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Development and Validation of New Analytical Method for the Determination of Particle Size Distribution in Empagliflozin using Laser-Based Particle Size Analyzer

ABSTRACT 

	This paper describes a rugged and precise analytical method developed and validated for determining the particle size distribution of Empagliflozin drug substance using a wet dispersion technique on the Malvern Mastersizer 3000. The method was optimized to achieve uniform dispersion and reproducible measurements of particle size parameters (D10, D50, D90). Validation of the method was carried out in accordance with ICH Q2(R2) guideline and demonstrated satisfactory results for precision, intermediate precision, and robustness. All validation parameters were found within the predefined acceptance criteria, confirming the reliability of the procedure. Hence, the developed method is suitable for particle size analysis of Empagliflozin active pharmaceutical ingredient (API).
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1. INTRODUCTION 

Empagliflozin is a potent and highly selective sodium–glucose co-transporter-2 (SGLT2) inhibitor used in the management of type 2 diabetes mellitus and associated cardiovascular conditions [1,2]. As a Biopharmaceutics Classification System (BCS) Class III drug, dissolution rate is a critical factor influencing its bioavailability [3]. Particle size distribution (PSD) plays a key role in determining the dissolution characteristics, uniformity, and stability of solid dosage forms [4]. Therefore, accurate and reproducible measurement of particle size is essential to ensure consistent therapeutic performance and process control during manufacturing [5].
Previous studies on similar highly soluble drugs have demonstrated that precise particle size analysis contributes significantly to formulation optimization and regulatory compliance [6,7,8]. However, limited literature exists on validated, rugged, and robust methods for Empagliflozin particle size determination.
A detailed review of the physical and chemical properties of Empagliflozin was carried out to support the development of a robust and reliable method for particle size determination [9]. A systematic analytical approach was implemented using the Malvern Mastersizer 3000 equipped with a wet dispersion unit. The main objective of the study was to optimize critical optical and instrumental parameters to ensure precise, accurate, and reproducible measurement of the particle size distribution (PSD) of the Empagliflozin drug substance. This optimization aimed to establish consistent analytical performance suitable for both method validation and routine quality control applications.



2. material and methods

2.1 Instrumentation:

Malvern     Mastersizer     3000     equipped   with accessories  Hydro MV wet sample dispersion Unit  system ,   Software (Version-3.71) for data processing and evaluation was  used  for Particle  size  method  Development and validation   

2.2   Instrument Measurement Conditions and sample preparation  

Background and sample measurement durations were set to 10.00 seconds for both red and blue light measurements. Blue light measurement was enabled during the red cycle and disabled during the blue cycle. Light background stability was monitored for 10.00 seconds. Each analysis sequence included one aliquot and two consecutive measurements with a 10.00-second delay between them. Auto-start and automatic measurement modes were disabled. Obscuration limits were maintained within 10–30% without applying obscuration filtering. The Hydro MV accessory was operated in wet dispersion mode with a stirrer speed of 2000 rpm and ultrasonic power set 30 seconds. Manual tank filling and post-fill degassing were enabled, while sonication stability was not performed. Cleaning was conducted manually without sonication or degassing.
During method optimization, key optical parameters, including particle refractive index (RI), dispersant refractive index (RI), particle absorption, and sample preparation conditions were systematically evaluated. Multiple trials were performed by varying these parameters to minimize the residual error below 1%, confirming the accuracy of the optical model and ensuring measurement reproducibility.

Measurement conditions for particle size determination of Empagliflozin using the Malvern Mastersizer 3000 were established. The analysis was performed in wet dispersion mode employing sunflower oil as the dispersant medium. The particle refractive index (RI) was set at 1.63, and the dispersant refractive index at 1.469, with a sample absorption value of 0.1. The obscuration range was maintained between 10% and 30% to ensure accurate light scattering and optimal signal intensity, while the circulation speed was maintained at 2000 rpm for consistent suspension flow. Each measurement was carried out for 10 seconds, preceded by a 10-second background measurement to ensure baseline stability. 
The sample was prepared by transferring 250 mg of Empagliflozin into a beaker, followed by the addition of 10–12 drops of sunflower oil, and gently mixing with a glass rod to form a smooth paste. Approximately 20 mL of sunflower oil was then added, and the mixture was sonicated for 30 seconds with continuous stirring to achieve uniform dispersion. The prepared suspension was subsequently introduced dropwise into the measurement cell until the obscuration value reached the target range.
3. results and discussion

3 
3.1  Significance of Particle Size in Pharmaceutical Analysis

Particle size plays a critical role in determining the physicochemical and biopharmaceutical performance of an active pharmaceutical ingredient (API). For orally administered drug substances such as Empagliflozin, particle size influences key parameters including dissolution rate, uniformity of content, compressibility, and overall bioavailability. The relationship between particle size and dissolution rate can be explained by the Noyes Whitney equation, which expresses the rate of dissolution of a solid in a solvent as [10,11]:


Where: 

: Rate of dissolution

: Diffusion coefficient of solute in the solvent

: Surface area of the dissolving solid

: Concentration of the solute at the surface

: Concentration of solute in the bulk solution at time t

: Thickness of the stagnant boundary layer (Diffusion layer)

3.2 Analytical method development

The main objective of method development was to establish a stable, reproducible, and consistent procedure for accurate particle size determination of Empagliflozin. A suitable dispersant was identified based on solubility studies of Empagliflozin in various dispersant media. Water, toluene, hexane, and light paraffin were initially evaluated; however, water exhibited unstable obscuration trends due to poor light-scattering stability arising from the hydrophilic and moderately water-soluble nature of Empagliflozin, making it unsuitable for further development. Subsequent trials revealed that Empagliflozin was insoluble in toluene, light paraffin, and sunflower oil, and these were therefore selected for further optimization. Their weighted residual values were monitored to assess the accuracy of the optical model. The residuals obtained for toluene, light paraffin, and sunflower oil were 2.14%, 1.87%, and 0.81%, respectively. The higher residuals for toluene and light paraffin indicated less accurate optical fitting, as weighted residuals above 1% typically suggest a refractive index mismatch between the sample and dispersant, leading to reduced scattering intensity and measurement precision. Hence, water, toluene, and light paraffin were ruled out. In contrast, sunflower oil, with a residual value of 0.81%, demonstrated excellent compatibility with Empagliflozin, ensuring stable obscuration, enhanced light scattering, and reliable particle size measurement. The refractive index was optimized at 1.63 with an absorption value of 0.1 for Empagliflozin, while the dispersant (sunflower oil) refractive index was set at 1.469. These values provided the best correlation between experimental and modeled data, minimizing light-scattering discrepancies and ensuring precise PSD results. Ultrasonic energy applied for 30 seconds during liquid dispersion promoted effective de-agglomeration of Empagliflozin particles, enhancing suspension uniformity and measurement reproducibility.
3.3 Analytical method Validation 

Validation of the developed particle size determination method for Empagliflozin focused primarily on assessing precision, intermediate precision, and robustness. Since particle size analysis is a physical characterization technique, parameters such as linearity, range, accuracy, and detection limits were not applicable. The method demonstrated excellent precision, intermediate precision, and robustness across replicate measurements, confirming its reliability for particle size analysis of Empagliflozin. The consistent particle size distribution (PSD) results summarized in this section and validation of the developed method was performed in accordance with the International Council for Harmonization (ICH) guidelines Q2(R2) for analytical method validation[12]. 

According to USP guidelines, the acceptance criteria for repeatability in particle size distribution measurements are typically set at %RSD ≤ 10% (n = 6) for the central value of the distribution (e.g., D50). For the distribution boundaries (e.g., D10 and D90), a slightly higher variability of %RSD ≤ 15% (n = 6) is acceptable. In cases where the particle size is below 10 µm, these limits may be increased (up to double) to account for higher measurement variability inherent to fine particle analysis [13].

3.4  Method Precision 

Method precision was evaluated using six replicate measurements of the Empagliflozin sample under optimized wet dispersion conditions. The particle size parameters showed consistent results, with %RSD values within 15.0%, confirming the method’s repeatability. 
The %RSD data obtained for the six sample measurements were tabulated in Table 1

Acceptance criteria: The % RSD of D (0.1) particle size values should not be more than 30, for D (0.9) particle size values should not more than 15 and D (0.5) particle size values should not more than 20. 

Table 1. Method precision

	Sample ID
	D(0.1) (µm)
	D(0.5) (µm)
	D(0.9) (µm)

	Precision -1
	1.83
	6.14
	15.6

	Precision -2
	1.72
	5.97
	15.4

	Precision -3
	1.86
	6.51
	16.9

	Precision -4
	1.77
	6.31
	16.5

	Precision -5
	1.77
	5.88
	14.8

	Precision -6
	1.69
	5.76
	14.6

	Mean
	1.77
	6.09
	15.7

	SD
	0.0616
	0.280
	0.927

	% RSD
	3.47
	4.59
	5.92




3.5 Intermediate precision

Intermediate precision was evaluated on different days by different analysts using six replicate measurements of the Empagliflozin sample under optimized wet dispersion conditions, and the particle size parameters D(0.1), D(0.5), and D(0.9) were recorded. The results showed consistent particle size values, with %RSD within 15.0%, confirming the method’s repeatability and reliability. The summarized %RSD data for intermediate precision and cumulative %RSD values for both analysts are presented in Tables 2 and 3. These results demonstrate excellent precision and intermediate precision of the developed method

Acceptance criteria : The % RSD of D (0.1) particle size values  should not be more than 30, for D (0.9) particle size values should not more than 15 and D (0.5) particle size values  should not more than 20.

Table 2. Intermediate precision

	Sample ID
	D(0.1) (µm)
	D(0.5) (µm)
	D(0.9) (µm)

	Precision -1
	1.89
	6.46
	16.1

	Precision -2
	1.91
	6.45
	16.1

	Precision -3
	1.76
	5.91
	14.8

	Precision -4
	1.64
	5.75
	14.6

	Precision -5
	1.79
	5.99
	14.8

	Precision -6
	1.72
	5.90
	14.6

	Mean
	1.79
	6.08
	15.2

	SD
	0.102
	0.303
	0.742

	% RSD
	5.74
	4.99
	4.89



Table 3. Cumulative %RSD of method precision and intermediate precision 

	
	Sample ID
	D(0.1) (µm)
	D(0.5) (µm)
	D(0.9) (µm)

	Analyst-1
	Precision -1
	1.83
	6.14
	15.6

	
	Precision -2
	1.72
	5.97
	15.4

	
	Precision -3
	1.86
	6.51
	16.9

	
	Precision -4
	1.77
	6.31
	16.5

	
	Precision -5
	1.77
	5.88
	14.8

	
	Precision -6
	1.69
	5.76
	14.6

	Analyst-2
	Precision -1
	1.89
	6.46
	16.1

	
	Precision -2
	1.91
	6.45
	16.1

	
	Precision -3
	1.76
	5.91
	14.8

	
	Precision -4
	1.64
	5.75
	14.6

	
	Precision -5
	1.79
	5.99
	14.8

	
	Precision -6
	1.72
	5.90
	14.6

	Mean
	1.78
	6.09
	15.4

	SD
	0.0817
	0.2788
	0.8246

	% RSD
	4.59
	4.58
	5.35



Figure-1 Comparative Overlay of Particle Size Distribution Curves
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3.6 Robustness
Robustness was evaluated by introducing small deliberate variations in analytical parameters, including stirrer speed (±200 rpm), sonication time (±3 seconds), and obscuration range (within 5% of established range 10–30%). These changes did not significantly affect the PSD results, with residual error remaining below 1%, confirming the method’s reliability and ruggedness.



Robustness-1 (change in stirrer speed to 1800 rpm) 

Robustness-1 was performed by changing the stirrer speed from 2000 rpm to 1800 rpm while keeping all other parameters constant. Particle size values D(0.1), D(0.5), and D(0.9) for six replicates are presented in Table 4, with cumulative averages and %RSD confirming the method’s robustness.

Table 4. Cumulative %RSD of method precision and Robustness-1 

	Parameter
	Sample ID
	D(0.1) (µm)
	D(0.5) (µm)
	D(0.9) (µm)

	Method precision

	Precision -1
	1.83
	6.14
	15.6

	
	Precision -2
	1.72
	5.97
	15.4

	
	Precision -3
	1.86
	6.51
	16.9

	
	Precision -4
	1.77
	6.31
	16.5

	
	Precision -5
	1.77
	5.88
	14.8

	
	Precision -6
	1.69
	5.76
	14.6

	Change in RPM
(1800 RPM)
	Robustness-1
	1.82
	5.89
	14.8

	
	Robustness-1
	1.75
	5.80
	14.7

	
	Robustness-1
	1.87
	6.20
	15.8

	
	Robustness-1
	1.77
	6.04
	15.4

	
	Robustness-1
	1.82
	5.99
	15.2

	
	Robustness-1
	1.83
	5.96
	15.0

	Mean
	1.79
	6.04
	15.4

	SD
	0.0556
	0.2189
	0.7204

	% RSD
	3.10
	3.63
	4.68



Robustness-2 (change in stirrer speed to 2200 rpm) 

Robustness-2 was performed by changing the stirrer speed from 2000 rpm to 2200 rpm while keeping all other parameters constant. Particle size values D(0.1), D(0.5), and D(0.9) for six replicates are presented in Table 5, with cumulative averages and %RSD confirming the method’s robustness.
 
Table 5. Cumulative %RSD of method precision and Robustness-2

	Parameter
	Sample ID
	D(0.1) (µm)
	D(0.5) (µm)
	D(0.9) (µm)

	Method precision

	Precision -1
	1.83
	6.14
	15.6

	
	Precision -2
	1.72
	5.97
	15.4

	
	Precision -3
	1.86
	6.51
	16.9

	
	Precision -4
	1.77
	6.31
	16.5

	
	Precision -5
	1.77
	5.88
	14.8

	
	Precision -6
	1.69
	5.76
	14.6

	Change in RPM
(2200 RPM)
	Robustness-2
	1.76
	5.86
	14.9

	
	Robustness-2
	1.68
	5.74
	14.6

	
	Robustness-2
	1.68
	5.70
	14.4

	
	Robustness-2
	1.80
	5.88
	14.5

	
	Robustness-2
	1.82
	5.90
	14.5

	
	Robustness-2
	1.72
	5.76
	14.2

	Mean
	1.76
	5.95
	15.1

	SD
	0.0612
	0.2484
	0.8625

	% RSD
	3.48
	4.17
	5.72



Robustness-3 (Change in Sonication time 27 Second)

Robustness-3 was performed by changing the sonication time from 30 seconds to 27 seconds while keeping all other parameters constant. Particle size values D(0.1), D(0.5), and D(0.9) for six replicates are presented in Table 6, with cumulative averages and %RSD confirming the method’s robustness.

Table 6. Cumulative %RSD of method precision and Robustness-3

	Parameter
	Sample ID
	D(0.1) (µm)
	D(0.5) (µm)
	D(0.9) (µm)

	Method precision

	Precision -1
	1.83
	6.14
	15.6

	
	Precision -2
	1.72
	5.97
	15.4

	
	Precision -3
	1.86
	6.51
	16.9

	
	Precision -4
	1.77
	6.31
	16.5

	
	Precision -5
	1.77
	5.88
	14.8

	
	Precision -6
	1.69
	5.76
	14.6

	Change in 
Sonication time
(27 Second)
	Robustness-3
	1.75
	5.87
	15.1

	
	Robustness-3
	1.67
	5.73
	14.8

	
	Robustness-3
	1.71
	5.62
	14.0

	
	Robustness-3
	1.83
	5.60
	14.1

	
	Robustness-3
	1.88
	6.20
	15.8

	
	Robustness-3
	1.87
	6.19
	15.7

	Mean
	1.78
	5.98
	15.3

	SD
	0.0734
	0.2884
	0.8874

	% RSD
	4.13
	4.82
	5.81



Robustness-4 (Change in Sonication time 33 Second)

Robustness-4 was assessed by varying the sonication time from 30 seconds to 33 seconds while keeping all other parameters constant. Particle size values D(0.1), D(0.5), and D(0.9) for six replicates are presented in Table 7, with cumulative averages and %RSD confirming the method’s robustness.

Table 7. Cumulative %RSD of method precision and Robustness-4

	Parameter
	Sample ID
	D(0.1) (µm)
	D(0.5) (µm)
	D(0.9) (µm)

	Method precision

	Precision -1
	1.83
	6.14
	15.6

	
	Precision -2
	1.72
	5.97
	15.4

	
	Precision -3
	1.86
	6.51
	16.9

	
	Precision -4
	1.77
	6.31
	16.5

	
	Precision -5
	1.77
	5.88
	14.8

	
	Precision -6
	1.69
	5.76
	14.6

	Change in 
Sonication time
(33 Second)
	Robustness-4
	1.87
	6.11
	15.3

	
	Robustness-4
	1.79
	6.00
	15.1

	
	Robustness-4
	1.85
	5.99
	15.0

	
	Robustness-4
	1.74
	5.83
	14.7

	
	Robustness-4
	1.80
	5.82
	14.6

	
	Robustness-4
	1.71
	5.70
	14.4

	Mean
	1.78
	6.00
	15.2

	SD
	0.0608
	0.2359
	0.7740

	% RSD
	3.41
	3.93
	5.08





Robustness-5 (change in obscuration range to 10-15%)

Robustness-5 was assessed by determining the particle size for six replicates while varying the obscuration range from 10% to 15%, keeping other parameters constant. Particle size values D(0.1), D(0.5), and D(0.9) for six replicates are presented in Table 8, with cumulative averages and %RSD confirming the method’s robustness.
Table 8.Cumulative %RSD of method precision and Robustness-5

	Parameter
	Sample ID
	D(0.1) (µm)
	D(0.5) (µm)
	D(0.9) (µm)

	Method precision

	Precision -1
	1.83
	6.14
	15.6

	
	Precision -2
	1.72
	5.97
	15.4

	
	Precision -3
	1.86
	6.51
	16.9

	
	Precision -4
	1.77
	6.31
	16.5

	
	Precision -5
	1.77
	5.88
	14.8

	
	Precision -6
	1.69
	5.76
	14.6

	Change in 
obscuration range to 10–15%
	Robustness-5
	1.89
	6.16
	15.5

	
	Robustness-5
	1.88
	6.15
	15.4

	
	Robustness-5
	1.85
	5.93
	14.8

	
	Robustness-5
	1.88
	5.96
	14.8

	
	Robustness-5
	1.88
	6.06
	15.0

	
	Robustness-5
	1.88
	6.05
	15.0

	Mean
	1.83
	6.07
	15.4

	SD
	0.0697
	0.2011
	0.7090

	% RSD
	3.82
	3.31
	4.62




Robustness-6 (change in obscuration range to 25-30%)
Robustness-6 was assessed by determining the particle size for six replicates while varying the obscuration range from 30% to 25%, keeping other parameters constant. Particle size values D(0.1), D(0.5), and D(0.9) for six replicates are presented in Table 9, with cumulative averages and %RSD confirming the method’s robustness.

Table 9. Cumulative %RSD of method precision and Robustness-6
	Parameter
	Sample ID
	D(0.1) (µm)
	D(0.5) (µm)
	D(0.9) (µm)

	Method precision

	Precision -1
	1.83
	6.14
	15.6

	
	Precision -2
	1.72
	5.97
	15.4

	
	Precision -3
	1.86
	6.51
	16.9

	
	Precision -4
	1.77
	6.31
	16.5

	
	Precision -5
	1.77
	5.88
	14.8

	
	Precision -6
	1.69
	5.76
	14.6

	Change in 
obscuration range to 25–30%
	Robustness-6
	1.70
	6.02
	15.4

	
	Robustness-6
	1.68
	5.96
	15.2

	
	Robustness-6
	1.68
	5.81
	14.7

	
	Robustness-6
	1.70
	5.83
	14.7

	
	Robustness-6
	1.79
	6.85
	18.7

	
	Robustness-6
	1.76
	6.70
	18.2

	Mean
	1.75
	6.15
	15.9

	SD
	0.0604
	0.3663
	1.3931

	% RSD
	3.46
	5.96
	8.77




4. Conclusion


A robust, stable, and reproducible laser diffraction method was successfully developed and validated for the determination of particle size distribution (PSD) of Empagliflozin using the Malvern Mastersizer 3000. Systematic optimization of critical parameters including dispersant selection, refractive index, obscuration range, and stirring speed was carried out to ensure measurement accuracy and reproducibility. Among the evaluated dispersion media, sunflower oil demonstrated excellent compatibility with the hydrophilic nature of Empagliflozin, providing stable obscuration and minimal residual error (0.81%).
The optimized method, incorporating controlled sonication for 30 seconds and standardized sample preparation, achieved consistent and precise PSD results. 

Validation study of the developed procedure confirmed excellent precision, intermediate precision, and robustness, with %RSD values of 3.47%, 4.59%, and 5.92% for particles below 50 µm. In intermediate precision, the %RSD values were 5.74%, 4.99%, and 4.89%, and cumulative %RSD values for intermediate precision were 4.59%, 4.58% and 5.35%.

Overall, the developed and validated method provides a reliable analytical tool for routine particle size analysis of Empagliflozin, ensuring consistent particle size control and supporting product performance and regulatory compliance.
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