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Abstract 

 
Glibenclamide (GLIB) is a poorly soluble drug with formulation-dependent bioavailability. Therefore, we 
attempted in this study to improve GLIB dissolution rate by preparing drug solid dispersions by solvent 
evaporation (SE) and supercritical fluid solvent-antisolvent techniques (SCF-SAS). A D-optimal mixture 
design was used to investigate the effects of different ratios of HPMCE5 (50-100%), PEG6000 (0-40%), and 
Poloxamer407 (0-20%) on drug dissolution from different solid dispersion (SD) formulations prepared by SE. 
The ratios of carriers used in SCF-SAS method were HPMCE5 (fixed at 60%), PEG6000 (20-40%), and 
Poloxamer407 (0-20%). A constant drug: carrier weight ratio of 1:10 was used in all experiments. The SDs 
obtained were physically characterized and subjected to the dissolution study. The major GLIB bands in 
FTIR spectra were indicative of drug integrity. The reduced intensity and the fewer number of peaks 
observed in X-ray diffractograms (XRD) of GLIB formulations was the indicative of at least partial 
transformation of crystalline to amorphous GLIB. This change and/or dilution of drug in much higher 
amounts of carriers present caused disappearance of distinctive endothermic peaks in differential scanning 
calorimetry thermograms of GLIB formulations. The model generated according to the results of the D-
optimal mixture design indicated that GLIB formulations comprising HPMC (50%-60%), PEG (34-40%), 
and poloxamer (6-10%) had enhanced dissolution performances. As compared to SE method, the SCF-SAS 
technique produced formulations of higher dissolution performances, likely due to the effects of solution and 
the supercritical CO2 (SC-CO2) on enhanced plasticization of polymers and thus increased diffusion of the 
drug into the polymer matrix. 

 
Keywords: Glibenclamide; Dissolution enhancement; Solvent evaporation; Solid dispersion; Supercritical 
fluid 
 

 
INTRODUCTION 

 
Poor solubility of drugs in biological media 

presents a major challenge for pharmaceutical 
industries and researchers developing new 
pharmaceutical products. A great number of 
chemical entities currently being discovered 
are considered poorly water-soluble drugs (1). 
Oral dosage forms of these drugs may have 
problems of inadequate and variable 
bioavailability. This arises from the fact that 
dissolution of such drugs in the gastrointestinal 

milieu may be the rate limiting step in their 
absorption and bioavailability (2). Based upon 
their permeability characteristics, poorly 
water-soluble drugs may be categorized in 
class II (highly permeable) or IV (poorly 
permeable) of biopharmaceutical classification 
system (BCS). Increased bioavailability of 
drugs belonging to the BCS class II can, 
therefore, be attained by improving drug 
dissolution. 

Enhancement of drug dissolution may be 
achieved by adopting various strategies, many 
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of which are based on producing a fine 
dispersion of drug in different carriers (1-3). 
Solvent evaporation (SE) from the mixture of 
drug and the carriers is commonly used to 
obtain drug solid dispersions (SDs). Absence 
of drug particle aggregates, partial or complete 
transformation of drug to amorphous form, 
improved wettability and eventually increased 
drug solubility and dissolution rate are the 
main characteristics of drugs finely dispersed 
in carriers (1).  

Another approach more recently employed 
to prepare the SD of drugs is based on the 
unique properties of supercritical fluids (SCF). 
Existing as a single phase while possessing 
typical properties of liquids (e.g. density) and 
some of gases (e.g. viscosity, compressibility, 
and mass diffusion coefficient), SCF exhibits a 
superb solvency power (4). Carbon dioxide 
(CO2) is the most widely used SCF because of 
its easily accessible critical temperature and 
pressure, non-flammability, non-toxicity, and 
low cost (4-6).  

The use of SCF-based processes produces 
particles of a narrow size range and low 
residual solvent content, and provides higher 
drug stability. Incorporation of drugs in a 
carrier system may be achieved by various 
SCF-based processes, in which the SCF may 
act as a solvent, an antisolvent or simply an aid 
in the operation (7-9).  

In one approach, also employed in this 
study, the solution of drug and carriers in a 
common solvent and the SCF are 
simultaneously introduced into the particle 
formation vessel. The solvent is quickly 
extracted by the SCF and as a result the SD 
particles are formed and precipitated on the 
walls and bottom of the vessel (10,11).  

A variety of excipients including 
disintegrants, surfactants and solubility 
enhancing agents may be used in preparing 
SDs. Search for such ingredients and also for 
novel preparation techniques is a demanding 
area of work for scientists and the industry. 

Glibenclamide (GLIB), a second generation 
sulfonyl-urea, is orally indicated in the 
treatment of type-II diabetes mellitus in 
patients whose hyperglycemia cannot be 
adequately controlled with diet and exercise. 
GLIB also may be added gradually to the 

dosing regimen of patients who have not 
responded to the maximum dose of metformin 
monotherapy after four weeks. GLIB has, 
however, poor solubility in gastrointestinal 
fluid, leading to varying dissolution rate and 
incomplete or formulation-dependent bio-
availability when orally administered (12-14).  
Although many workers have cited the use of 
SCF-based technologies for the dissolution 
improvement of poorly-soluble drugs, no 
report was found on using SCF for preparation 
of GLIB SDs.  

Therefore, this study was designed to 
compare the potentials and efficiencies of the 
SCF-based processing and the conventional 
SE technique in dissolution enhancement of 
GLIB prepared as SD formulations. In this 
study, we limited the selection of types and 
amounts of polymers and other ingredients to 
those commonly used/accepted in manu-
facturing of the solid dosage forms for oral 
means. Thus, following preliminary screening 
evaluations, the low viscosity grade HPMCE5 
already shown to produce rapid drug release 
(15,16), PEG6000 and Poloxamer407 solubility 
enhancement excepients, with processibility in 
preparing solid dosage forms (17-19)were 
used to prepare SD formulations. 
 

MATERIALS AND METHODS 
 

Materials 
Poloxamer407 was purchased from BASF 

(Germany). HPMCE5 was obtained from 
Sigma-Aldrich (USA). GLIB was kindly gifted 
by Kimi-Daru (Iran). PEG6000 and other 
chemicals were obtained from Merck 
(Germany).  
 
Design of experiments 

Preliminary studies were performed to 
investigate suitability of different carriers and 
the possible weight range of each carrier in 
preparing SD formulations of GLIB. D-
optimal mixture designs were then proposed to 
more easily optimize the formulations and 
evaluate the impact of various ratios of each 
carrier on GLIB dissolution enhancement. The 
peculiar characteristic of a mixture design is 
that the fractions of each formulation variable 
depend on the fractions of the other variables 
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since the sum of all fractions of the 
components must add up to 100%. Thus, 
mixture components are expressed as the 
fraction of the total amount, ranging 
experimentally from 0 to 100%. However, a 
component may be varied only over a more 
restricted range than the normal 0–100%, 
thereby reducing the area of interest to an 
irregular polyhedron (20,21).  

This approach may be used where the 
effects of changes in the fractions of various 
mixture components on the responses,             
and subsequently obtaining the optimal 
composition for achieving desired responses 
need to be investigated using the least number 
of experiments (21).  

Design-Expert® software package version 
7.1.5 (by Stat-Ease Inc., Minneapolis, MN, 
USA) was used to generate the experimental 
design and analyze responses (the dissolution 
data). The carrier system, i.e. three formulation 
variables (X1, X2 and X3), included HPMCE5 
(H), PEG6000 (P), and Poloxamer407 (X), where 
H+P+X=100% (10 mg). A fixed 1:10 weight 

ratio of GLIB to the carrier system was used in 
all experiments. The fractions of carriers used 
were HPMCE5 (50-100%), PEG6000 (0-40%), 
and Poloxamer407 (0-20%) where the SE method 
was used. According to the model, 21 
formulations including 10 estimate formulations, 
5 estimate lack of fit formulations, 5 replicate 
formulations and one additional center point 
formulation were randomly arranged by the 
software. Table 1 indicates the description of 
different formulations prepared and the 
responses observed.  

For formulations prepared by the 
supercritical fluid solvent-antisolvent techniques 
(SCF-SAS) technique, the ratio of HPMCE5 
used was fixed at 60%, but the ratios                  
of PEG6000 and Poloxamer407 varied              
between 20-40% and 0-20%, respectively.                  
The software proposed 13 formulations 
including 3 estimate formulations, 5 estimate 
lack of fit formulations and 5 replicate 
formulations. The description of formulations 
prepared and the responses observed are 
summarized in Table 2. 

 
Table 1. Glibeclamide-solid dispersion formulations* prepared by the solvent evaporation method based on 
the D-optimal mixture design and major responses calculated. 

No.  Formulation 
code 

MDT (h) 
 ± SD 

DE4%  
± SD 

DE2% 
± SD 

%Release in 45 
min 

1 H10P0X0 3.58 ± 0.54 43.5 ± 3.86 35.7 ±1.80 52.3 
2 H7.667P1X1.333 0.72 ± 0.05 81.9 ± 0.86 72.7 ± 0.99 75.1 
3 H6.4P3.1X.5 0.99 ± 0.20 77.9 ± 2.18 69.3 ± 0.53 74.2 
4 H8.4P1.1X.5 1.55 ± 0.29 67.2 ± 2.05 58.4 ± 1.83 64.8 
5 H7P1X2 0.79 ± 0.02 75.3 ± 0.78 64.4 ± 0.50 74.2 
6 H9.33P0X.667  2.01 ± 0.63 53.2 ± 1.66 42.7 ± 2.07 59.4 
7 H6P4X0 0.76 ± 0.10 82.4 ± 0.51 74.3 ± 0.47 80.6 
8 H5P4X1 0.82 ± 0.45 84.9 ± 3.44 78.1 ± 4.02 81.2 
9 H8P0X2 0.91 ± 0.21 75.4 ± 3.26 66.7 ± 3.40 71.3 

10 H7.333P2.667X0 0.75 ± 0.28 85.3 ± 2.22 77.0 ± 3.25 77.8 
11  H8.667P1.33 1.69 ± 0.31 66.0 ± 0.55 58.9 ± 0.27 64.8 
12 H8P0X2 0.95 ± 0.02 74.0 ± 2.58 66.2 ± 2.45 73.3 
13 H6.8P2.2X1 1.78 ± 0.18 73.4 ± 0.69 65.2 ± 0.38 73.2 
14 H5.9P2.6X1.5 0.86 ± 0.20 80.4 ± 3.87 72.0 ± 2.54 76.4 
15 H5P4X1 0.91 ± 0.26 79.9 ± 4.89 70.7 ± 3.54 80.1 
16 H10P0X0 1.27 ± 0.12 61.1 ± 3.60 51.0 ± 2.06 51.9 
17 H5P3X2 0.84 ± 0.14 81.2 ± 2.94 72.9 ± 1.68 77.7 
18 H6.65P1.85X1.5 0.72 ± 0.05 76.4 ± 0.42 68.5 ± 0.15 75.3 
19 H8P2X0 0.86 ± 0.07 76.4 ± 1.44 67.9 ± 1.61 74.1 
20 H5P3X2 0.80 ± 0.16 81.1 ± 1.93 72.6 ± 1.14 77.7 
21 H6P4X0  0.80 ± 0.05 82.4 ± 0.10 74.5 ± 0.05 79.7 

*The carrier systems were comprised of HPMCE5 (H) 50-100%, PEG6000 (P) 0-40% and Poloxamer407 (X) 0-
40%, where H+P+X=100% (10 mg). A fixed 1:10 weight ratio of glibenclamide to the carrier system was 
used in all experiments. Each formulation is represented as a three-letter code with numbers indicating the 
amount of each component in the mixture.  
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Table 2. Glibenclamide-solid dispersion formulations* prepared by the supercritical fluid solvent-
antisolvent techniques method based on the two-component mixture design and major responses calculated. 

No Formulation code MDT (h) DE2% %Release in 45 min 
1 H6P4X0 0.30 93.9 100.7 
2 H6P3X1 0.28 95.3 101.2 
3 H6P2X2 0.33 85.9 87.7 
4 H6P4X0 0.30 92.9 98.5 
5 H6P2X2 0.32 86.6 88.7 
6 H6P4X0 0.30 93.4 99.1 
7 H6P2X2 0.32 84.7 86.7 
8 H6P2X2 0.33 86.5 88.6 
9 H6P3.5X0.5 0.28 93.8 100.0 

10 H6P2.5X1.5 0.31 88.2 91.5 
11 H6P3X1 0.28 95.5 101.0 
12 H6P4X0 0.30 92.9 98.6 
13 H6P3X1 0.28 95.8 101.2 

*The carrier systems were comprised of HPMCE5 (H) 60%, PEG6000 (P) 0-40% and Poloxamer 407 (X) 0-
20%, where H+P+X=100% (10 mg). A fixed 1:10 weight ratio of glibenclamide to the carrier system was 
used in all experiments. Each formulation is represented as a three-letter code with numbers indicating the 
amount of each component in the mixture. 

 
Preparation of solid dispersion by solvent 
evaporation 

The required amounts of GLIB and carriers 
were dissolved in methylene chloride-ethanol 
mixture (1:1). The solvent was removed at 70 
°C under reduced pressure for 20 min using a 
rotary evaporator.  

The solid mass obtained was dried in an 
oven at 40 °C for 48 h, then pulverized, passed 
through 44-mesh sieve and stored in a 
desiccator until further use. 
 
Preparation of solid dispersion by a 
supercritical fluid solvent-antisolvent 
technique 

 
Glibenclamide and the carriers were 

dissolved in 100 ml methylene chloride: 
ethanol mixture (1:1), then bath-sonicated for 
15 min to remove air.  

The pressure of CO2 varied from 1500 to 
3000 PSI in order to attain the supercritical 
condition. The solution and the supercritical 
CO2 (SC-CO2), as the antisolvent, were 
introduced into a home-made SCF-SAS 
equipment at the rates of 0.2 ml/min and 2 
ml/min, respectively. Under controlled 
pressure and temperature conditions SC-CO2 
extracted the solvent from the solution, 
through which particles formed in the vessel. 
The particles so produced were collected in the 
vessel, while SC-CO2 and the extracted 
solvent emerged through a back pressure 

regulator. The particles were dried in a 
vacuum oven at 30 °C for 48 h (Metro, 
Switzerland) before further analysis in order to 
remove organic solvents residuals. 
 
Fourier transform infrared spectroscopy 

The samples were mixed with KBr and 
were pressed to disk. Spectra of the samples 
were recorded on a Rayleigh WQF-S10a FTIR 
spectrometer (Germany) between 4000 and 
600 cm−1, at an optical resolution of 4 cm−1 
with a minimum of 256 scans per spectrum to 
achieve a proper signal-to-noise ratio. All 
measurements were performed at room 
temperature. 

 
Differential scanning calorimetry  

Differential scanning calorimetry (DSC) 
studies were performed using a Linseis 
Thermobalance-L81 (USA), with samples of 
approximately 5-10 mg weighed into non-
hermetically sealed aluminium pans. The 
system was calibrated with indium. The 
samples were heated from ambient 
temperature to 250 °C at a rate of 5 °C/min. 
 
X-ray diffraction 

An X-ray diffraction (XRD) apparatus 
(Bruker D8-Advance, Germany), using Cu Kα 
radiation filtered by Ni (36 kg; 26 nD), was 
used to analyze the samples in the range of 
2θ=5–80 with a scanning rate 2θ =10° min−1. 
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Drug dissolution studies 
The dissolution studies were conducted in a 

type II dissolution test apparatus (Erweka, DT-
700, Germany) at conditions specified in the 
USP monograph for GLIB 5 mg tablets (22). 
Of each formulation prepared, an amount 
equivalent to 5 mg GLIB, was placed in a 
dissolution vessel containing 500 ml 
phosphate buffer (pH 9.5) maintained at 37 ± 
0.2 °C and stirred at 75 rpm. At appropriate 
time intervals 5 ml samples were withdrawn 
and replaced with an equal volume of fresh 
dissolution medium. The sample was 
centrifuged for 3 min and the absorbance of 
supernatant was measured at 227.3 nm using a 
spectrophotometer (Shimadzu, model UVmini 
1240). The concentration of GLIB in the 
sample was determined from the standard 
curve (r2 > 0.999), which was constructed 
using drug standard solutions having a 
concentration range of 0.5–18 µg/ml. The 
percent cumulative drug dissolved was 
calculated and plotted versus time. 
 
Analysis of dissolution data 

The percent drug released in 45 min 
(release%45 min), as implemented in the USP 
28th, dissolution efficiency (DE) and mean 
dissolution time (MDT) were used to compare 
the drug release rates of different formulations.  

The DE was calculated from the area under 
the dissolution curve up to a certain time (tj) 
and expressed as a percentage of the area of 
the rectangle described by 100% dissolution in 
the same time (23). Thus, DE2% and DE4% 
calculated for formulations represent the 
percent of GLIB DE of up to 2 h and 4 h, 
respectively. 

 
where, y is the drug percent dissolved at time 
t. MDT was calculated using the following 
equation (23): 

 
where, n is the number of dissolution sample 
times, j is the sample number,  is the time at 

midpoint between tj and tj−1 and ∆Mi is the 
additional amount of drug dissolved between ti 
and ti−1. 

 
RESULTS 

 
The formulations prepared were evaluated 

for physical characterization viz. FTIR, DSC, 
and XRD. Pure GLIB and carrier blends were 
also run as control. The FTIR spectrum of 
GLIB powder (Fig. 1) showed characteristic 
amide peaks at 3367, 3315, 1716 cm -1, urea 
N-H stretching vibrations at 1277, 1618 and 
1525 cm-1 and SO2 stretching vibration at 1342 
and 1159 cm -1. Figs (1e and 1f) illustrate the 
IR spectra of typical GLIB formulations 
prepared by SE and SCF-based processing, 
respectively. The characteristic bands of the 
drug at 3315, 1716, 1618, 1342, and about 
111-1155 cm-1 were also apparent in the 
spectra with decreased intensity.  

The DSC thermogram of GLIB indicates 
the onset of endothermic peak at around 165 
°C, corresponding to the melting of drug (Fig. 
2a), however, no distinctive endothermic peak 
appeared in the thermograms of GLIB-SCF 
and GLIB-SE formulations and the GLIB 
carriers physical mixture (Figs 2b, 2d, and 2c, 
respectively)  

In the XRD of GLIB, sharp peaks at a 
diffraction angle (2θ) of 12, 13, 18, 19, 21, 22, 
23, and 28 are indicative of crystalline form of 
GLIB. However, the sharp peaks are present at 
12, 19, 21, and 23 for GLIB-SCF and at 19 
and 23 for GLIB-SE (Fig. 3). 

Comparison of the dissolution profiles of 
pure GLIB, GLIB- carriers physical mixture, 
and GLIB formulations prepared by SE and 
SCF-SAS techniques are shown in Figs 4 and 
5, respectively. The dissolution rate of GLIB 
in pH 9.5 phosphate buffer solution was very 
low with about 19% ± 0.98% dissolving at the 
end of 45 min. As shown in both figures, the 
dissolution rate of GLIB was significantly 
higher (p<0.01) from all GLIB formulations, 
as compared to pure GLIB or the GLIB-
carriers physical mixture. Where only about 
19% of GLIB powder was dissolved within 45 
min the extent of drug dissolution during the 
same time period ranged from about 50-81% 
and 89-100% for GLIB formulations prepared 
by SE and SCF-SAS techniques, respectively.  
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Fig. 1. FTIR spectra of (A) HPMCE5, (B) PEG6000, (C) poloxamer407, (D) glibenclamide powder, (E) glibenclamide 
solid dispersion (H6P4X0), prepared by SE method, and (F) glibenclamide solid dispersion (H6P3.5X0.5), prepared by 
supercritical fluid solvent-antisolvent techniques method.  

 

 
Fig. 2. Differential scanning calorimetry curves of (a) glibenclamide, (b) glibenclamide solid dispersion (H5P3.5X0.5), 
prepared by supercritical fluid solvent-antisolvent techniques method, (c) carrier physical mixture (H6P3X1and (d) 
glibenclamide solid dispersion (H6P4X0), prepared by SE method.  
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Fig 3. X-ray powder diffraction patterns of (a) glibenclamide, (b) glibenclamide-carrier physical mixture, and selected 
glibenclamide solid dispersion: (C) H6P4X0, prepared by SE method and (d) H6P3.5X0.5, prepared by supercritical fluid 
solvent-antisolvent techniques method. 
 
 

 
Fig. 4. Dissolution curves of glibenclamide powder and typical glibenclamide formulations comprising various 
fractions of HPMCE5 (H), PEG6000 (P), and Poloxamer407 (X), prepared by SE method. A fixed 1:10 weight ratio of 
glibenclamide to the carrier system was used in all experiments. Each formulation is represented as a three-letter code 
with numbers indicating the fraction of each component in the carrier mixture, where H+P+X=100% (10). 
 

Glibenclamide dissolution profiles of up to 
2 h indicated a complete dissolution of drug 
(100%) from the formulations prepared by the 
SCF-SAS technique, whereas this ranged from 
61-99 % from SE formulations and only 28% 
from pure GLIB. 

Dissolution parameters, viz. release%45 min, 
DE, and MDT, which were calculated for 
GLIB formulations prepared by the SE and 

SCF-SAS techniques, are presented in Tables 
1 and 2. The effects of formulation variables 
on these parameters were investigated using 
Design Expert version 7.1.5. The program 
provided suitable polynomial equations for the 
responses investigated as a function of 
formulation variables and their interactions 
(Table 3). The model terms for interactions 
generally exhibited to have higher influences
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on the responses than each variable alone, as 
indicated by greater values of their 
coefficients. The models suggested were 
analyzed statistically by applying ANOVA 
(p<0.05) for the responses. Table 4 represents 
a typical statistical analysis of a response 
(percent release in 45 min, as an example). In 
almost all statistical analysis of responses (not 

shown here), the significant model terms along 
with insignificant lack of fit and adequate 
precision were indicated in the analysis of 
variance test, suggesting suitability of the 
design used. To better evaluate the 
contribution of each of the three formulation 
variables, the response trace method also was 
used (Fig. 6). 

 

Table 4. Summary of ANOVA for the response (release %45 min).  

Source Sum of    
Squares Df* Mean 

Square F Value p-value 
prob>F Significance 

Model 1560.007 9 173.334 69.864 <0.0001 S 
Linear Mixture 1248.788 2 624.394 251.668 <0.0001 S 
AB 17.162 1 17.162 6.918 0.0234 S 
AC 16.997 1 16.997 6.851 0.0239 S 
BC 13.258 1 13.258 5.344 0.0412 S 
ABC 18.809 1 18.809 7.581 0.0188 S 
AB (A-B) 12.516 1 12.516 5.045 0.0462 S 
AC (A-C) 16.517 1 16.517 6.658 0.0256 S 
BC (B-C) 15.379 1 15.379 6.199 0.0301 S 
Residual 27.291 11 2.481   S 
Lack of Fit 22.301 6 3.717 3.724 0.0853 NS 
Pure Error 4.990 5 0.998    

*Degree of freedom. Values of "Prob>F" less than 0.0500 indicate model terms are significant. A, B, and C represent 
HPMC, PEG and poloxamer, respectively linear mixture components, AB, AC, BC, ABC, AB (A-B), AC (A-C), BC 
(B-C) are significant (S) model terms.  

 

Table 5. Comparison of predicted and observed dissolution parameters of an optimized formulation comprised of a 
fixed 1:10 weight ratio of glibenclamide to the carrier system consisting HPMCE5 (50%), PEG6000 (40%) and 
Poloxamer407 (10%), prepared by the solvent evaporation method.  
Responses Predicted value Observed value Error (%) 
Release%45 min 80.4 81.2 1 
DE2% 74.9 73.1 -2.4 
DE2% = drug dissolution efficiency in 2 h (%). Release%45 min= Percent drug release in 45 min. Error (%) = 
[observed value-predicted value] × 100 /predicted value. 

 

Table 3. Final equations of responses evaluated in terms of formulation variables*. 

Equations of different responses evaluated 
%Release in 45 min                                                  DE2%                                                        MDT
+51.19 * A 
+86.33 * B 
-204.71 * C 
+29.06 * A * B 
+576.45 * A * C 
+510.78 * B * C 
-704.42 * A * B * C 
+36.50 * A * B * (A-B) 
-313.24 * A * C * (A-C) 
-307.01 * B * C * (B-C) 

+51.05 * A 
+73.84 * B  
-650.11 * C 
+46.43 * A * B 
+1404.63 * A * C 
+1341.61 * B * C 
-1740.86 * A * B * C 
+21.33 * A * B * (A-B) 
-869.13 * A * C * (A-C) 
-716.95 * B * C * (B-C) 

+1.30 * A 
+0.19 * B 
+28.73 * C 
+0.31 * A * B 
-55.51 * A * C 
-51.63 * B * C 
+69.25 * A * B * C 
-2.89 * A * B * (A-B) 
+41.57 * A * C * (A-C) 
+33.64 * B * C * (B-C) 

*A, B, and C represent HPMC, PEG and poloxamer, respectively. AB, AC, BC, ABC, AB (A-B), AC (A-C), BC 
(B-C) are model terms for interactions. DE2%; dissolution efficeincy  up to 2 h, MDT; mean dissolution time. 
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In this kind of plot the changes in the response 
due to the change of the proportion of a single 
component, while all other components are 
kept at a fixed value, is shown. Once a 
reference mixture has been selected (often the 
centroid of the experimental region), the graph 
exhibits the variation of the response moving, 
along the component axes, away from the 
reference mixture.The response trace plot (Fig. 
6) illustrates that HPMC had a considerable 
effect on release%45 min. Higher values of 
response can be seen where higher levels of 
PEG6000, with respect to the centroid, is used. 
Finally, the response variation looks sigmoidal 
with poloxamer407 changing along the 
centroid, although the magnitudes of these 

variations are relatively small. Figs 7 and 8 are 
typical two-dimensional contour diagrams 
indicating percent release in 45 min, DE and 
MDT of GLIB as functions of formulations 
variables. In Fig. 7, the top point of the 
polygonal, restricted in the triangle, represents 
the highest HPMCE5 fraction used, whereas the 
base represents lowest HPMC fraction (i.e. 
50%), with PEG6000 and poloxamer407 at their 
higher fractions, respectively at left and right 
points of the base. As seen, e.g. in the contour 
plot of release%45 min, the higher values of the 
response were observed where the fractions of 
HPMCE5, PEG6000, and poloxamer407 were at 
higher, lower, and close to middle values used 
in the SE formulations. 

 
Fig. 5. Dissolution curves of glibenclamide powder and typical glibenclamide formulations comprising various 
fractions of HPMCE5 (H), PEG6000 (P), and Poloxamer407 (X), prepared by supercritical fluid solvent-antisolvent 
techniques method (10 mg). A fixed 1:10 weight ratio of glibenclamide to the carrier system was used in all 
experiments. Each formulation is represented as a three-letter code with numbers indicating the amount of each 
component in the mixture. 
 

 

Fig. 6. Response trace plot for the response release%45 min using as reference mixture the centroid of the constrained 
domain (A: HPMCE5 68%, B: PEG6000 22%, and C: Poloxamer407 10%). 
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Fig. 7. The contour plots of release%45 min, DE2% and MDT of glibenclamide release in pH 9.5 from glibenclamide-
solid dispersion formulations comprising HPMCE5 (A), PEG6000 (B), and Poloxamer407 (C) of various ratios, prepared by 
the SE method. 
 
Fig. 8 indicates the effects of different 
variables (two components) on the dissolution 
parameters of the formulations prepared by the 
SCF-SAS technique. For example, the higher 
values of the release%45 min were observed 
where PEG6000 and poloxamer407 fractions 
used were at almost highest and lower to 
middle values, respectively. The HPMCE5 
fraction was fixed at 60% in all formulations. 
A numerical optimization technique was used 
to set desired goals for each response and 
generate optimal conditions using the 
desirability approach. A constraint to 
maximizing release%45 min and DE and 
minimizing the MDT was to set the goal to 
indicate the optimal weight ranges of 

formulation variables based on the criterion of 
desirability. Fig. 9 represents contour plots of 
desirability for GLIB formulations prepared by 
SE and SCF technique. The upper plot indicate 
that SE formulations comprising lower HPMC, 
higher PEG and lower to middle poloxamer 
amounts produced lower MDT, higher DE2%, 
and higher release%45 min. To evaluate the 
optimization capability of the model generated 
according to the results of the D-optimal 
mixture design, an optimized GLIB 
formulation comprising HPMC (50%), PEG 
(40%), and poloxamer (10%) as carrier 
system, was prepared, its dissolution 
performance was studied and DE2% and 
release%45 min were calculated. The observed 
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responses, as compared to the predicted 
responses by the model, are given in Table 5. 
The optimized GLIB formulation showed 
release%45 min of 81.2% and DE2% of 73.1, 
both close to the values predicted by the 
model, with small error values (−1% and 

2.4%, respectively). In formulations prepared 
by SCF, where HPMC level was fixed at    
60%, greater values of desirability of two-
component mixtures were similarly located in 
regions of higher PEG levels (i.e. 34%) and 
lower to middle levels of poloxamer (i.e. 6%). 

 
 

 

 
 

Fig. 8. The contour plots of release%45 min, DE2% and MDT of glibenclamide release in pH 9.5 from glibenclamide-
solid dispersion formulations comprising HPMCE5 (fixed at 60%), PEG6000 (20-40%), and Poloxamer407 (0-20%), 
prepared by the supercritical fluid solvent-antisolvent techniques method. 
 

 

  
 

Fig. 9. The contour plots of desirability, based on the criteria of maximal release%45 min and dissolution efficiency in 2 h 
and minimal mean dissolution time for glibenclamide formulations prepared by the SE (top) and SCF (bottom) 
techniques. The carrier systems were composed of varied fractions of HPMCE5, PEG6000, and Poloxamer407, where 
H+P+X=100% (10). 
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DISCUSSION 
 

The major bands of 3315, 1716, 1618, 
1342, and about 111-1155 cm -1 appearing in 
FTIR spectra of GLIB formulations prepared 
by SE or SCF, though with decreased 
intensity, may be attributed to the dilution of 
the drug in the carrier and /or higher intensity 
of carriers’ bands.  

Differential scanning calorimetry studies 
indicated the melting onset and peak at 165 °C 
and 169.9 °C, respectively, corresponding to 
melting behavior of the stable anhydrous form 
of crystalline GLIB (24). However, the 
absence of endothermic peaks in DSC 
thermograms of GLIB formulations, prepared 
by SE or SCF methods (Fig. 2), may partially 
be attributed to transformation of crystalline to 
amorphous drug or to the dissolution of drug 
in the carrier system at the temperatures below 
its melting (25-28). The lack of distinct 
endothermic event of GLIB in the DSC 
thermograms of SDs was also reported by 
Bartsch and coworkers (26). This was resulted 
from the gradual dissolution of active drug in 
the carrier system on heating, as also observed 
by hot-stage microscopy, and thereafter the 
stabilization of solid drug particles in a 
metastable form. The presence of much higher 
amounts of carriers, as compared to the drug, 
also may have lead to the peak disappearance 
in the thermograms (29). The endotherms seen 
at temperatures lower than GLIB melting 
temperature also may be attributed to the 
carriers glass transition (Tg), melting or 
dissolution. The endotherms of carriers in the 
DSC curves of SDs are often broadened, as 
compared to pure carriers, indicating a weak 
interaction of active drug with the carrier 
system (28).  

The presence of peaks in the XRD of 
GLIB-SD and GLIB-SCF, though with 
reduced intensity and the fewer number, 
indicated that at least some amounts of GLIB 
existed in the crystalline form in the 
formulations. However, the reduced intensity 
and fewer number of characteristic XRD peaks 
suggest that crystallinity of drug and/or the 
carrier may have altered, possibly leading to 
enhancement of drug dissolution from 
formulations (28). 

Comparison of GLIB dissolution profiles 
depicted in Figs 4 and 5 indicated the effects 
of carriers of various components and the 
techniques used to prepare GLIB formulations. 
The enhanced GLIB dissolution of the SDs 
compared to the physical mixture can be 
explained by the molecular dispersion of drug 
in the polymer matrix and/or partial change of 
the crystalline GLIB to a state of higher energy 
(i.e. amorphous) (25). The results also indicate 
that the carriers used in the formulations 
increase drug dissolution rate by providing a 
higher surface area of drug exposed to the 
dissolution medium, improving wettability of 
the drug particles (30,31) and/or maintaining a 
supersaturated solution by preventing re-
crystallization. The higher drug dissolution 
rate of formulations prepared by the SCF-SAS 
technique, as compared to the SE method, can 
be resulted from the improved distribution of 
drug molecules in polymers due to the 
enhanced plasticization of polymers and 
reduced drug crystallinity caused by SC-CO2 
(29,32). 

The contour plots of desirability on 
dissolution data, generated by Design Expert, 
revealed that GLIB formulations comprising 
lower HPMC, higher PEG and lower to middle 
poloxamer amounts produced lower MDT, 
higher DE2%, and higher release% 45 min 
(Fig. 9). The desirability values of 0.941 and 
0.966 were obtained for GLIB formulations 
prepared by SE and SCF-SAS methods. The 
close values of responses measured, i.e. DE2 
% and R 45 min (%), to those predicted by the 
model indicated that the mathematical model 
obtained from the D-optimal mixture design 
was well fitted. 

 
CONCLUSION 

 
The results of this study clearly indicate 

that the dissolution rate of GLIB can be 
significantly improved by preparing drug SDs 
using various preparation techniques and 
certain proportions of different carriers. 
Enhanced drug dissolution was likely resulted 
from molecular dispersion of drug in the 
polymer carrier, the formation of amorphous 
precipitates of the drug and thus improved 
drug wettability by the dissolution medium. 
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This was more strongly indicated in 
formulations prepared by SCF-SAS technique, 
as compared to SE method, seemingly due to 
the effects of SC-CO2 on enhanced 
plasticization of polymers, reduced drug 
crystallinity and thus increased diffusion of the 
drug into the polymer matrix. Further work is 
required to determine if administration of 
GLIB SDs with improved dissolution 
characteristics provides enhanced oral 
bioavailability of the drug. 
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