0446 
x1x3 1296.00 1296.00 25.53 0.0015 
x2x3 140.42 140.42 2.77 0.1402 
x1

2 6.58×10− 4 6.58×10− 4 1.29×10− 5 0.9972 
x2

2 81.05 81.05 1.60 0.2468 
x3

2 1921.50 1921.50 37.85 0.0005 
Model 8.59×104 9.56×103 188.23 <0.0001 
Residual 355.35 50.76   
Lack of fit 159.09 53.03 1.08 0.4523 
Pure error 196.26 49.07   
Total 8.65×104    

Quadratic PRESS Adj R- 
Squared 

Pred R- 
Squared 

Adeq 
Precision 

2852.08 0.99 0.97 52.03  

Fig. 2. Effect of pressure (A: 120 and 160 bar), initial solute concentration 
(B:15 and 75 mg/mL), and temperature (C: 308 and 328 K), on particle size for 
Glibenclamide nanoparticles via GAS process. 
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Fig. 3. The surface plot denoting the influence (a) of pressure and concentration particle size at 318 K, (b) of pressure and temperature at 45 mg/mL, (c) con
centration and pressure at 140 bar. 

Fig. 4. HPLC chromatograms of the nano Glibenclamide (after GAS) and unprocessed Glibenclamide (before GAS).  
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concentration of 15 mg/mL). Fig. 5(a) and (b) show the PXRD of un
processed and nano Glibenclamide. Accordingly, the structure of Gli
benclamide molecules remained unchanged during the GAS process. A 
reduction can be observed in the degree of crystallinity in Fig. 5(b). The 
width of the most intense diffraction peak in PXRD at mid of its height 
and particle size have an inverse relationship with each other. The peak 
intensity declined in the case of nano Glibenclamide particles. There
fore, the particle size of Glibenclamide was reduced after the GAS pro
cess. The PXRD patterns of Glibenclamide-HPMC and Glibenclamide- 
PVP coprecipitates showed a reduction in degree of crystallinity 
(Fig. 5(e) and (f)). The intensity of PXRD peaks was lower in the 
Glibenclamide-HPMC and Glibenclamide-PVP than those of the pure 
Glibenclamide. Comparing Glibenclamide-HPMC with Glibenclamide- 
PVP, the degree of crystallinity of Glibenclamide-HPMC was lower 
than Glibenclamide-PVP. 

Fig. 6 presents the DSC (Differential Scanning Calorimetry) results of 

unprocessed Glibenclamide, GAS-processed Glibenclamide, Gas- 
processed Glibenclamide-PVP, and GAS-processed Glibenclamide- 
HPMC (achieved at a temperature of 308 K, a pressure of 160 bar, and a 
concentration of 15 mg/mL). The melting onset, peak and end set of 
unprocessed Glibenclamide were 169.2, 172.2, and 175 ℃ respectively. 
The melting onset, peak and end set of GAS-processed Glibenclamide 
were 165.41, 169.9, and 170.41 ℃, respectively. GAS reduced the 
melting point (peak) of Glibenclamide by approximately 2.3 ℃. The 
melting point of GAS-processed Glibenclamide-PVP in the point of onset, 
peak, and end set was approximately 151.26, 161.87, and 166.1 ℃,

respectivley. Comparing the melting point of GAS-processed Gliben
clamide (169.9 ℃(with that of GAS-processed Glibenclamide-PVP 
(161.87 ℃) indicates the decrease in melting point. The melting onset, 
peak and end set of GAS-processed Glibenclamide-HPMC were 138.7, 

Fig. 5. PXRD pattern of Glibenclamide (a) unprocessed (before GAS), (b) nano 
Glibenclamide (after GAS), (c) HPMC, (d) PVP, (e) Glibenclamide-HPMC at 
optimized condition (after GAS), (f) Glibenclamide-PVP (after GAS). Fig. 6. DSC analyses results of original Glibenclamide (unprocessed), GAS 

processed Glibenclamide, GAS processed Glibenclamide-HPMC at optimum 
condition, and GAS processed Glibenclamide-PVP at optimum condition. 
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149.7, and 153.7 ℃, respectively. According to Fig. 6, similar to GAS- 
processed Glibenclamide-PVP, the melting point of GAS-processed Gli
benclamide-HPMC is lower than that of GAS-processed Glibenclamide. 
The presence of PVP and HPMC molecules around Glibenclamide can 
disrupt the crystal lattice of Glibenclamide. This disruption can lead to a 
decrease in the melting point of Glibenclamide when encapsulated with 
PVP and HPMC. 

FTIR spectra of unprocessed Glibenclamide and nano Glibenclamide 
produced via GAS process (achieved at a temperature of 308 K, a pres
sure of 160 bar, and a concentration of 15 mg/mL). are depicted in Fig. 7 
(a) and (b). A comparison of spectra showed no shifts in the 

wavelengths, suggesting that the functional groups have been un
changed. The specification absorption bands of N-H, Ar-H, and C––O 
emerged at 3311, 3117, and 1712 cm− 1, respectively [46]. The FTIR 
spectra of unprocessed Glibenclamide, unprocessed HPMC, and 
Glibenclamide-HPMC composite were investigated to assess the 
drug-polymer interactions (Fig. 8(a-c)). As depicted in Fig. 8(b), spec
trum of HPMC showed an absorption at 3423, 2895, and 1051 cm− 1 that 
can be appointed to the –OH, C-H, and C-O groups, respectively [47]. 
The FTIR spectrum of Glibenclamide-HPMC is depicted in Fig. 8(c). All 
major absorption peaks of Glibenclamide can be observed but at lower 
intensities. However, no new bands can be seen in the spectrum, sug
gesting no drug-polymer interactions. The spectrum of PVP (Fig. 9(b)) 
showed an absorption peak at 3454, 1655, and 2947 cm− 1 assignable to 
the C–H, C––O, and CH2 groups, respectively [29]. According to Fig. 9 
(c), no interaction occurred between Glibenclamide and PVP. 

The DLS graphs of Glibenclamide nanoparticles are presented in  
Fig. 10 under different conditions (runs 1, 2, 3, and 6). The DLS and 
FESEM results matched well with each other. Based on Fig. 10, the 
thinnest particle size distribution is related to the run at the nethermost 
temperature. The DLS and FESEM results showed that the micro-scale 
particle size of unprocessed Glibenclamide changed to the nano-sized 
particles after the GAS process. The mean particle size of 
Glibenclamide-HPMC, Glibenclamide-PVP, and GAS-processed Gliben
clamide (runs 2, 6, 1, and 3) were determined by DLS analysis to be 87, 
90, 99,109, 235, and 292 nm. 

FESEM images of unprocessed Glibenclamide and nanoparticles of 
Glibenclamide, Glibenclamide-HPMC, and Glibenclamide-PVP are 
demonstrated in Fig. 11. Based on Fig. 11 (a), the unprocessed particles 
had an irregular shape. Analogy of the particle size of the unprocessed 
sample (Fig. 11 (a)) with the GAS-processed nanoparticles (Fig. 11 (b-e)) 
indicated a decline in the mean particle size of the processed samples. A 
comparison of the SEM images in Fig. 11 (b) and (c) shows a decrement 
in the mean particle size from 235 to 99 nm by increasing the pressure 
from 120 to 160 bar. Runs 1 and 3 were performed at constant tem
peratures (318 K) and pressure (120 bar) but different concentrations 
(15 and 75 mg/mL, respectively). As seen, the particle size increased 
with enhancing the initial solute concentration. The nanoparticle of 
Glibenclamide-HPMC, and Glibenclamide-PVP were aggregated. As 
indicated in FESEM images, the Glibenclamide and polymer molecules 
were mixed together in the matrix and precipitated together. Moneghini 
et al. show the agglomeration of carbamazepine–PEG 4000 by GAS 
process [48]. The coprecipitated of pyrazinamide and PVP via GAS 
process, different pharmaceutical such as ketoprofen, flavonoid, cefur
oxime axetil, celecoxib and the PVP via SAS process was indicated [29, 
49–52]. Based on BBD results the optimum condition in the process is 
expected at a temperature of 308 K, a pressure of 160 bar, and a con
centration of 15 mg/mL, leading to 79 nm particles. Experimental tests 
under this optimal set of operating conditions led to 87 ± 11 nm parti
cles, closely verifying the modeling outcomes. SEM image from ImageJ 
application was used to determine the mean particle size. The mean 
particle size of Glibenclamide-HPMC, Glibenclamide-PVP, and 
GAS-processed Glibenclamide (runs 2, 6, 1, and 3) were determined by 
SEM images and ImageJ application to be 83, 87, 96,107, 222, and 
268 nm. Comparison of the mean particle size obtained from ImageJ 
application and DLS had a good agreement. 

The value of encapsulation efficiency (EE %) for Glibenclamide-PVP 
and Glibenclamide-HPMC were 95.7 % and 97.1 %, respectively. 

3.7. Dissolution rate study 

The solubility of Glibenclamide was defined by in vitro dissolution 
rate assay. The dissolution rates of unprocessed Glibenclamide, Gli
benclamide nanoparticles, Glibenclamide-HPMC, and Glibenclamide- 
PVP are listed in Fig. 12. Based on the results of dissolution rate, it is 
known that there was an increase in the dissolution rate of 

Fig. 7. FTIR spectrum of Glibenclamide (a) nano Glibenclamide at optimized 
condition (after GAS) (b) unprocessed (before GAS). 

Fig. 8. FTIR spectrum of (a) unprocessed Glibenclamide (before GAS), (b) 
unprocessed HPMC (before GAS), (c) Glibenclamide-HPMC (after GAS). 

Fig. 9. FTIR spectrum of (a) unprocessed Glibenclamide (before GAS), (b) 
unprocessed PVP (before GAS), (c) Glibenclamide-PVP (after GAS). 
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Glibenclamide-HPMC, and Glibenclamide-PVP composites compared to 
pure Glibenclamide (unprocessed and nano). The mechanism of the 
improvement of dissolution rate of the pharmaceutical are particle size 
reduction of pharmaceutical, decrease crystallinity and improved 
wettability [53]. 

As observed, the dissolution rate of the Glibenclamide nanoparticles 
produced at optimum condition was meaningfully higher than that of 
the unprocessed Glibenclamide. Based on the PXRD-analysis, the crys
tallinity of the nanoparticles decreased by the GAS process, increment
ing the solubility. The Weibull’s model was utilized to model the test 
data. It is a common model for measuring the dissolution rate [54]: 

m = 1 − e

[
− tb
a

]

(4)  

Where m is accumulated fraction of pharmaceutical and t denotes the 
time. Parameters a and b can be obtained by appropriate the model to 
experimental data. The value of kw was calculated based on parameters a 
and b as follows [54]: 

kw =
1̅
̅̅
ab

√ (5) 

Fig. 10. Particle size of Glibenclamide particles produced at different experimental conditions of the GAS process obtained by dynamic light scattering (DLS): 
Glibenclamide particles (Runs 1, 2, 3, and 6), Glibenclamide at optimum condition, Glibenclamide-HPMC, and Glibenclamide-PVP. 

Fig. 11. FESEM images of Glibenclamide (a) unprocessed, (b) run 1, (c) run 2, (d) run 3, (e) run 6, (f) Glibenclamide - HPMC, (g) Glibenclamide - PVP, (h) Nano 
Glibenclamide at optimum condition. 
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The kw is the reverse of the time needed to dissolve 63.2 % of the 
solute. This rate can be used as a measure to compare the dissolution rate 
before and after the GAS process [22,23,38,54]. A comparison of kw 

values of unprocessed Glibenclamide with nanoparticles of Glibencla
mide produced under optimal GAS conditions showed the dissolution 
rate. Pursuant to Fig. 12, the value of kw for unprocessed Glibencla
mide, GAS-processed Glibenclamide, Glibenclamide-PVP, and 
Glibenclamide-HPMC at optimum conditions were 0.0027, 0.0389, 
0.0447, and 0.0489 min− 1, respectively. A comparison of these values 
shows the positive effect of the GAS process on the dissolution rate of 
Glibenclamide. The kw value of the GAS-processed Glibenclamide was 
0.0389 min− 1, about fifteen times higher than that of the unprocessed 
Glibenclamide (0.0027 min− 1). The dissolution rate of 
Glibenclamide-PVP and Glibenclamide-HPMC was even higher than the 
GAS-processed Glibenclamide. To compare the dissolution rates, the 
values of difference factor (f1) and similarity (f2) can be taken as criteria 
[54–56]. 

f1 =

∑n

j=1

⃒
⃒Rj − Tj

⃒
⃒

∑n

j=1
Rj

× 100 (6)  

f2 = 50 × log

⎛

⎝

[

1 +
1
n
∑n

j=1

⃒
⃒Rj − Tj

⃒
⃒2
]− 0.5

× 100

⎞

⎠ (7)  

Where n is the number of time points and Rj and Tj are percentages of 
solubility of unprocessed and GAS-processed Glibenclamide at a desired 
time, respectively. When the value f1 is higher than 15 and f2 lower than 
50, there is a significant difference in the dissolution rate of the two 
samples. The values of a, b, kw, f1, and f2 are listed in Table 5. 

The GAS process decremented the particle size, hence, raising the 
specific surface area of particles. On the other hand, the crystallinity of 
particles decreased according to PXRD analysis. All these changes 
increased the solubility of GAS-processed particles. A comparison of 
dissolution rates showed that the dissolution rate of Glibenclamide- 
HPMC (kw = 0.0489) is higher than Glibenclamide-PVP (kw = 0.0447)
which is higher than GAS-process Glibenclamide particles (kw = 0.0389)
and unprocessed Glibenclamide (kw = 0.0027). On the other hand, the 
amount of f1 is larger than 50 while f2 is below 15, indicating an increase 
in the solubility of the Glibenclamide-HPMC. Interestingly, these results 
are consistent with the average particle size determined by the DLS 
analysis. Glibenclamide-HPMC with the smallest mean particle size 
(87 nm) exhibited the highest dissolution rate (3 times more than the 
unprocessed Glibenclamide). Duta Lestari et al. also reported the same 

trend. The dissolution rate of C. mangga/PVP composites was higher 
than C. mangga particles. As PVP is a water-soluble polymer, it 
improved the apparent water solubility of API [57]. HPMC and PVP can 
enhance wettability. Also, the dissolution rate of Glibenclamide-HPMC 
and Glibenclamide-PVP composites was significantly higher than un
processed Glibenclamide, because wettability increases due to the 
presence of hydrophilic polymers. 

4. Conclusion 

The gas antisolvent (GAS) method was successfully employed to in
crease the apparent dissolution rate of Glibenclamide through the for
mation of nanosized particles of an API model system. In addition, 
Glibenclamide-HPMC and Glibenclamide-PVP nanocomposites were 
produced by the GAS process. Furthermore, the unprocessed and the 
GAS-precipitated particles were analyzed by the HPLC, SEM, DLS, DSC, 
PXRD, and FTIR techniques. SEM images and DLS graphs indicated that 
the mean size of GAS-processed Glibenclamide particles ranged from 99 
to 386 nm. The GAS-processed Glibenclamide nanoparticles showed a 
spherical shape, whereas the unprocessed Glibenclamide samples had 
irregular shapes. The mean particle size of Glibenclamide-HPMC, Gli
benclamide-PVP, and GAS-processed Glibenclamide (runs 2, 6, 1, and 3) 
were determined by DLS analysis to be 87, 90, 99,109, 235, and 292 nm, 
respectively. The kw (reverse of the time needed to dissolve 63.2 % of 
the solute) of unprocessed Glibenclamide, GAS Glibenclamide, 
Glibenclamide-PVP, and Glibenclamide-HPMC were 0.0027, 0.0389, 
0.0474, and 0.0489, respectively. A comparison of dissolution rates 
suggested the following descending trend: GAS-processed Glibencla
mide-HPMC ˃ GAS-processed Glibenclamide-PVP ˃ GAS-processed Gli
benclamide ˃ unprocessed Glibenclamide. This trend was consistent 
with the DLS-measured mean particle size. The dissolution rate of the 
Glibenclamide-HPMC nanocomposites was 3 times higher than that of 
the unprocessed Glibenclamide. This can improve the bioavailability 
and efficacy of the drug, as well as reduce the dose and frequency of 
administration. This can increase the selectivity and specificity of the 
drug, as well as reduce the systemic side effects. 
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Fig. 12. Dissolution rates for unprocessed Glibenclamide, Glibenclamide 
nanoparticles, Glibenclamide-HPMC, and Glibenclamide-PVP composites pro
duced by the gas antisolvent (GAS) process. 

Table 5 
Analogy of the dissolution outcomes for unprocessed and GAS-processed 
Glibenclamide.  

Sample a b kw f1 f2 

Unprocessed  19.829  0.5066  0.0027 - - 
GAS processed (at optimized 

conditions)  
911.066  0.7403  0.0389 156.42 17.46 

Glibenclamide-HPMC  10.748  0.7868  0.0489 179.60 14.47 
Glibenclamide-PVP  9.616  0.7285  0.0447 169.67 15.72  
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