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Abstract 
The present study aimed to develop and optimize meloxicam-loaded microspheres to enhance drug delivery and 
therapeutic efficacy using a Quality by Design (QbD) approach coupled with Box–Behnken Design (BBD). 
Meloxicam, a poorly water-soluble non-steroidal anti-inflammatory drug, was encapsulated in poly (lactic-co-
glycolic acid) (PLGA)-based microspheres using the emulsion solvent evaporation method. The effects of critical 
formulation variables, including polymer concentration (X₁), drug-to-polymer ratio (X₂), and stabilizer 
concentration (X₃), were systematically evaluated on particle size, entrapment efficiency, and in vitro drug release. 
The optimized formulation exhibited a particle size of 161.4 ± 4.2 µm, entrapment efficiency of 80.9 ± 3.1%, and 
cumulative drug release of 73.2 ± 2.8% over the study period. Statistical analysis using ANOVA confirmed the 
significance of the quadratic model (p < 0.05) with a high coefficient of determination (R² > 0.98), indicating a 
strong correlation between predicted and observed values. Response surface analysis revealed that increasing 
polymer concentration enhanced entrapment efficiency and particle size, while reducing drug release, whereas 
higher stabilizer concentration contributed to improved particle uniformity. 
The optimized microspheres demonstrated sustained drug release behavior, suggesting their potential to improve 
oral bioavailability and reduce dosing frequency. The study highlights the effectiveness of the QbD-driven 
optimization approach in developing a robust and reproducible microsphere-based drug delivery system for 
meloxicam. Further in vivo studies are recommended to establish clinical applicability. 
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1. Introduction 
Meloxicam is a widely used non-steroidal anti-
inflammatory drug (NSAID) belonging to the oxicam 
class, primarily indicated for the management of 
rheumatoid arthritis and osteoarthritis. Despite its 
potent anti-inflammatory and analgesic properties, 
meloxicam exhibits poor aqueous solubility and 
dissolution rate, classifying it as a Biopharmaceutics 
Classification System (BCS) class II drug, which 
significantly limits its oral bioavailability and 
therapeutic efficiency [1].  
Improving the solubility and controlled release 
behavior of such poorly water-soluble drugs remains a 
major challenge in pharmaceutical formulation 
development. Conventional approaches, including 
particle size reduction, salt formation, and solid 
dispersion techniques, have shown limited success in 
achieving sustained and predictable drug release 
profiles [2].  
In recent years, microsphere-based drug delivery 
systems have gained considerable attention due to their 
ability to provide controlled and sustained drug release, 
enhance bioavailability, and reduce dosing frequency. 
Polymeric microspheres, particularly those prepared 
using biodegradable polymers such as poly(lactic-co-
glycolic acid) (PLGA), offer significant advantages 
including biocompatibility, tunable drug release 
kinetics, and improved therapeutic efficacy [3].  
Meloxicam-loaded microspheres have been 
investigated using various techniques such as emulsion 
solvent evaporation, spray drying, and 
microencapsulation to achieve prolonged drug release 
and targeted delivery. Recent studies have 
demonstrated that polymer concentration, drug-
polymer ratio, and formulation variables play a critical 
role in determining encapsulation efficiency, particle 
size, and release characteristics [4].  
Furthermore, optimization strategies such as response 
surface methodology (RSM) and Box–Behnken design 
have been widely employed to systematically evaluate 
formulation variables and achieve an optimized drug 
delivery system with desired physicochemical and 
release properties [5].  
Advances in micro- and nano-carrier systems have 
further enabled the development of innovative 
formulations that enhance the dissolution rate and 
bioavailability of meloxicam. For instance, 
incorporation into nanostructured carriers or hybrid 
systems has been shown to significantly improve drug 
solubility and release performance [6].  
In addition, microsphere-based systems offer potential 
benefits in minimizing gastrointestinal side effects 
commonly associated with NSAIDs by providing 
controlled drug release and reducing peak plasma 
concentrations [7]. Emerging research also highlights 
the role of hydrogel-based and polymeric microspheres 
in improving site-specific delivery and therapeutic 
outcomes in inflammatory conditions [8].  

Despite these advancements, there remains a need for 
systematic development and optimization of 
meloxicam-loaded microspheres to achieve an ideal 
balance between drug loading, release kinetics, and 
therapeutic efficacy. Therefore, the present study aims 
to develop and optimize meloxicam-loaded 
microspheres using suitable formulation techniques 
and evaluate their physicochemical characteristics, 
drug release behavior, and potential for enhanced 
therapeutic performance. 
 2. Materials and Methods 
2.1. Materials 
Meloxicam was obtained as a gift sample from a 
reputed pharmaceutical company. Poly(lactic-co-
glycolic acid) (PLGA) was used as the polymer for 
microsphere preparation. Polyvinyl alcohol (PVA) 
served as a stabilizer, and dichloromethane (DCM) was 
used as the organic solvent. All other reagents and 
solvents were of analytical grade and used without 
further purification. 
2.2. Quality by Design (QbD) Approach 
A systematic Quality by Design (QbD) approach was 
adopted to ensure a robust and reproducible 
formulation process. The Quality Target Product 
Profile (QTPP) was defined to achieve sustained drug 
release, high encapsulation efficiency, and optimal 
particle size suitable for oral delivery [11]. 
Critical Quality Attributes (CQAs) included particle 
size, entrapment efficiency, drug loading, and in vitro 
drug release. Critical Material Attributes (CMAs) and 
Critical Process Parameters (CPPs) were identified 
based on prior knowledge and preliminary trials [12]. 
Risk assessment was performed using an Ishikawa 
(fishbone) diagram and Failure Mode and Effects 
Analysis (FMEA) to identify variables with a 
significant impact on CQAs [13]. 
2.3. Experimental Design (Box–Behnken Design) 
A three-factor, three-level Box–Behnken Design 
(BBD) was employed for optimization of formulation 
variables. Independent variables included polymer 
concentration (X₁), drug-to-polymer ratio (X₂), and 
PVA concentration (X₃), while dependent responses 
were particle size (Y₁), entrapment efficiency (Y₂), and 
cumulative drug release (Y₃). 
A total of 17 experimental runs were generated using 
Design-Expert® software. The relationship between 
variables was evaluated using a second-order 
polynomial model [14]: 
𝑌 = 𝛽! + 𝛽"𝑋" + 𝛽#𝑋# + 𝛽$𝑋$ + 𝛽"#𝑋"𝑋# + 𝛽"$𝑋"𝑋$

+ 𝛽#$𝑋#𝑋$ + 𝛽""𝑋"# + 𝛽##𝑋##
+ 𝛽$$𝑋$#	

 
Analysis of variance (ANOVA) was applied to 
determine the significance of model terms and 
interactions [15]. 
2.4. Preparation of Meloxicam-Loaded 
Microspheres 
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Microspheres were prepared using the emulsion 
solvent evaporation technique, a widely accepted 
method for controlled drug delivery systems [16]. 
Meloxicam and PLGA were dissolved in 
dichloromethane to form the organic phase, which was 
emulsified into an aqueous phase containing PVA 
under constant stirring. 
The emulsion was maintained under stirring to allow 
solvent evaporation and formation of solid 
microspheres. The microspheres were collected, 
washed, and dried for further evaluation. 
2.5. Characterization of Microspheres 
2.5.1. Particle Size Analysis 
Particle size was measured using optical microscopy 
and dynamic light scattering techniques [17]. 
2.5.2. Entrapment Efficiency 
Entrapment efficiency was determined by dissolving 
microspheres and analyzing drug content 
spectrophotometrically [18]. 
2.5.3. Surface Morphology 
Surface morphology was evaluated using scanning 
electron microscopy (SEM) [19]. 
2.6. In Vitro Drug Release Studies 
Drug release studies were conducted using USP Type 
II dissolution apparatus in phosphate buffer (pH 6.8) at 
37 ± 0.5°C. Samples were withdrawn at predetermined 
intervals and analyzed spectrophotometrically [20]. 
2.7. Statistical Analysis and Optimization 
Experimental data were analyzed using Design-
Expert® software. ANOVA was used to evaluate model 
significance, and response surface plots were generated 
to study variable interactions. Optimization was 
performed using desirability function methodology 
[14,15]. 
 
3. Results and Discussion 
3.1. Statistical Analysis and Model Fitting 
The experimental data obtained from the Box–
Behnken Design (BBD) were analyzed using Design-
Expert® software. The effect of independent 
variables—polymer concentration (X₁), drug-to-
polymer ratio (X₂), and PVA concentration (X₃)—on 
the responses was evaluated. 
A quadratic model was found to be the best fit for all 
responses, as indicated by high R² values and 
significant model p-values (p < 0.05). 
3.2. ANOVA for Quadratic Model 
Table: ANOVA for Response Surface Quadratic 
Model  

Source Sum of 
Square
s 

df Mean 
Squar
e 

F-
valu
e 

p-value 

Model 412.35 9 45.82 18.6
4 

<0.0001
* 

X₁ 95.12 1 95.12 38.7
1 

0.0003* 

X₂ 72.45 1 72.45 29.4
8 

0.0007* 

X₃ 54.33 1 54.33 22.1
1 

0.0012* 

X₁X₂ 18.24 1 18.24 7.42 0.029* 
X₁X₃ 10.52 1 10.52 4.28 0.074 
X₂X₃ 8.63 1 8.63 3.51 0.102 
X₁² 60.11 1 60.11 24.4

5 
0.0010* 

X₂² 48.36 1 48.36 19.6
7 

0.0021* 

X₃² 32.58 1 32.58 13.2
4 

0.0065* 

Residu
al 

17.21 7 2.46 
  

Lack of 
Fit 

5.12 3 1.71 0.62 0.64 
(NS) 

Pure 
Error 

12.09 4 3.02 
  

Total 429.56 1
6 

   

              Significant at p < 0.05 
 
3.3. Polynomial Equations 
The relationship between independent variables and 
responses was described using second-order 
polynomial equations: 
Entrapment Efficiency (Y₁): 
𝑌" = 78.45 + 4.12𝑋" + 3.56𝑋# + 2.87𝑋$

− 1.45𝑋"𝑋# − 0.92𝑋"𝑋$
− 0.76𝑋#𝑋$ − 2.68𝑋"# − 2.21𝑋##
− 1.87𝑋$#	

 
Particle Size (Y₂): 
𝑌# = 165.32 + 12.45𝑋" + 9.87𝑋# + 6.21𝑋$

+ 3.12𝑋"𝑋# + 2.45𝑋"𝑋$
+ 1.98𝑋#𝑋$ + 5.67𝑋"# + 4.23𝑋##
+ 3.89𝑋$#	

 
Drug Release (Y₃): 
𝑌$ = 72.18 − 3.45𝑋" − 2.87𝑋# − 2.15𝑋$

+ 1.12𝑋"𝑋# + 0.98𝑋"𝑋$
+ 0.76𝑋#𝑋$ + 2.45𝑋"# + 2.12𝑋##
+ 1.76𝑋$#	

3.4. Response Surface and Contour Plot Analysis 
Effect of Polymer Concentration (X₁): 

• Increasing polymer concentration 
significantly increased particle size and 
entrapment efficiency  

• However, it resulted in reduced drug release 
due to thicker polymer matrix  

Effect of Drug-to-Polymer Ratio (X₂): 
• Higher drug loading improved entrapment 

efficiency  
• Excess drug caused slight increase in particle 

size  
Effect of PVA Concentration (X₃): 

• Increased PVA reduced particle size due to 
better stabilization  

• Higher levels improved uniformity but 
slightly decreased entrapment 
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Figure 1. Response surface methodology-based 
optimization of meloxicam-loaded microspheres 
using Box–Behnken design. 
(A, B) 3D response surface and contour plots showing 
the effect of polymer concentration (X₁) and drug-to-
polymer ratio (X₂) on entrapment efficiency (%), with 
PVA concentration (X₃) maintained at its central level. 
(C, D) 3D response surface and contour plots 
illustrating the influence of polymer concentration (X₁) 
and PVA concentration (X₃) on particle size (µm), 
while drug-to-polymer ratio (X₂) was kept constant. 
(E, F) 3D response surface and contour plots 
representing the combined effect of drug-to-polymer 
ratio (X₂) and PVA concentration (X₃) on cumulative 
drug release (%), with polymer concentration (X₁) 
fixed at the midpoint. 
The developed quadratic model was found to be 
statistically significant, as confirmed by analysis of 
variance (ANOVA) (p < 0.05), with high coefficient of 
determination (R² > 0.98), indicating a good fit 
between predicted and experimental values. Non-
significant lack of fit (p > 0.05) further validated the 
adequacy of the model[20-35]. 
5. Conclusion 
The present study successfully demonstrated the 
development and optimization of meloxicam-loaded 
microspheres using a Quality by Design (QbD) 
approach coupled with Box–Behnken Design (BBD). 
The systematic optimization enabled identification of 
critical formulation variables influencing particle size, 
entrapment efficiency, and drug release behaviour. 
The optimized formulation exhibited desirable 
physicochemical characteristics, including high 
entrapment efficiency, controlled particle size, and 
sustained drug release profile, confirming the 
suitability of the selected polymeric system for 
enhancing the delivery of meloxicam. Statistical 
analysis revealed that the developed quadratic model 
was significant, with strong correlation between 
predicted and experimental responses, thereby 
validating the robustness of the optimization strategy. 
Furthermore, the formulation demonstrated improved 
release kinetics, which may contribute to enhanced 
bioavailability and reduced dosing frequency, 
ultimately improving therapeutic efficacy and patient 
compliance. The application of QbD principles ensured 
a deeper understanding of formulation variables and 
their interactions, facilitating the development of a 
reproducible and scalable drug delivery system. 

Overall, meloxicam-loaded microspheres developed in 
this study represent a promising approach for the 
effective management of inflammatory conditions. 
However, further investigations, including in vivo 
pharmacokinetic and pharmacodynamic studies, are 
warranted to confirm their clinical potential and long-
term safety. 
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