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ABSTRACT

Objective: With an emphasis on type 2 diabetes treatment, this work applied a QbD-based framework to design and optimize sustained-release
Remogliflozin etabonate tablets, intending to enhance therapeutic effectiveness and patient adherence for type 2 diabetes management.

Methods: The study implemented a full factorial design to explore how Eudragit L100 and microcrystalline cellulose influence drug release and
tablet hardness. The formulations were developed via direct compression and subjected to comprehensive evaluation, including pre-and post-
compression properties, dissolution Kkinetics, compatibility, stability, and in vivo pharmacokinetic behavior in Wistar rats. Statistical analysis and
formulation optimization were executed using Design Expert® software.

Results: All formulations met pharmacopoeial quality standards. The optimized formulation (F5) demonstrated 99.26+0.65 % cumulative drug
release within 10 h, with release kinetics best fitting the Korsmeyer-Peppas model with a correlation coefficient of R?=0.9976, indicating
anomalous diffusion. Pharmacokinetic studies revealed significantly lower Cmax (94.62+4.3 ng/ml vs. 127.51+6.1 ng/ml, p<0.01), prolonged Tmax
(5.84+1.28 h vs. 1.99+0.34 h, p<0.001), and enhanced systemic exposure (AUC,-: 2176.39+48.13 vs. 1987.96+37.24 ng h/ml, p<0.05; AUC,-«:
2598.81£73.42 vs. 2263.35£56.62 ng h/ml, p<0.05). The half-life of the optimized SR-matrix tablets (7.64+0.17 h) was significantly extended
compared to the marketed reference tablet (5.93+0.28 h, p<0.05). Accelerated stability testing confirmed consistent physical and chemical
attributes over 6 mo.

Conclusion: The QbD-driven approach successfully optimized RE SR-matrix tablets with robust sustained release behavior, improved
pharmacokinetic performance, and satisfactory stability. These findings suggest the formulation as a promising strategy for sustained glycemic
control and improved patient compliance in type 2 diabetes therapy.
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INTRODUCTION the advantage of simple manufacturing and scalability [10].
Synthetic polymers such as Eudragit L100 and MCC are commonly
employed due to their favourable physicochemical properties,
compatibility, and ability to tailor drug release profiles. These
excipients facilitate controlled drug diffusion and provide structural

integrity to the tablet matrix [11, 12].

The formulation of oral pharmaceutical products, whether intended for
immediate, sustained, or controlled release, necessitates careful
alignment of the physiological characteristics within the gastrointestinal
system. In addition to biopharmaceutical considerations such as
pharmacokinetics and pharmacodynamics, the formulation-specific

characteristics of a drug play a pivotal role in achieving effective systemic
delivery. Understanding these complex interdependencies is essential
for designing robust and efficacious oral dosage forms [1, 2].

In recent decades, modified-release formulations have attracted
prominence for their effectiveness, primarily due to their ability to
maintain prolonged therapeutic drug levels and reduce dosing
frequency [3]. The origin of such dosage forms dates back to the
early 20th century, marking the early efforts in extending drug
release to enhance therapeutic outcomes and patient adherence [4].

Among all delivery routes, the oral route is favoured for its convenience,
minimal invasiveness, and cost-effectiveness [5]. However, conventional
oral dosage forms often necessitate frequent dosing, resulting in
fluctuating plasma drug levels, reduced therapeutic efficacy, and
increased risk of side effects, particularly when dealing with drugs
characterized by short biological half-lives or narrow therapeutic indices
[6, 7]. These limitations have driven the advancement of sustained
release (SR) formulations, offering prolonged drug action and improved
consistency in plasma levels, which in turn supports better adherence
and treatment outcomes [8, 9].

Among various SR strategies, matrix-based systems have emerged as
one of the most reliable strategies for modulating drug release, with

Remogliflozin etabonate (RE), used in the treatment of type 2
diabetes as an SGLT2 inhibitor, has a short elimination half-life (~5-
6 h), necessitating twice-daily dosing [10, 11]. Designing an SR
matrix formulation for RE has the potential to extend systemic
exposure, maintain steady-state plasma concentrations, and reduce
dosing frequency, thereby improving patient adherence and
therapeutic efficacy [13, 14].

While in vitro dissolution studies provide insight into release kinetics,
pharmacokinetic (PK) evaluation is essential to confirm the in vivo
performance of SR formulations. By assessing parameters such as Cmax,
Tmax, AUC, and half-life, PK studies can validate whether the optimized
formulation achieves the desired sustained plasma levels.

The QbD principle provides a scientific foundation for systematic
formulation development by examining how material properties and
processing factors influence the final product quality [15]. Through
the identification of critical material attributes (CMAs) and critical
process parameters (CPPs), QbD enables a comprehensive
understanding of the formulation space [16, 17].

Employing a QbD strategy, this study aimed to design and optimize
SR matrix tablets of RE, employing Eudragit L100 and MCC as key
formulation variables. A full factorial design facilitated the
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systematic analysis of their effects on tablet hardness and
dissolution behavior, followed by pharmacokinetic profiling in
Wistar rats to confirm the in vivo performance of the optimized -
formulation. This approach is expected to yield a robust, patient-
friendly dosage form with improved bioavailability and clinical
outcomes.

MATERIALS AND METHODS
Materials

RE was kindly provided by Glenmark Pharmaceuticals, Nashik. All
other excipients of pharmaceutical grade, including Eudragit L100,
lactose, magnesium stearate, MCC, CMC, and talc, were sourced from
S. D. Fine Chem Ltd., Mumbai and a RP precoated C-18 TLC plate
from E. Merck Chemical, Mumbai. Analytical HPLC-grade methanol
was purchased from Merck Specialties Pvt. Ltd., Mumbai, India.
Orthophosphoric acid was procured from Qualigens (Thermo Fisher
Scientific). Triethylamine (TEA) was acquired from Merck. Ultra-
pure HPLC-grade water was obtained from Siddhi Lab, India.

Methods
Determination of Amax and linearity assessment

The UV spectrum of RE was recorded using a Jasco V-550
Spectrophotometer (Jasco Corporation, Japan) equipped with
Spectra manager software. To prepare the sample, 0.4 ml of the
stock solution was accurately measured and diluted with 0.1 N
hydrochloric acid to a final volume of 10 ml, yielding a concentration
of 40 pg/ml. The resultant solution was subjected to UV scanning in
the wavelength range of 200-400 nm to determine the maximum
absorbance wavelength Amax. The same procedure was repeated
using a phosphate buffer with a pH of 6.8 as the diluent. The Amax
obtained under both conditions was used to construct the
calibration curve for quantitative analysis [18].
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Compatibility profiling

Compatibility studies were conducted by preparing 1:1 physical
mixtures of RE with each formulation excipient. The samples were
stored at 4042 °C and 75+5% relative humidity in sealed containers.
FTIR analysis was performed using the KBr disc technique with an
FTIR-8400S instrument (Shimadzu, Japan) across the range of 4000-
400 cm™ to detect any potential chemical interactions [19].

Development and evaluation of SR-matrix tablet

The matrix tablets were prepared by direct compression method
due to its efficiency as detailed in table 1 [20, 21]. RE 100 mg per
tablet was achieved by adjusting the tablet's weight. All ingredients
were screened using a 60-micron sieve to ensure consistent particle
size distribution. RE, Eudragit L100 and MCC were blended in a
mortar, followed by addition of lactose as a diluent and then
homogenized in a rapid mixer granulator (RMG) at 150 rpm for 30
min. Finally, magnesium stearate and talc (2.5% w/w) were
incorporated as lubricant and glidant, respectively, and blended for
an additional 5 min. The final blend was compressed using a 10-
station ‘B’ tooling rotary tablet press (Karnavati) fitted with an 8
mm punch at a compaction pressure of 15.7 MPa. The tablets now
measure in at a more manageable 340 mg.

Experimental design

A full factorial design was implemented to investigate the influence
of Eudragit L100 (factor A) and MCC (factor B) on tablet hardness
and drug release. The independent variables were set at two levels:
Eudragit L100 and MCC. The design matrix and coded values are
summarized in table 1. The levels of two factors were selected based
on studies carried out before implementing the experimental design
using Design expert software Version 7 [22].

Table 1: Optimization design strategy

Independent variables
Label Factors Unit Level
Low level -1 High level +1
A Eudragit L100 20 25
B Microcrystalline cellulose (MCC) 10 15
Dependent variables
Responses Goal
Y1 Dissolution Rate (% CDR) Maximize
Y2 Hardness (kg/cm?) Maximize

Pre-and post-compression characterization

The powder mixture was assessed for flowability [23], whereas
post-compression evaluation of the formulated SR matrix tablets
comprised tests for physical attributes, diameter, thickness, and
friability [24, 25].

Dissolution profiling

The dissolution profiling was conducted employing a USP Type II
(paddle) apparatus at 37+0.5 °C. Paddle sinkers were used in
dissolution to avoid floating of tablets. The speed of paddle was 100
rpm. The dissolution study used 900 ml of release medium,
following USP standards for tablets. The release medium was 0.1 N
HCI for the first 2 h, followed by a phosphate buffer (6.8 pH) for the
remaining 8 h. At specified time points (every 1 h), 10 ml samples
were taken out, filtered, and assessed at 226 nm. The same
concentration of fresh dissolution medium was immediately added
to maintain sink conditions by considering sink index [21]. The
cumulative percentage of drug release was calculated and plotted
against time to assess the release profile [26, 27]. The release
kinetics was evaluated by fitting the data to various mathematical
models (zero-order, first-order, Higuchi, and Korsmeyer-Peppas).
Each experiment was performed in triplicate (n=3), and results are
expressed as mean+SD. The release rate and mechanism were
determined using the following equations:

Zero-order Kinetics:
Q. = Gy T Kyt
First-order Kinetics:

logQ, =log Qy — K,t/2.303
Higuchi model:
1
Q.= Ky Xtz
Korsmeyer-Peppas model:
Q./Q. = Kgp X t"

where; Q: is the amount of drug released at time (t), Q, is the initial
amount of drug, Q« is the amount of drug released at time (), K,, K,,
Ku, and Kkp are the release rate constants, and n is the release
exponent indicating the drug release mechanism [28].

Surface morphology

The surface morphology was assessed by scanning electron
microscope (SEM) (DSM 950, Zeiss, Germany) followed by in vitro
dissolution profiling at 1 h in 0.1 N HCI and 10 h in phosphate buffer
(pH 6.8). Following withdrawal from the dissolution medium, tablets
were lightly dried with tissue paper, positioned on copper stubs
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using double-sided adhesive tape, and coated with platinum to
enhance conductivity for SEM observation. SEM imaging parameters,
including working distance and detector settings, were optimized to

obtain high-resolution micrographs [29].

Stability study

Following the ICH stability testing protocol, the optimized

formulation of matrix tablet underwent accelerated conditions of

40+2 °C/75+5 % RH for six mo. The evaluation parameters,
including hardness, thickness, friability, and dissolution profile, were
monitored at 0, 3 and 6 mo. Triplicate measurements were obtained
for each parameter, followed by statistical assessment using one-
way ANOVA, taking p<0.05 as the threshold for statistical
significance. Stability under accelerated conditions was assessed by
comparing results over time with initial values [30].

In vivo experimental methods
Animal selection and approval

Male wistar rats (200 to 250 g, 7 to 8 w’ age) were taken from the
college animal house for the experiments. The animals were
confined and quarantined in cages for 8-10 days. The animals were
kept under typical laboratory settings, including a temperature of
25+1 °C, humidity of 50-65%, and a 12h light and dark cycle. The
experimental protocol was authorized by the IAE Committee of
PRES's College of Pharmacy (For Women), Nashik, under
registration number 1345/P0O/Re/S/10/CPCSEA.

Optimization of chromatographic conditions

A reverse-phase HPLC protocol was developed for the quantification
of RE in rat plasma using a 1260 Infinity I module (pump G7111A4,
degasser, UV detector SPD-10A VP, and auto injector G7129A). The
separation was achieved on a C18 column (Inertsil ODS-3V, 150 x
4.6 mm, 5 pm), selected based on the physicochemical properties of
RE and desired analytical performance. The mobile phase, consisting
of methanol and 0.2% triethylamine (80:20, v/v; pH adjusted to 3.0
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with 0.1% orthophosphoric acid), was optimized considering prior
reports [31]. The mobile phase was filtered through a 0.45 pm
membrane and degassed before and during use. Flow rates ranging
from 0.8 to 1.2 ml/min were evaluated with a fixed injection volume
of 20 pL, and optimal resolution with symmetrical peaks was
obtained at 1.0 ml/min and exhibited distinct retention times (R:) of
8.20 min for RE and detected at 226 nm.

Pharmacokinetic profiling

Pharmacokinetic profiling was performed in twelve healthy male wistar
rats to compare the systemic disposition of the optimized SR-matrix
tablets with a marketed reference formulation of RE. Both formulations,
equivalent to dose of rat (10 mg/kg), were triturated and suspended in
1% w/v CMC to ensure complete oral administration. A drug suspension
was administered orally using a feeding tube. Animals in Group A were
dosed with the optimized formulation, whereas Group B received the
marketed reference formulation at a body-weight adjusted equivalent
dose [32]. Rats were allowed water and food. After fasting for at least 12
h with free access to water, all the rats were given with RE dose,
respectively. Blood samples (~0.2 ml) were collected from the tail vein
puncture at 0, 0.5, 1, 2, 4, 6, 8 12, and 24 h post-dose. Plasma was
separated by centrifugation (3,000 rpm, 10 min) after collection into

sodium citrate-containing tubes. Protein precipitation was achieved by
mixing plasma with 10% perchloric acid (1:1 v/v), followed by vortexing
and re-centrifugation. The clear supernatant was stored at -70 °C until

analysis. Plasma drug concentrations were determined using a validated
bioanalytical method, and pharmacokinetic parameters (Cmax, tmax, AUCo-,
AUCow, and ti1/2) were calculated using Phoenix WinNonlin® software

[28,33].
RESULTS AND DISCUSSION

UV Analysis and calibration curve

The maximum absorption wavelength (Amax) of RE was observed at
226 nm in both 0.1 N HCl and phosphate buffer (pH 6.8) (fig. 1).
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Fig. 1: UV spectra of Remogliflozin etabonate in 0.1N HCL and phosphate buffer pH 6.8

The calibration curves demonstrated linearity across the tested
concentration range with high R? value (fig. 2), indicating a reliable
quantification method, consistent with previous studies on similar
reagents and supporting the use of UV-Vis spectrophotometry for RE

quantification.
Compatibility assessment

FTIR spectroscopy was used to test the compatibility of drug
excipients. RE, peaks were observed at 3517.98 cm?! for O-H

stretching, 2978.27 and 2926.73 cm! for aliphatic C-H stretching,
1744.42 cm? for ester C=0 stretching, 1609.86 cm™ for aromatic
ring C=C stretching, 1465.07 cm! for C-H bending, 1245.49 cm™ for
asymmetric stretching of C-0-C, 1059.71 cm? for C-O stretching.
FTIR spectra revealed no significant shift or disappearance of major
functional group peaks in the physical mixtures of RE with
excipients (fig. 3a to 3f). This indicates no interaction between RE
and formulation components, supporting their compatibility and
chemical stability during tablet processing [34].
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Fig. 2: Linearity assessment for remogliflozin etabonate
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Fig. 3c: Compatibility IR for Remogliflozin etabonate: MCC
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Fig. 3f: Compatibility IR for remogliflozin etabonate: Talc

Moreover, there was no evidence of drug degradation or
incompatibility upon visual inspection, suggesting that RE
maintained its stability with the selected excipients under stress
conditions. These findings confirm the suitability of the excipients
for use in the formulation.

Development and evaluation of SR-matrix tablet

The SR-matrix tablets were prepared by direct compression due to
its simplicity and efficiency. Although Eudragit L100 possesses a
high glass transition temperature and is generally processed by
granulation, its direct compression feasibility has been
demonstrated in combination with MCC, which enhances
compressibility and flow [35-37]. Lactose, used only as a diluent,
was not considered a release-modifying excipient, as its rapid

solubility limits influence on sustained release. Pre-screening (FTIR
and trial blends) confirmed no interaction with drug or polymers,
while flow indices (Carr’s Index ~12%, Hausner ratio<1.25, angle of
repose<30°) and dissolution at 6-8 h showed no significant
differences (p>0.05) between lactose-containing and lactose-free
blends. Thus, lactose was kept constant, and the factorial design was
restricted to Eudragit L100 and MCC as the critical formulation
variables [38, 39].

Pre-compression parameters

The powder blend from all the batches were evaluated for density
and flow property parameters, which includes bulk density, tapped
density, Carr’s index, Hausner’s ratio and angle of repose. The
results were expressed as follows in table 2.
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Table 2: Assessment of flow property

Batches Bulk density Tapped density Carr’s index Hausner’s ratio Angle of repose
F1 0.4384+0.0041 0.4996+0.0029 12.25+0.38 1.14+0.01 26.20£0.45
F2 0.4485+0.0025 0.4982+0.0033 9.96+0.22 1.11+0.01 25.34+0.38
F3 0.4271+0.0032 0.4830+0.0040 11.56+0.31 1.13+0.02 27.36x0.42
F4 0.4373+0.0029 0.5007+0.0035 12.67+0.44 1.15+0.01 26.74+0.46
F5 0.4250+0.0030 0.4928+0.0041 13.75+0.37 1.16+0.02 26.98+0.40
F6 0.4159£0.0042 0.4696+0.0038 11.44+0.35 1.13+0.01 24.45+0.39
F7 0.4465+0.0028 0.5037+0.0031 11.36x0.26 1.13+0.01 25.15+0.36
F8 0.4239+0.0031 0.4782+0.0029 11.35+0.29 1.13+0.01 25.34+0.35
F9 0.4342+0.0027 0.4868+0.0032 10.79+0.33 1.12+0.01 28.24+0.41

*Results reported as mean+SD, using triplicate observations.

The pre-compression parameters of all formulation batches (F1-
F9) were evaluated in triplicate and expressed as mean+standard
deviation. Flow indices were acceptable (Carr’s Index 10-13%,
Hausner’s ratio<1.11, angle of repose<30°) as per monographic
standards [40]. Statistical analysis using one-way ANOVA revealed
significant differences among the batches for all measured
parameters, including bulk density (F = 12.63, p<0.0001), tapped
density (F = 9.74, p<0.0001), Carr’s index (F = 10.89, p<0.0001),
Hausner’s ratio (F = 5.37, p = 0.0012), and angle of repose (F =
8.42, p<0.0001). These findings indicate considerable variation in
the flow and packing characteristics of the powder blends, likely

attributable to differences in excipient composition or processing
parameters across batches. The statistically significant variation in
flow indices underscores the importance of optimizing
formulation variables to ensure uniform powder behavior during
tablet compression. The low standard deviations observed across
all measurements further affirm the reliability and reproducibility
of the data.

Post compression parameters

Post-compression evaluations showed all nine batches (F1-F9)
complied with pharmacopoeial standards (table 3).

Table 3: Assessment of tablet quality attributes

Batches Thickness (mm) Diameter (mm) Friability (%)
F1 4.7+0.1 9.5+0.1 0.58+0.14
F2 4.5+0.2 9.3+0.2 0.59+0.18
F3 4.5+0.2 9.4+0.1 0.29+0.12
F4 4.8+0.3 9.5+0.1 0.59+0.16
F5 4.4+0.2 9.5+0.2 0.30+0.12
Fé6 4.5+0.2 9.3+0.2 0.29+0.17
F7 4.5+0.1 9.3+0.2 0.58+0.11
F8 4.6+0.3 9.4+0.2 0.57+0.14
F9 4.7+0.2 9.5+0.2 0.57+0.12

*Results reported as mean+SD, using triplicate observations.

Tablet thickness was consistent across all formulations, ranging from
4.5+0.1 to 4.84#0.3 mm. The tablets exhibited consistent hardness
around 7.520.5 to 9.0+0.5 kg/cm? indicating uniform compression.
Friability values (0.29+0.12% to 0.59+0.18%) were within the
acceptable limit of 1%, indicating suitable quality for SR tablets.

The physical evaluation of the compressed tablets revealed consistent
thickness across all formulations, indicating uniform die fill during
compression. The moisture retained within the porous structure of
MCC acts as an internal lubricant, facilitating slippage and flow among
individual ~microcrystals. This promotes efficient particle
rearrangement and further reinforces hydrogen bonding, ultimately
contributing to the excellent mechanical strength of the tablets [41].

Low friability further confirmed good mechanical resistance,
suggesting that the tablets are sufficiently durable to withstand
handling, packaging, and transportation without crumbling. The
combined use of MCC PH 102 and Eudragit L100 was found to
significantly reduce friability by enhancing matrix integrity, as
supported by previous studies on polymer-based sustained-release
systems [42].

Statistical evaluation using one-way ANOVA indicated significant
differences (p<0.05) in thickness, and friability values, indicating
variability in mechanical properties likely arising from formulation
or processing differences. In contrast, the tablet diameter did not
show significant inter-batch variability (p>0.05), suggesting
consistency in die fill and punch-die assembly. The observed
variation in hardness and friability emphasizes the need for precise
control over compression force and excipient ratios to ensure tablet
robustness and compliance with pharmacopoeial standards.

Optimization of SR-matrix tablet formulations

Constraints (goals) were placed on both the dependent (response)
and independent (factors) variables to arrive at the optimum
formulation. To study the effect of independent variables on
responses Design Expert 7.0 software was used. Experimental
design layout developed for 9 possible batches of RE SR-matrix
tablet as shown in table 4.

Effect of formulation variables on dissolution rate

The experimental data were analyzed by multiple regression
analysis and the coefficients of the model were used for the
significance levels (table 5). The drug dissolution rate (Y1) across the
9 runs ranged from 87.47+1.18 to 99.26+0.65 %. When the design
formulation findings were fitted into many models, a Quadratic
model was significant for dissolution rate (F = 19.8537, p = 0.0186).
The comparative values of R? of 0.9517 and the Adjusted R2 of
0.9228 are reasonably in agreement with % CV values 1.28. The
ratio of signal to noise is measured by Adequate Precision. A ratio of
at least 4 is preferred. Our ratio of 13.54 suggests that the signal is
adequate. Thus, this model can be used to navigate the design space.
The ANOVA confirmed significance for factors A, B, and AZ?. The F-
value for the model obtained through regression analysis was 32.86,
which implies the model was significant (table 6). Percentage of
Eudragit L100 and MCC in formulation having curvature impact on
dissolution rate of drug. As % Eudragit L100 increases, the
dissolution rate decreases. As % MCC increases in formulation, the
dissolution rate also decreases. Eudragit L100 is having a high
impact on dissolution rate as compared to MCC as its P value is very
low as compared to MCC.
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Table 4: The layout of the actual design of DOE

F. Code Factor Response

A: % Eudragit L100 B: % MCC Dissolution rate (% CDR) Hardness (kg/cm?)
F1 20 10 98.55+0.82 7.5+0.5
F2 20 12.5 98.25£0.76 8+0.5
F3 20 15 97.52+0.91 8£0.5
F4 225 10 98.44+0.88 7.5£0.5
FS 225 12.5 99.26£0.65 8.5£0.5
F6 225 15 96.45+0.93 8.5£0.5
F7 25 10 92.72+1.12 8£0.5
F8 25 12.5 89.45+1.05 8.5£0.5
F9 25 15 87.47+1.18 90.5
*Results reported as mean+SD, using triplicate observations.

Table 5: Model fit summary for response variables

Response variable Model F value Sequential p-value R? Adjusted R* % CV SD
Dissolution Rate (Y1) Quadratic 19.8537 0.0186 0.9517 0.9228 1.28 1.22
Hardness (Y2) Linear 17.57143 0.0031 0.8542 0.8056 2.70 0.22

Effect of formulation variables on tablet hardness

Hardness (Yz) values were observed in the range of 7.5+0.5 to 9+0.5
kg/cm2. The Linear model was significant (F = 17.57143, p = 0.0031)
as shown in table 5. The comparative values R? of 0.8542 and the
Adjusted R? of 0.8056 are reasonably in agreement with % CV values
as 2.70. Adequate precision, which measures the signal-to-noise ratio,
requires a minimum value of 4 for model acceptability; the obtained

ratio of 11.784 confirms the model’s adequacy. This model can be used
to navigate the design space. ANOVA revealed that both A and B
significantly affected hardness. The Model F-value of 17.57 implies the
model is significant (table 6). Percentage of Eudragit L100 and MCC in
formulation having impact on hardness. As % Eudragit L100 increases
hardness increases. As % MCC increases in formulation, hardness also
increases. MCC is having a high impact on hardness as compared to
Eudragit L100 as its P value is very low as compared to Eudragit L100.

Table 6: ANOVA results of response surface model

Source Sum of squares dr Mean square F-value p-value prob>F Significance
Dissolution rate

Model 145.828972 3 48.60966 32.85657 0.0010 Significant
A-Eudragit L100 101.517067 1 101.5171 68.61811 0.0004

B-MCC 11.3988167 1 11.39882 7.704766 0.0391

A? 32.9130889 1 32.91309 22.24684 0.0053

Residual 7.39725 5 1.47945

Corrected total 153.226222 8

Hardness

Model 1.70833333 2 0.854167 17.57143 0.0031 Significant
A-Eudragit L100 0.66666667 1 0.666667 13.71429 0.0100

B-MCC 1.04166667 1 1.041667 21.42857 0.0036

Residual 0.29166667 6 0.048611

Corrected total 2 8

The relationship between the dependent and independent variables was
further elucidated using contour and response surface plots (fig. 4).

Based on the combined evaluation of pre-compression, post-
compression and factorial design model data, the optimized
formulation was identified. This batch composed of 22.50% Eudragit
L100 and 12.50% MCC, demonstrated desirable physical properties
and a sustained drug release profile, making it the suggested
optimized batch for further kinetic and in vitro release studies.

Dissolution profiling

The in vitro evaluation of all the formulated batches were carried out
for 10 h by using 0.1N hydrochloric acid (0-2 h) and phosphate
buffer 6.8 pH (3-10 h) as dissolution medium and % CDR was
determined by using its respective equation of line. The physical
mixture of Eudragit L100 and MCC showed good sustained effect.
The dissolution study revealed that formulations F1-F3 released
nearly 98% of drugs within 7-8 h, indicating inadequate polymer
content to sustain release. Batches F4-F6 demonstrated controlled
release up to 10 h with complete drug release, suggesting an optimal
polymer concentration for sustained delivery. In contrast, F7-F9
exhibited slower release (87-93% at 10 h), likely due to higher
matrix density that restricted complete drug diffusion. A statistically

significant difference (P<0.05) was observed in the release behavior
of tablets containing different polymer ratios. Fig. 5 illustrates that
higher polymer concentration slowed drug release, which may result
from increased matrix density and extended diffusion distance.

The release Kkinetics of the optimized SR-matrix tablet (F5) was
evaluated using various mathematical models. The formulation
exhibited best fit with Korsmeyer-Peppas model (R* = 0.9976) with
the critical value of n=0.8997, followed by Higuchi model (R? =
0.9966), Zero order (R* = 0.9824), and First order (R? = 0.7545). To
elucidate the diffusional exponent, the experimental data were
applied to the Korsmeyer-Peppas equation. An n value within 0.5-1
reflects anomalous diffusion behavior, n<0.5 suggests Fickian
transport, while n>1 is indicative of super case Il relaxation-
controlled release [43]. The diffusional exponent (n = 0.8997)
obtained from the Korsmeyer-Peppas equation indicates anomalous
transport, suggesting that drug release is initially governed by
Fickian diffusion with subsequent contribution from polymer
relaxation. The high Higuchi R? value further supports diffusion as
the predominant mechanism, consistent with hydrophilic matrix
systems. These findings confirm that the proportions of Eudragit
L100 and MCC act as critical formulation variables in achieving
controlled release behavior of RE SR-matrix tablets.
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Fig. 4: Contour plots illustrating the effects of formulation variables on critical quality attributes of itraconazole-loaded FFG: (A) effect of
dissolution rate and (B) effect of hardness

Surface morphology

SEM analysis of the optimized RE SR-matrix tablet (fig. 6) revealed
minimal surface porosity in acidic medium (0.1N HCl, 1 h),
corresponding to the limited drug release observed during the initial
0-2 h. Exposure to pH 6.8 phosphate buffer (10 h) induced
pronounced surface pores, cracks, and partial erosion, facilitating

sustained drug diffusion. These morphological changes confirm a
biphasic release mechanism, where early diffusion is followed by
polymer relaxation and erosion, consistent with the Korsmeyer-
Peppas model (n = 0.8997). Furthermore, formulations with higher
polymer content exhibited denser surfaces with reduced porosity,
correlating with slower release and highlighting the role of matrix
density in modulating drug release kinetics.
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Stability study

The optimized SR matrix tablet of RE was subjected to accelerated
stability testing (40+2 °C/75%5% RH) over 6 mo which provides
predictive information about the long-term stability of the
formulation according to ICH Q1A(R2) guidelines (fig. 7). The
hardness exhibited a minor decrease from 8.5+0.5 kg/cm? at 0 mo to
8.0£0.5 kg/cm? at 6 mo, confirming that the mechanical strength of
the matrix was largely maintained. Thickness remained almost
constant (4.4+0.2 mm initially to 4.2+0.2 mm), reflecting good
dimensional stability. Friability showed a slight increase from
0.30£0.12 % to 0.34+0.15 %, but remained well below 1%, meeting
pharmacopoeial requirements and indicating the structural integrity
of the tablet. It may be due to MCC’s hygroscopicity. A minor
reduction in cumulative drug release was observed over the study
period, from 99.26+0.65% at 0 mo to 97.20+0.95 % at 6 mo, which
may be attributed to slight variations in polymer hydration and gel
formation during storage. Despite this, the sustained release profile
remained within acceptable limits, confirming that the drug release
performance was preserved. These findings confirm that physical
integrity and in vitro release characteristics of the optimized batch
remained unchanged, demonstrating excellent stability under ICH-
recommended conditions.

Overall, ANOVA results confirmed that the observed variations were
statistically insignificant (p>0.05), demonstrating that the optimized
RE SR-matrix tablets maintained their mechanical integrity, physical

attributes, and dissolution characteristics of

accelerated storage.

during 6 mo.

Based on ICH principles, formulations that remain stable under
accelerated conditions are expected to exhibit comparable stability
under long-term conditions (25+2 °C/60+5% RH) over 12-24 mo.
Therefore, the accelerated stability data provides scientific
justification that the optimized SR matrix tablets are likely to
maintain their mechanical integrity, physical attributes, and
sustained-release performance during long-term storage, and can
serve as a predictive indicator until formal long-term studies are
conducted.

In vivo drug performance

In vivo drug release studies of RE were carried out in rats plasma
using RP-HPLC protocols. The method exhibited good resolution and
a symmetric peak with R: of 8.20 min with no interfering peak at the
retention time of RE while the blank plasma was clean. Method
validation was conducted in accordance with the USFDA guidelines.
The overall % extraction recovery was 93.26 %, with a % CV of 1.78
% and the coefficient of determination was R2=0.9906, which
showed a good linearity level of the protocol. Sensitivity analysis at
the LLOQ showed acceptable values as 5 ng/ml with 2.68 % CV
which were below the 20 % limit; matrix effect CV<10%; accuracy
and precision within *15%. These results demonstrate reliable
plasma quantification.

397



M. A. Khan et al.

Int ] App Pharm, Vol 18, Issue 1, 2026, 389 -400

Hardness Thickness
9.5 4.8
"“; 9.0 =4.6-
= =}
= -
~—8.5- Z44-
- =
o) =z
_;l =
=8.0- =42
=
75+ T ! 4.0+ T 1
0 3 6 0 3 6
Time (Mo) Time (Mo)
Friability Dissolution study
0.6 —~100+
= |
=)
= 0.4- £ ] |
o B - - = 98- ‘
= 1 - B =
= :
=0.2- = ‘
= = |
= 967
0.0 . = . 1
0 3 6 0 3 6
Time (Mo) Time (Mo)

Fig. 7: Stability study-parameter trends over 6 mo (Mean+SD)

Pharmacokinetic profiling

The pharmacokinetic characteristics were assessed and results are
summarized in table 7 and fig. 8. The optimized SR formulation
exhibited a significantly lower Cmax (94.62%4.3 ng/ml) compared to the
marketed reference tablet (127.51+6.1 ng/ml, p<0.01), along with a
significantly prolonged Tmax (5.84+1.28 h vs. 1.99+0.34 h, p<0.001),
indicating a controlled and sustained drug release profile. Also, AUCo-t
for the SR tablets (2176.39+48.13 ng h/ml), was significantly higher
than that of the marketed reference (1987.96+37.24 ng h/ml, p<0.05),
suggesting improved systemic exposure. Likewise, the AUCo—c0 of the
SR formulation (2598.81+73.42 ng h/ml) was significantly greater
than that of the marketed reference (2263.35+56.62 ng h/ml, p<0.05),
confirming enhanced oral bioavailability.

The optimized formulation also demonstrated a prolonged
elimination half-life (t,/,) of 7.64+0.17 h compared to 5.93+0.28 h for

the marketed reference (p<0.05). This moderate but statistically
significant extension of half-life indicates sustained systemic
retention of the drug, consistent with the intended controlled-
release mechanism. Since pharmacokinetic sampling over =3 half-
lives is generally sufficient to characterize the elimination phase, the
24 h window (#3.1 half-lives) provided adequate coverage for
reliable estimation of t,;,, AUC, and clearance. Moreover, plasma
concentrations at 24 h approached baseline levels, suggesting that
the terminal elimination phase was appropriately captured so not
extended to 48 h [37, 44].

Collectively, these pharmacokinetic findings highlight that the
optimized SR-matrix tablets achieved superior in vivo performance
compared with conventional formulations (p<0.05), thereby
supporting their potential clinical utility for sustained glycemic
control.

Table 7: Outcomes of pharmacokinetic parameters

Parameter Marketed reference Optimized SR matrix tablets
Cmax (ng/ml) 127.51+6.1 94.62+4.3

Trmax (h) 1.99+0.34 5.84 +1.28

AUCo-t (ng h/ml) 1987.96+37.24 2176.39 +48.13

AUCo-» (ng h/ml) 2263.35+£56.62 2598.81£73.42

tiy2 (h) 1.93+0.28 7.64+0.17

*value are expressed as mean#SD (n = 6); Cmax: maximum plasma concentration; Tmax: time to reach Cmax; AUCo-+: area under the curve from time 0 to
last measurable concentration; AUCy-«: area under the curve from time 0 extrapolated to infinity; t;/2: elimination half-life.
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CONCLUSION

The study successfully demonstrated the application of QbD
principles in designing and optimizing SR-matrix tablets of RE. The
combination of Eudragit L100 and MCC provided tablets with
desirable mechanical properties and reproducible sustained-release
behavior. The optimized batch (F5) achieved nearly complete drug
release within 10 h, exhibited an anomalous diffusion mechanism,
and maintained physicochemical stability over 6 mo of accelerated
storage. Pharmacokinetic profiling confirmed prolonged systemic
exposure and improved bioavailability, highlighting the potential of
this formulation for enhancing therapeutic efficacy and patient
adherence in type 2 diabetes management. Future work should
focus on long-term stability, swelling/erosion behavior, and
advanced characterization to establish robustness and clinical
reliability, thereby facilitating large-scale development and
therapeutic translation.
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