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ABSTRACT 
Pioglitazone hydrochloride (PGZ) is a hypoglycemic drug used to treat type 2 diabetes with a short biological half-life 
and poor oral absorption. The current study was conducted to prepare oral PGZ-loaded lipid microparticles (PGZ-
LMPs) for improving PGZ’s solubility and oral bioavailability and maintaining its sustained release. The Design-
Expert program was employed to design and analyze various PGZ-LMP formulations. The microparticles were 
prepared by the solvent injection technique using cetyl alcohol and surfactants. The developed formulations were 
characterized in vitro for particle size, loading efficiency, and PGZ release. The DDSolver software was employed 
to investigate the mechanism of the drug release and the appropriate kinetic model for describing PGZ release from 
LMPs. The optimized formulation was characterized using FT-IR spectroscopy, scanning electron microscopy (SEM), 
and differential scanning calorimetry (DSC) and was subjected to an in vivo preclinical study to evaluate and confirm 
its antidiabetic activity. The optimized formula had a mean particle size of 4.73 ± 0.06 nm and a smooth, spherical 
structure. PGZ-LMPs exhibited excellent homogeneity with a PDI of 0.27 ± 0.06 and showed a high EE% of 71.3% ± 
1.293. The FT-IR and DSC analyses confirmed that PGZ was encapsulated in the LMPs and there was no interaction 
between the excipients and PGZ. PGZ was perceived to be released from the optimized formulation after 8 hours (Q8 
= 70.53 ± 0.503). By comparing the Makoid–Banakar equation to other models (R2 = 0.9666) by DDSolver, it proved 
to be the best model for fitting and describing PGZ release from LMPs (p < 0.05). Finally, the in vivo study on diabetic 
albino Wistar rats confirmed that the optimized PGZ-LMP formulation resulted in higher therapeutic effectiveness and 
a prolonged duration of action than the marketed product and control groups.

INTRODUCTION
Diabetes mellitus (DM) is a chronic hyperglycemic 

metabolic disorder characterized by impaired fat, carbohydrate, and 
protein metabolism. There is a high risk of severe complications 
and comorbidities associated with DM, including cardiovascular 
diseases and kidney failure (Tabish, 2007). Given the increasing 

prevalence of type 2 diabetes (T2D) worldwide, strict glycemic 
control is critical to effectively treat T2D and its life-threatening 
complications (Schwartz, 2013). Despite the availability of various 
antidiabetic drugs in clinical use, a successful comprehensive 
cure of DM remains unachievable. In particular, these drugs are 
associated with serious adverse effects such as hypoglycemia, 
gastric irritation, nausea, diarrhea, injection phobia, and other 
factors that make adherence to therapy so difficult (Chaudhury et al., 
2017). It is therefore highly desirable to have a long-acting, stable, 
and invasive-free drug delivery system to reduce the frequency of 
repeated administration and increase patient compliance. 

Pioglitazone hydrochloride (PGZ; molecular weight 
= 392.9) is a blood glucose-lowering agent known to increase 
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sensitivity to insulin in the liver and periphery and improve 
glucose uptake and utilization. PGZ increases insulin-dependent 
glucose clearance, remediates impaired glucose homeostasis, and 
lowers plasma glucose concentration, plasma insulin levels, and 
hemoglobin A1c levels in patients with T2D (Kamel et al., 2019). 
Following the Biopharmaceutical Classification System, the PGZ 
is classified as a class II drug, which suffers from poor aqueous 
solubility (0.3–0.4 μg/ml at pH 6.8), slow dissolution rate, and high 
permeability through biomembranes after oral administration. The 
mean serum half-life of PGZ ranges from 3 to 7 hours, making it a 
candidate for controlled release formulation (Elbary et al., 2008). 
Accordingly, a variety of drug release systems such as nanolipid 
formulations (Shaveta et al., 2020), proniosomes/niosomes 
transgels (Prasad et al., 2016), and self-microemulsifying drug 
release systems (Hyma and Abbulu, 2013) have been studied 
to increase the solubility of PGZ and consequently improve its 
bioavailability and therapeutic efficacy.

Microparticles (MPs) are tiny polymeric spheres 
with diameters ranging from 10 to 1,000 μm that have recently 
gained attention as advanced biocompatible materials for tissue 
engineering and drug delivery (Li et al., 2018). A variety of polymers 
and copolymers are used for the fabrication of MPs. Ideally, the 
polymers used to produce MPs for biomedical applications should 
be inert, stable, safe, biodegradable, and biocompatible. In addition, 
the type of polymers and copolymers used in the formulation 
of MPs has a significant impact on the MPs’ physicochemical 
properties, loading efficiency, and drug release kinetics (Song et 
al., 2018). In addition, MPs could improve the water solubility 
of poorly soluble drugs, enhance their bioavailability, ensure 
controlled and sustained drug release (Khalifa and Abdul Rasool, 
2017), and decrease drug toxicity (Oliveira et al., 2017). It was 
found that these carriers were promising in drugs protection and 
improving their stability (Boni et al., 2021), targeting the drug to a 
specific biological site, and reducing the number of doses, thereby 
improving patient adherence to treatment (Abdul Rasool et al., 
2014; Bartos et al., 2021). 

Lipids are widely used as an excipient in pharmaceutical 
formulations for protection against moisture and enzymatic 
degradation, masking unfavorable taste, controlled release, 
and improving bioavailability (Haider et al., 2020a). Lipid 
microparticles (LMPs) are prepared using glyceride, fatty alcohol, 
fatty acid, and solid wax. It was found that LMPs are an effective 
carrier for encapsulating poorly water-soluble drugs. They showed 
superior biocompatibility and better control of drug release than 
polymeric microparticles, which can be hazardous to the body 
due to the organic solvents used in the preparation process 
(Haider et al., 2021). Also, MPs have been applied extensively 
for antidiabetic therapy to improve their properties and therapeutic 
efficacy (Rafiee and Abdul Rasool, 2022). Nevertheless, LMPs 
are complex multiphase systems whose properties are strongly 
influenced by the type and concentration of lipids and surfactants 
used. In addition, the production of LMPs has some limitations 
because of the low reproducibility, expensive materials, and 
complex manufacturing procedure. Fortunately, formulation 
optimization techniques can be used to determine the variables 
that control high-quality product characteristics (Abdul Rasool et 
al., 2021). The “Design of Experiments (DOE)” and “Quality by 
Design (QbD)” principles enable efficient investigations of critical 
process and formulation variables; thereby, experimental runs can 

be reduced, and consequently, more economically viable products 
can be developed (Haider et al., 2020b).

This study aims to use the QbD principles to develop 
and optimize PGZ-loaded LMPs as an oral drug delivery system 
to improve PGZ solubility in the gastric medium and sustain its 
release for better bioavailability and patient compliance. The MPs 
were developed using a modified solvent injection technique. 
The impact of the lipid amount, surfactant type, and surfactant 
concentration on particle size (PS), entrapment efficiency (EE%), 
and PGZ release from the prepared PGZ-LMPs was determined 
and optimized using a D-optimal factorial design to investigate 
the relationship between their composition and properties. The 
prepared PGZ-LMPs were studied for their surface topography, 
possible drug-lipid interactions, drug release kinetics, and 
antidiabetic activity in rats.

MATERIALS AND METHODS

Materials
PGZ was obtained from Global Pharma (Dubai, UAE). 

Cetyl alcohol (CA), poloxamer (Pluronic® F-86), polysorbate 
(Tween 80®), and sorbitan monooleate (Span 80®) were obtained 
from Sigma-Aldrich (St. Louis, MO). Potassium dihydrogen 
phosphate and chloroform were purchased from Fisher Scientific 
(Pittsburg, PA). Streptozocin (STZ) was acquired from Shanghai 
Yuanye Biological Technology (Shanghai, China).

QbD approach for optimization of PGZ-LMPs
PGZ-LMP characteristics were examined using 

the Design-Expert® software (Version 12.0, Stat-Ease Inc., 
Minneapolis, MN) utilizing a D-optimal factorial design. For the 
experimental design, three distinct, independent factors including 
amount (mg) of lipid (X1), surfactant type (X2), and concentration 
of surfactant (X3) were selected as critical material attributes 
(CMAs) to assess the effect of these formulation parameters on 
critical quality attributes (CQAs). As a result of the selected levels 
of the independent variables, the drug-loaded LMPs could be 
processed in a feasible manner (Table 1). 

Next in order, for the optimization of the studied factors 
and the production of the optimal formula, three responses had 
been tracked, including PS (Y1), EE% (Y2), and cumulative drug 
release after 8 hours (Q8) (Y3) (Table 1). The target responses were 
set at the minimum size of MPs, maximum EE%, and maximum 
drug release rate in 8 hours. The optimal PGZ-LMP formula was 
then prepared using the optimal independent variables.

As shown in Table 2, the statistical design software 
generated 12 different experimental runs (formulations). 
Experimental runs were conducted randomly to increase 
predictability and eliminate bias in model variance. The 
measurements were done in triplicate (n = 3). Polynomial equations 
were statistically validated by analysis of variance (ANOVA) after 
the linear, two-factor interaction and quadratic responses were 
fitted simultaneously.

Preparation of PGZ-LMPs
By adopting the solvent injection technique, PGZ-LMPs 

were prepared following the experimental design (Schubert and 
Müller-Goymann, 2003). The procedure was optimized to obtain 
the fittest stirring speed and time. First, 30 mg of the drug and 
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different amounts of CA were dissolved in ethanol (2 ml), while 
different amounts of Poloxamer 188, Tween 80, and Span 80 
were dissolved in 8 ml of distilled water. The alcoholic solution 
containing the drug was rapidly injected into the aqueous phase 
after both solutions were heated to 50°C, followed by continuous 
stirring at 2,000 rpm for 1 hour. PGZ-LMPs were frozen at −60oC 
for 4 hours and lyophilized at −50oC and 7 × 10−2 mbar for 48 
hours, using Vertical Freeze Dryer BK-FD18S BK-FD18P (China) 
to yield a dry powder. The powdered samples were then sealed in 
firmly closed containers, wrapped with parafilm, and stored at 4oC. 

Determination of particle size PGZ-loaded microparticles
The average particle size (z-average) of the PGZ-LMP 

formulations was measured by Zetasizer Nano ZS (Malvern 
Instruments, Malvern, UK) at a scattering angle of 173o. A sample 
of 0.2 ml of PGZ-LMP dispersion was diluted with purified water 
(0.8 ml) and placed in the instrument to measure the PS at room 
temperature (Abdul Rasool et al., 2020). The PS of PGZ-LMPs 
was calculated as mean values ± standard deviation (SD) of 
triplicate measurements (n = 3).

Determination of entrapment efficiency
The loading efficiency of PGZ in the MPs was determined 

following the preparation of the PGZ-LMP formulae; the MPs 
were separated from the hydration medium by centrifugation at 

−10oC and 18 × 103 rpm for 30 minutes. The supernatant was 
then decanted, and the separated MPs were dissolved in 50 ml 
of a chloroform/methanol mixture (1:10 v/v) and sonicated for 
5 minutes to obtain a clear solution (Bhosale et al., 2016). The 
amount of the entrapped PGZ was determined by a UV-visible 
spectrophotometer at λmax 269 nm, and EE% was then computed 
according to the following formula:

EE % =
amount of PGZ entrapped

× 100
total amount of PGZ

. (1)

In vitro drug release and kinetics measurements
The in vitro release of PGZ from the prepared LMPs 

was studied using the dialysis membrane diffusion technique 
(Al Shuwaili et al., 2016). A sample of 1 ml of each drug-loaded 
microparticle dispersion, equivalent to 3 mg PGZ, was centrifuged 
at −9 ± 0.5°C and 15,000 rpm for 30 minutes. The residue was 
then dispersed in distilled water (1 ml) and placed in the cassette 
dialysis bags (Slide-A-Lyzer Dialysis Cassette, USA) as a donor 
compartment fitted with a dialysis membrane of cut-off molecular 
weight equal to 10,000 da. The dialysis cassettes were then 
immersed in 150 ml of the dissolution media (0.1 N HCl, pH 
1.2) or phosphate-buffered saline (PBS), pH 6.8. The media were 
stirred continuously at 100 rpm at 37°C ± 0.5. Samples of 3 mL 

Table 1. Optimization of PGZ-LMPs based on independent variables (factors) and dependent variables 
(responses).

Code Factor
Applied level

Low (−1) Medium (0) High (+1)

X1 Amount of lipid (mg) 150 — 300

X2 Type of surfactant Poloxamer Tween 80 Span 80

X3 Concentration of surfactant (% w/v) 1% — 2%

Code Response Optimization goal

Y1 PS (μm) Minimize

Y2 EE (%) Maximize

Y3 Q8 (%) Maximize

Table 2. DOE and measured responses for PGZ-LMP optimization.

Formula X1 X2   X3 Y1: PS (µm) Y2: EE% Y3: Q8

F1 150

Poloxamer 188

1% 9.4 ± 0.9 61.2 ± 2.5 56.86 ± 4.3

F2 150 2% 3.5 ± 0.7 42.3 ± 1.2 39.62 ± 3.2

F3 300 1% 7.4 ± 0.8 33.5 ± 1.8 32.12 ± 2.7

F4 300 2% 6.7 ± 0.7 26.7 ± 1.3 26.96 ± 2.1

F5 150

Tween 80

1% 4.4 ± 0.1 51.1 ± 2.1 30.86 ± 2.6

F6 150 2% 3.4 ± 0.3 55.3 ± 1.5 25.24 ± 2.2

F7 300 1% 4.7 ± 0.1 71.3 ± 2.7 70.53 ± 5.8

F8 300 2% 2.6 ± 0.8 40.8 ± 1.1 37.53 ± 2.9

F9 150

Span 80

1% 7.1 ± 0.8 56.2 ± 2.8 53.91 ± 4.8

F10 150 2% 7.6 ± 0.3 21.3 ± 1.1 20.63 ± 3.3

F11 300 1% 7.8 ± 0.9 65.6 ± 2.6 65.56 ± 4.5

F12 300 2% 7.4 ± 0.6 41.8 ± 1.2 40.73 ± 2.4
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were collected at predetermined time intervals (0.5, 1, 2, 3, 4, 5, 
6, 7, and 8 hours) and substituted with the same volume of the 
freshly prepared phosphate buffer to control the sink condition. 

After analyzing the samples spectrophotometrically at 
269 nm, the amount of released PGZ at each time interval was 
measured by converting the absorbance into concentration using 
the previously prepared PGZ calibration curve in 0.1 N HCl, pH 
1.2. The data was normalized against the total amount of PGZ 
and reported as a percentage of cumulative drug released. The 
experiments were conducted in triplicate (n =3).

The release kinetics of PGZ from the optimized 
MPs was studied by fitting the release data to various kinetic 
models, including the “zero-order kinetics, first-order kinetics, 
Korsmeyer-Peppas, Hixson–Crowell, Higuchi, and Makoid–
Banakar” equations. In addition, the data collected from the in 
vitro release study were analyzed, and various kinetic parameters 
were determined using the DDSolver® 2010 add-in program for 
Microsoft Excel. The model which showed the best fitting to data 
and could describe the PGZ release mechanism from the MPs was 
selected based on the correlation coefficient (R2) produced from 
the linear regression analysis.

Morphological examination
SEM was used to identify the surface topography and 

morphological features of the optimal PGZ-loaded LMP formula 
and the blank MPs. The test was performed by placing the 
dispersion on a clean microscopical glass slide under a vacuum 
until complete drying. The dried sample was then fixed with 
conductive tape on a metal stub and coated with a gold-palladium 
(80%−20%) coat using a Mini Sputter Coater (SC7620, Quorum 
Technologies, UK). The gold-coated samples were examined at an 
acceleration voltage of 3 kV, and photomicrographs were taken by 
a Thermo Scientific Apreo Field Emission SEM (FEI Company, 
Hillsboro, OR).

FT-IR spectroscopy studies
FT-IR spectroscopy was used to explore the chemical 

compatibility between the PGZ and the excipients. Samples of the 
pure drug, the individual formulation constituents (PGZ and CA), 
their physical mixture, the optimized PGZ-LMPs, and the blank 
formula were scanned from 4,000 to 400 cm−1 at a resolution of 
4 cm−1 using an FT-IR spectrophotometer (JASCO FT-IR 6300, 
Jasco, Easton, MD). The physical mixture was prepared by mixing 
an equal molar ratio (1:1) of PGZ and CA with a mortar and pestle 
for 30 minutes. The stretching and vibrational modes represent the 
functional groups and the chemical bonding in the tested samples.

DSC analysis 
The differential scanning calorimetry (DSC) analysis 

was conducted to measure possible chemical interactions between 
PGZ and the excipients in the prepared microspheres. Samples of 
PGZ, CA, their physical mixture, and the optimized formulation 
were placed in a flat-bottomed aluminum pan and heated in the 
DSC-50 (Shimadzu, Kyoto, Japan). To eliminate the oxidative 
and pyrolytic effects of air, nitrogen gas was pumped into the 
apparatus. The heating rate was 10°C/min, and the temperature 
ranged from 0 to 400°C. PGZ-LMPs and physical mixtures were 

DSC-thermogrammed, and the results were compared with the 
control groups containing a similar proportion of each component.

Preclinical in vivo study

Animals
The Animal Ethical Committee approved the preclinical 

study under the Research Unit, Dubai Pharmacy College for 
Girls (DPCG), Reference No. REC/MPharma/PPD/2019/03. The 
preclinical study was done at the college’s laboratory. Twenty-five 
healthy albino Wistar rats weighing between 150 and 250 g were 
selected for the preclinical in vivo study. The animals were placed 
separately in cages and cleaned twice daily to ensure their safety 
and well-being. Three days before the study, the animals were 
housed in the animal house to adapt to the environment. There 
was a 12 hour daylight and 12 hour dark cycle in the room, and 
the temperature was kept between 20°C and 25°C. None of the 
rats had a history or symptoms of diabetes. Thus, all of them were 
used to monitor and prove the antidiabetic activity of the prepared 
PGZ-LMPs. Before the experiment, the rats were fed a regulated 
fixed diet and fasted for 12 hours. However, the rats had access to 
only water ad libitum during the test but not to food. The animals 
were left moving freely throughout the experiment.

Study protocol
The dose of PGZ (10 mg/kg) was decided based on 

different literature reports (Silva-Abreu et al., 2019; Suke et al., 
2013). Furthermore, we conducted a pilot study on a group of two 
rats before initiating our study to evaluate the acute toxicity of the 
PGZ-LMP dose for 48 hours after oral administration. It showed 
no lethal effect on any rat. We concluded that the oral dose of 10 
mg/kg is safe to use. 

The diabetic model was induced in healthy rats using 
STZ intraperitoneal injection (45 mg/kg) (Kapoor et al., 2019). 
Following this, the rats were casually divided into five groups 
(control group, PGZ solution, marketed PGZ tablets, PGZ-LMPs, 
and blank LMPs) comprised of five animals each. The animals 
in the control group were injected with saline to ensure that the 
rats went through similar conditions. Then, fasting blood glucose 
level (BGL) was measured by a digital glucometer (GLUCO DR, 
Korea) after 72 hours of the streptozotocin administration. Fasting 
BGL value ≥200 mg/dl was regarded as a diabetic condition and 
was admitted to the experimental study (Shaveta et al., 2020). A 
dose equivalent to 10 mg/kg body weight was dispersed in saline 
and administered orally using a feeding cannula. Rats’ lateral tail 
veins were sampled at 0, 0.5, 1, 2, 3, 4, 6, 8, 10, and 24 hours 
following treatment administration. The BGL was recorded on the 
digital glucometer by taking one drop of blood from each rat’s 
tail and placing it in the glucometer strip. After 24 hours, the % 
reduction in BGL was calculated using

% reduction in BGL =
BGLt→0 – BGLt→t × 100

BGLt→0

. 
 

 (2)

Different groups’ BGL scores were compared statistically 
and expressed as mean ± standard deviation (SD)
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Statistical analysis
The in vitro experiments were carried out in triplicate, 

and the results are expressed as mean ±SD. The two-tailed 
unpaired Student’s t-test and one-way ANOVA were employed 
to compare two groups and test the equality of several means, 
respectively. The results were statistically considered significant 
at p < 0.05. The Design-Expert® software (Version 12.0, Stat-
Ease Inc., Minneapolis, MN) or SPSS (SPSS® Statistics software 
program, Version 17.0, International Business Machines Corp., 
Armonk, NY) were used for statistical analyses.

RESULTS AND DISCUSSION

Design and preparation of PGZ-LMP formulations
To maximize the therapeutic effect of PGZ, the principle 

of the quality target product profiles (QTPPs) was constructed 
based on the characteristics of PGZ-LMPs designed for oral 
administration (Scalia et al., 2015). Also, depending on our 
prior experience with the development and optimization of LMP 
formulations, we achieved the critical process parameters (CPPs), 
CMAs, and CQAs. 

A solvent injection method was used to prepare PGZ-
LMPs, which is known for its ease of production and low cost 
(Schubert and Müller-Goymann, 2003). The stirring speed and 
stirring time were fixed at 2,000 rpm and 1 hour, respectively, 
to generate the smallest particle size. The choice of the lipid 
and stabilizers is very important as they affect the ability of 
the formulation to improve the drug solubility and control its 
release. The lipid that we chose, CA, is an FDA-approved solid 
lipid with suitable pharmaceutical and biological properties. It 
is biodegradable, biocompatible, and nonimmunogenic and has 
no taste or smell. Accordingly, it is suitable for incorporation 
in formulations for oral administration to control drug release 
(Gupta et al., 2013). Stabilizer addition is essential to facilitate the 
formation of uniform microparticles, enhance drug entrapment, 
and prevent aggregation during storage. Surface active agents 
(SAA) such as Poloxamer 188, Tween 80, and Span 80 were 
used as stabilizers because of their satisfactory solubilizing and 
surfactant properties. Therefore, their use is promising in various 
pharmaceutical formulations (Haider et al., 2020b). 

The PGZ-LMPs were fabricated using process 
parameters selected based on preliminary trials and previous 
studies. Using the previously described experimental design 
(Table 2), the response data for each of the 12 experimental runs 
were obtained and multiple linear regression analysis and ANOVA 
were used to investigate the individual effects of the independent 

factors on the selected responses; in addition, a second-order 
polynomial equation was derived as follows:

 Y = βo
 + β1X1 + β2X2 β3X3 +  β11X1

2 β22X2
2 β33X3

2 + β12X1X2 
+ β13X1X2 + β23X2X3 (3)

where Y is the response, β1, β2, β3, …, and β23 are the 
regression coefficients, and X1, X2, and X3 are the studied factors at 
the specified levels. The equation in terms of coded factors can be 
used to estimate the response for the given levels of each factor. 
Moreover, they can be used to identify the relative impact of the 
factors by comparing the factor regression coefficients. Three and 
higher-order interactions were not considered. The predicted R2 
values were in agreement with the adjusted R2 for all responses, 
indicating the model’s reliability in estimating all response values 
(Table 3). Adequate precision was used to measure the signal-
to-noise ratio to ensure that the model could navigate the design 
space. The resultant adequate precision was significant and more 
than four (the desirable value) for all responses. 

Determination of particle size
There is a critical relationship between particle size and 

the stability of the LMPs, EE%, drug release profile, dissolution 
rate, drug absorption, cellular uptake, and bioavailability. Smaller 
particles with a narrow distribution of sizes tend to be more stable 
and less prone to aggregation and physical instability (Wang et 
al., 2016). Furthermore, particle size reduction can efficiently 
enhance the wettability and solubility of drugs, as particle size 
reduction can increase drugs’ dissolution and bioavailability to a 
certain extent (Zhang et al., 2020). The graphical analysis of the 
effects of the formulation variables on particle size displayed that 
the average size of the prepared PGZ-LMPs ranged from 2.57 ± 
0.8 µm to 9.38 ± 0.9 µm (Table 2 and Fig. 1). 

This wide range of particle sizes suggests that 
formulation variables, especially the type of SAA used and its 
concentration, are critical and significantly affect the analyzed 
response. Particles formed by formulations containing Poloxamer 
188 were the largest, whereas those prepared using Tween 80 were 
the smallest. According to the statistical analysis, the type of the 
SAA (X2) and its concentration (X3) had a significant effect on 
particle size (p < 0.05) while the amount of CA (X1) did not. The 
particle size equation obtained from the analysis was 

PS = 5.99 + 0.7383 X2 – 2.22 X2
2 – 0.815 X3. (4)

Previous studies showed that using various SAA with 
different hydrophilic-lipophilic balance (HLB) resulted in size 
variation of O/W emulsion particles (Housaindokht et al., 2012). 

Table 3. Results of the experimental design.

Response R2 Adjusted R2 Predicted R2 Significant terms

Y1 0.7425 0.6459 0.4206 X2 (p = 0.0085) 
X3 (p = 0.0409)

Y2 0.3854 0.3239 0.1149 X3 (p = 0.0312)

Y3 0.8636 0.6998 0.2141

X1 (p = 0.1960) 
X2 (p = 0.6267) 
X3 (p = 0.0122) 

X1X2 (p = 0.0371)
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On the other hand, the concentration of the SAA has an inverse 
effect on the size of PGZ-LMPs, where increasing the SAA 
concentration from 1% w/v to 2% w/v resulted in a significant 
reduction in the particle size. These results are in good correlation 
with previous work studying the effect of various concentrations 
of poloxamer on the size of the particles in nanostructured lipid 
carriers and observing that MPs prepared with a high ratio 
of surfactant to lipid had the smaller particle size (Zirak and 
Pezeshki, 2015). This trend might be expected at a relatively low 
quantity of SAA (<2% w/v) as increasing SAA concentration 
means more SAA particles are present to cover any newly formed 
LMP surfaces at a convenient rate during preparation (Qian and 
McClements, 2011).

Determination of EE%
The EE% of the drug is a critical factor that helps assess 

the drug loading capacity of the microparticles. Moreover, EE% 
significantly affects drug release from LMPs, where higher drug 
loading increases the concentration gradient and enhances the rate 
of drug release. 

In addition, the sufficient concentration of the drug 
loading may also reduce the size of the administered dose, the 
cost of manufacturing, and the amount of excipients needed 
for the manufacturing of the microparticles, specifically SAA, 
which has been associated with in vivo toxicity when used in 
large amounts (Haider et al., 2020b). The EE% is indeed highly 
affected by different factors such as the method of preparation, 
physicochemical properties of the drug, and type and concentration 
of lipids and SAA. Our results showed that the PGZ-LMP 
formulae exhibited an EE% ranging from 26.7% to 71.3%, where 
the maximum drug entrapment was obtained using 300 mg CA in 
1% Tween 80 (Table 2). The statistical analysis proved that only 
the surfactant concentration had a significant effect on the drug 
EE% (Table 3). The polynomial predictive equation produced for 
the EE% was 

EE% = +47.26 – 9.23X3. (5)

As shown in Figure 2, the use of a higher concentration 
of SAA resulted in a significant decrease in the percentage of 
drugs entrapped within the LMPs (p = 0.0312).

These results were consistent with those obtained 
by other scientists (Rahman et al., 2010; Thakkar et al., 2005), 
who reported a decline in EE% in association with increasing 
SAA concentration due to the drug’s solubility improvement in 
the external medium and the associated increase in its partition 
from the lipid matrix of the MPs to the external medium. As 
mentioned earlier, LMPs prepared using Tween 80 (less than 2% 
w/v) generated the smallest particle size, suggesting the capability 
of this combination to improve the drug loading to a great extent 
without compromising the particle size. Also, as a result of the 
low crystallinity of the excipients, the lipid matrix was able to 
accommodate more drugs at higher drug loadings. 

It was also noticed that larger MPs prepared using 1% 
w/v Tween 80 entrapped a bigger amount of the drug than LMPs 
with the larger particle size prepared using 2% w/v Tween 80 and 
the same amount of CA.

On the other hand, Chen et al. (2017) observed the 
same results when studying gefitinib-loaded PLGA MPs and 
suggested that this may be due to drug loss at the surface upon 
partitioning from the internal matrix-forming material into the 
external aqueous phase during the solidification of the MPs. These 
processes usually occur mainly at the surface of the MPs when 
they have not solidified yet. Once the particles solidify, the drug is 
entrapped within the matrix. The relatively higher surface: volume 
ratio of smaller particles results in relatively more drug loss and 
hence less EE% of smaller MPs.

In vitro drug release
The solubility of PGZ is pH dependent, where PGZ, 

a weak base (pKa = 6.8), is more soluble at lower pH. In the 

Figure 1. Surface response chart representing the effect of type of SAA and amount of CA on particle size using 1% (A) and 2% (B) concentration of SAA. 
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beginning, the release of PGZ from the prepared formulations was 
studied in both 0.1 N HCl and PBS pH 6.8 for 8 hours. In PBS, no 
PGZ was detected in the release media from the prepared PGZ-
LMP formulations after 8 hours of the in vitro study due to the low 
PGZ solubility at higher pH. On the other hand, the PGZ release 
from drug-loaded LMPs exhibited a distinctive biphasic release 
pattern in 0.1N HCl (Fig. 3). 

The first phase was distinguished by a faster drug release 
from the MPs for up to 3 hours, especially in the formulation 
containing 1% SAA, where more than 50% of the drug was 
released in a burst release pattern followed by a slower constant 
drug release over 5 hours of the run. A burst in drug release may 
result from the accumulation of PGZ in the outer surface of LMPs 
as a result of phase separation during the crystallization of CA and 
the solidification of the particles. As a result, those drug particles 
at the lipid/water interface dissolved faster, leading to accelerated 
release of the drug to the dissolution medium. However, the 
sustained release pattern occurred when the drug molecules 
embedded in the matrix of the microparticles were slowly released 
because of the partition between the oil and water phases, drug 
diffusion, or matrix erosion (Khamanga and Walker, 2012).

Calculating the Q8 values from the release profiles of 
different PGZ-LMPs was used to assess their ability to sustain 
drug release. The prepared PGZ-LMPs could prolong and control 
the release of the drug to a varying degree (average Q8 values 
between 20% and 71%), as shown in Table 2. The polynomial 
equation describing the correlation between the tracked 
independent variables and Q8 was as follows: 

 Q8 = 41.71 + 3.86 X1 – 2.82 X2
1 – 0.6725 X2

2 – 9.93 X3 − 
13.21 X1X2

1 + 9.13 X1X2
2. (6)

As shown in Table 3 and Figure 3, SAA concentration 
(X3) exerted a significant impact on the Q8 response (p = 0.0122). 
Increasing SAA concentration resulted in a reduction in Q8 values. 
LMPs prepared using 1% Tween 80 and 300 mg of CA were the 
highest Q8 values. This may be due to a decrease in hydrophobic 

interaction between SAA with high HLB when added at a low 
concentration and the lipid phase resulting in rapid degradation of 
the lipid matrix and an increment of the amount of drug released 
(Haider et al., 2020b). The amount of lipid incorporated in the 
LMP formulae did not affect the drug release. The results in  
Table 3 showed that increasing the amount of lipid from 150 to 
300 mg had no significant effect on the drug release (p > 0.05). 
Similarly, no significant difference in drug release was reported 
when changing the type of SAA. Nevertheless, an interaction 
between the amount of lipid incorporated into the formulation 
and the type of surfactant was statistically significant (p < 0.05). 
According to these results, the hydrophobic interactions between 
lipid chains and SAA molecules affect both the rigidity and 
permeability of LMPs. 

Selection of the optimal PGZ-LMPs
Based on the response surface analysis of the D-optimal 

surface design, the optimum levels of the studied factors were 
estimated for PGZ-LMP preparation (Fig. 4). We aimed to 
minimize particle size (<9 μm) to improve drug solubility and 
maximize EE% and Q8 to ensure optimal drug release after oral 
administration. Thus, simultaneous optimization of all three 
responses was performed, and the desirability value was used to 
select the optimal formulation for Y1, Y2, and Y3.

The highest desirability value (0.77) was represented 
in the formulation containing 300 mg CA and 1% w/v Tween 80  
(Fig. 4). The optimal PGZ-LMPs selected by the statistical design 
were prepared and characterized for their PS, EE%, and Q8. The 
optimal selected formulation produced an observed PS, EE%, 
and Q8 of 4.64 μm, 69.55%, and 68.72%, respectively (Table 4). 
As a result of these findings, the optimal PGZ-LMP formulation, 
proposed by QbD, offered a promising formulation of suitable 
particle size, maximum drug-loaded LMPs, and highest drug 
release Q8; hence, it was selected for further investigation. For 
some of the experiments, PGZ-free LMPs (blank LMPs) were 
prepared using the optimal formulation.

Figure 2. Surface response chart representing the effect of type of SAA and amount of CA on EE% using 1% (A) and 2% (B) concentration of SAA.
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Figure 3. In vitro release profiles of PGZ from different drug-loaded LMPs containing 1% (A) and 2% (B) (w/v) SAA and surface response chart representing the effect 
of type of SAA and amount of CA on Q8 using 1% (C) and 2% (D) (w/v) SAA. 

Figure 4. Selection of optimal PGZ-LMP formula (flagged) among different formulations using 1% (A) and 2% (B) concentration of SAA.
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Morphological examination
The morphology, surface topography, and structure 

of the optimal PGZ-LMP formula were investigated using an 
optical microscope and SEM. Optical micrographs showed that 
the particles were spherical and existed as discrete entities in 
the field (Fig. 5). SEM examination of the blank microparticles 
and the optimized PGZ-LMPs (F7) revealed the formation of the 
uniform, monodisperse, and typical spherical shape of LMPs. 
The existence of clusters of microparticles was also observed, 
which may be attributed to the incomplete solidification of the 
microparticles during the time frame of the preparation process. 
Further magnification showed that both blank microparticles and 
PGZ-LMPs had a rough and coarse surface which may be due to 
the crystallization of the lipids on the surface of the microparticles 
(Wu et al., 2019). In addition, the drug-loaded LMPs were 
significantly larger than that of the blank microparticles indicating 
the loading of the drug. 

FT-IR spectroscopy analysis
The pure PGZ, CA, their physical mixture, and the 

optimal blank LMPs and PGZ-LMPs were analyzed by FT-IR 
spectroscopy, and the peaks relevant to the chemical functional 
groups were revealed in the spectra (Fig. 6). As a whole, the 
constituents displayed the typical bands associated with their 
functional groups. The major IR peaks assigned to PGZ, namely, 
1,148, 1,509, 1,683, and 658 cm−1, corresponded to the stretching 
vibration of C-O, C=N, C=O, and C-S, respectively. On the other 
hand, CA had two characteristic peaks at 2,847 and 2,914 cm−1 
representing C-H and O-H stretching vibration, respectively. 

PGZ and CA peaks in the physical mixture indicate that 
there is no chemical interaction between PGZ and the lipid used 
in the preparation of the LMPs. Furthermore, in the spectrum of 
the optimized formula, stretching vibration bands from the lipid 
matrix appeared at the same wavelength, but none of the pure PGZ 
peaks were present, confirming the encapsulation of the pure PGZ 
into the LMPs. 

Thermal analysis
The DSC thermograms of the pure PGZ, lipid matrix, 

PGZ-lipid physical mixture, blank formula, and PGZ-LMP are 
shown in Figure 7. The pure PGZ and CA thermograms showed a 
sharp endothermic peak associated with their melting at 197.7°C 
and 49.49°C, respectively. The PGZ-lipid physical mixture showed 
both endothermic peaks of PGZ and lipid at 48.28°C and 192.6°C, 
respectively. PGZ-LMPs showed a broad endothermic peak at 
45.52°C, whereas blank LMPs showed a broad endothermic 
peak at 47.95°C. There was a small shift in the peak mostly due 
to the drug incorporation into the lipid matrix. Also, in the drug-

loaded microparticles, the PGZ endothermic peak was reduced, 
indicating an amorphous conformation, resulting in homogeneous 
solid mixtures with the lipids. This could mean the improved 
dissolution of the drug when PGZ-LMPs were placed in aqueous 
media. Similarly, the encapsulation of curcumin in stearic acid and 
tripalmitin lipid particles showed complete drug solubilization 
within the lipid matrix (Behbahani et al., 2017). 

Drug release kinetics modeling
PGZ in vitro release data were implemented in different 

kinetic models (Table 5). The optimum model would be the one 
with the highest correlation coefficient (R2). A model was selected 
based on its R2 value with the closest value to 1.

According to the Makoid–Banakar model, the correlation 
of the observed PGZ released from the microparticles versus the 
predicted amount was found visually acceptable for the optimal 
PGZ-LMP formulation with an R2 value of 0.9915 (Table 5 and 
Fig. 8).

DDSolver was employed to perform further analysis to 
confirm the kinetic model fitting to the in vitro release data by 
generating the “Model Selection Criterion (MSC) and Akaike 
Information Criterion (AIC).” The release of PGZ from the 
optimal LMP formula showed the best fitting to the Makoid–
Banakar kinetic model with a high value of R2 adjusted and MSC 
and a low AIC. Additionally, because of the low release exponent 
n, the release behavior was consistent with the Fickian diffusion 
mechanism (Wu et al., 2021).  

Preclinical in vivo study
The in vivo pharmacological effect of the optimal PGZ-

LMP formula was assessed and compared to that obtained from 
marketed PGZ tablets following oral administration. The low-dose 
STZ-induced diabetic albino Wistar rats were used for comparing 
the antidiabetic effect (Fig. 9a). The mean baseline BGL in the 
normal control group was 91.7 mg/dl, while the diabetic group 
showed a significant increase in BGL of up to 314.7 mg/dl. 
The animals treated with the marketed product and PGZ-LMPs 
presented mean BGL of 243.1 and 218.7 mg/dl, respectively. The 
PGZ-LMPs-treated group exhibited a significant reduction in 
BGL, 72.82% (p < 0.05*), compared to the diabetic group and the 
group the received the marketed PGZ. This was superior to the 
marketed PGZ oral tablets, which showed no significant difference 
between both the diabetic and PGZ solution groups. Animals 
treated with marketed PGZ tablets showed a 60.8% reduction in 
BGL over 24 hours, while treatment with blank LMPs showed a 
minimal decrease in BGL. The results confirmed that optimization 
of drug-loaded LMP formulation resulted in higher therapeutic 
effectiveness and a longer duration of action for the encapsulated 
PGZ than the marketed product.   

Table 4. Parameters optimized along with predicted and observed responses.

Variables Values Response Predicted values Observed values

X1 300 mg Y1 (PS) 4.59 μm 4.64 ± 0.21 μm

X2 Tween 80 Y2 (EE%) 56.48 69.55 ± 2.97

X3 1% Y3 (Q8) 63.95 68.72 ± 4.6
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Figure 5. PGZ-LMP morphological investigation showing a light microscopic image of PGZ-LMPs at 40× (A), SEM micrographs of blank LMPs (B and C), 
and PGZ-LMPs (D and E) at 2.5k× and 50k×, respectively.

Figure 6. Characterization of optimal PGZ-LMPs showing FT-IR spectra of PGZ, CA, their physical mixture, and the optimal blank LMPs 
and PGZ-LMPs. 
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Figure 7. Physicochemical characterization of optimal LMP formulation showing thermal analysis of the PGZ, CA, their physical mixture, 
and the optimal blank LMPs and PGZ-LMPs. 

Table 5. PGZ release mechanism from the optimal formulation. 

Release kinetic model Equation k n R2

Zero-order Ct = Co – kt 0.002 — 0.613

First-order ln Ct = ln Co − kt 0.606 — 0.000

Korsmeyer–Peppas Mt/M∞ = ktn 0.198 — 0.893

Hixson–Crowell 3√W0 = 3√Wi + kHC t 0.004 — 0.608

Makoid–Banakar F = kMBtne−kt 0.04 0.602 *0.992 

Higuchi Q = kt0.5 0.042 — 0.600

*Significant results at p <0.05.
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CONCLUSION
PGZ was efficiently loaded into LMPs composed of 

cetyl alcohol and different concentrations of surfactants (Tween 
80, Span 80, or Poloxamer 188). The LMPs were prepared by 
the solvent injection method. The procedure of preparation was 
optimized for the stirring speed and time of stirring to achieve 
the maximum size and drug loading into the LMPs. The selected 
optimized formula (F7) showed a high EE% (71.3% ± 1.293) 
and a mean particle size of 4.73 ± 0.06 µm with a PDI of 0.27 ± 
0.06. The formation of the microparticles was confirmed by SEM 
examination. Moreover, DSC and FT-IR spectroscopy analysis 
confirmed the successful loading of PGZ into the MPs.

The F7 batch demonstrated a sustained in vitro release 
pattern at 8 hours of the run. Also, the Makoid–Banakar equation 
was the best model to fit and describe the drug release (R2 = 
0.9666) significantly (p < 0.05) compared to other kinetic models. 
In addition, F7 showed valuable enhancement of the antidiabetic 
activity of PGZ and prolonged its effect in the albino Wistar rats 
for up to 24 hours. The results concluded that, in comparison to the 
marketed formulation and control groups, PGZ-LMPs could be 
suggested as an efficient carrier to maintain a sustained, controlled 
release of PGZ and to improve its oral bioavailability with a 
significant reduction in the blood glucose level. These promising 
results open the door for further investigations.
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