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ABSTRACT

	Scope and objective: The present study aimed to comparatively evaluate floating and non-floating controlled-release formulations of Metformin HCl to understand the influence of formulation composition and processing variables on gastroretentive behavior, drug release characteristics, and pharmacokinetic performance. The study particularly focused on the role of rate-controlling polymer, binder grade, and granulation process in modulating formulation performance and bioavailability.
Methodology: Floating gastroretentive tablets of Metformin HCl were developed using Eudragit NE 30D as the rate controlling polymer and polyvinyl alcohol (PVA) as the granulating binder through a low-shear fluid bed granulation process. Both floating and non-floating controlled-release systems were formulated and optimized to assess the impact of binder grade and formulation parameters on tablet performance. The prepared formulations were evaluated for physicochemical properties, in vitro buoyancy behavior, swelling index, matrix erosion, and dissolution profile. In addition, in vivo gastric retention and pharmacokinetic performance were assessed in healthy human volunteers.
Results: The optimized floating formulation (MTH3) demonstrated rapid flotation within 20 seconds and sustained buoyancy for more than 16 hours. In contrast, non-floating optimized formulation (MTH6) prepared with lower grades of PVA as a binder with addition of controlled release polymer maintained controlled drug release characteristics. Dissolution studies showed prolonged and near-complete drug release from both the formulations. Drug release kinetics for both the formulations followed Higuchi model, indicating a combined diffusion and matrix erosion mechanism. Stability studies confirmed consistent dissolution similarity (f₂), demonstrating formulation robustness. In vivo pharmacokinetic evaluation revealed higher systemic exposure for the floating formulation compared with the non-floating system. The optimized floating tablets met bioequivalence criteria relative to the reference listed drug, whereas the non-floating formulation failed to achieve bioequivalence.
Conclusions: The study demonstrates that formulation variables such as rate-controlling polymer selection, binder grade, and granulation conditions significantly influence the gastroretentive properties, drug release kinetics, and bioavailability of controlled-release Metformin HCl tablets. The optimized floating system provided improved gastric retention and enhanced systemic exposure, successfully achieving bioequivalence with the reference product, highlighting its potential as an effective gastroretentive controlled-release formulation.
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ABBREVIATIONS

PVA		: Polyvinyl Alcohol 
CR		: Controlled-release
T2DM		: Type 2 diabetes mellitus
GRDDS	: Gastroretentive drug delivery systems
FDDS		: Floating drug delivery systems
FLT		: Floating Lag Time
TFT		: Total Floating Time
ANOVA		: Analysis of Variance
CI		: Confidence Interval
1. INTRODUCTION

Oral administration remains the most favored route for drug delivery because of its convenience, cost-effectiveness, and high patient compliance. However, conventional immediate-release dosage forms often require multiple daily dosing and may produce fluctuations in plasma drug concentrations, potentially compromising therapeutic efficacy and safety (Palem et al., 2025; Palem et al., 2025; Palem et al., 2015). (CR) technologies have therefore gained substantial attention as they enable prolonged drug release, reduced dosing frequency, and improved maintenance of therapeutic levels (Palem et al., 2016).

Diabetes mellitus, particularly Type 2 diabetes mellitus (T2DM), represents a major and growing global health burden. It is characterized by insulin resistance and progressive pancreatic β-cell dysfunction, leading to chronic hyperglycemia and associated microvascular and macrovascular complications. Effective long-term glycemic management requires sustained pharmacotherapy, highlighting the importance of optimized oral drug delivery systems (Ali et al., 2007; Patel et al., 2016).

Metformin hydrochloride, a biguanide derivative and Biopharmaceutics Classification System (BCS) Class III drug, is widely recommended as first-line therapy for T2DM. Its antihyperglycemic effect primarily results from suppression of hepatic gluconeogenesis and enhancement of peripheral glucose uptake. Despite its clinical benefits, Metformin HCl exhibits certain pharmacokinetic limitations, including a relatively short elimination half-life, moderate oral bioavailability (approximately 50–60%), and a preferential absorption window in the upper small intestine. These characteristics necessitate frequent dosing and may reduce patient adherence (Palem et al., 2025). Consequently, formulation strategies that prolong gastric residence time and provide controlled drug release within the proximal gastrointestinal tract are of considerable therapeutic interest.

Gastroretentive drug delivery systems (GRDDS) have emerged as a promising approach to enhance the bioavailability of drugs with narrow absorption windows. Among these, floating drug delivery systems (FDDS) are designed to remain buoyant in gastric fluids for extended durations, thereby prolonging gastric retention without interfering with physiological motility. By maintaining the dosage form in the stomach, floating systems can facilitate sustained drug release in the region where absorption is optimal (Senjoti et al., 2016; Rao et al., 2011). In contrast, non-floating controlled-release matrices rely solely on polymeric modulation of drug diffusion and matrix erosion without contributing to gastric retention. A direct comparison between floating and non-floating CR systems provides valuable insight into the relative contribution of gastroretention versus matrix control in modulating drug release and systemic exposure (Jiménez-Castellanos et al., 1994). 

The present investigation was therefore undertaken to comparatively develop and evaluate floating and non-floating controlled-release tablets of Metformin HCl. Floating formulations were designed using Eudragit NE 30D as a rate-controlling polymer and polyvinyl alcohol (PVA) as a granulating binder, with granules prepared via a low-shear fluid-bed granulation process. 

Non-floating matrices were developed using comparable compositions but modified binder characteristics to eliminate buoyancy. A systematic optimization approach was employed to assess the influence of polymer concentration, binder grade, and granulation parameters on physicochemical properties, buoyancy behavior, drug release kinetics, gastric retention, and pharmacokinetic performance. Through integrated In Vitro and In Vivo Characterization, this study aims to elucidate formulation-dependent differences in release mechanisms, gastroretentive behavior, and bioavailability, thereby providing a rational framework for the development of robust controlled-release Metformin HCl tablets.

2. MATERIALS AND METHODS

2.1 Materials
 
Metformin hydrochloride, Wanbury Limited, India; Colloidal Silicon Dioxide, NF /Aerosil 200 Pharma, Evonik Degussa Corp, USA; Polyvinyl Alcohol, Nippon Synthetic Chemical Industry, Japan; Crospovidone, NF / Polyplasdone XL, /Ashland/ISP; Glyceryl Dibehenate, NF,  Gattefosse; Eudragit NE 30D, Evonik, USA; Methocel K100M Premium, IFF Pharma Solutions; Polysorbate 80 NF, Croda Inc, USA; Talc, Imerys, Paris; Polyethylene Glycol, Dow Chemical Company, USA and Titanium Dioxide, Brenntag Specialities Inc, USA were purchased and all other chemicals and reagents used were of Analytical Grade. 

2.2 Preparation of Metformin HCl Floating and Non-Floating tablets

Floating tablets of Metformin HCl were prepared using a fluid-bed granulation technique with a high-viscosity binder. A Polyvinyl Alcohol (PVA 40 cps) solution was prepared by dissolving the polymer in purified water maintained at 70-80°C, followed by cooling to room temperature. Metformin HCl was passed through a #20 mesh sieve and blended with colloidal silicon dioxide for 10 minutes to ensure uniform mixing. The powder blend was then granulated in a fluid-bed processor using the PVA 40 cps binder solution under optimized process parameters. Non-floating controlled-release tablets were prepared using the same granulation procedure; however, a low-viscosity PVA (3 cps) binder solution was employed and sprayed at a higher rate to modify matrix formation and prevent floating behavior. Following granulation, the dried granules from both formulations were sieved and milled. For the non-floating formulation, Methocel K100M premium was incorporated during the blending stage to achieve controlled drug release. Crospovidone was added as a functional excipient to both formulations, and the blends were lubricated with magnesium stearate for 5 minutes. The final blends were compressed into tablets using modified oval-shaped tooling (Palem et al., 2025).

Only the floating matrix tablets were further coated with Eudragit NE 30D under optimized coating conditions at varying weight gains to impart buoyancy and achieve the desired controlled-release profile. The non-floating tablets were not subjected to coating.

2.3 Swelling and Erosion of Non-Floating matrix tablets

The swelling behavior of the three different concentrations of Methoel K100M containing low (MTH5), optimum (MTH6) and high (MTH7) concentrations of non-floating Metformin HCl matrix tablets was evaluated gravimetrically. The study was performed using USP Dissolution Apparatus II (paddle type). Each tablet was accurately weighed using a calibrated analytical balance (Sartorius Secura 225D) to obtain the initial weight (W₀). The pre-weighed tablet was placed in the dissolution vessel containing 900 mL of 0.1 N hydrochloric acid buffer (pH 1.2), maintained at 37 ± 0.5 °C. At predetermined time intervals, the tablet was carefully removed from the medium, gently blotted with filter paper to eliminate excess surface moisture, and reweighed to determine the swollen weight (Wt). The percentage swelling at each time point was calculated using Equation (1), based on the increase in tablet weight attributable to liquid uptake (Bajd et al., 2024). Following completion of the swelling study, the hydrated tablets were dried in a convection oven at 40 °C for 12 h to a constant weight. The dried tablets were then cooled to room temperature in a desiccator and reweighed. Matrix erosion at each sampling interval was calculated as a percentage using Equation (2), based on the difference between the initial dry weight and the final dried weight.

     ----- (1)

 ----- (2)

2.4 In vitro buoyancy studies for Floating tablets

The in vitro buoyancy was performed according to the method described by Jimenez Rosa. (Jiménez-Castellanos et al., 1994; Pawar et al., 2021). The time required for the tablet to rise to the surface and float, floating lag time (FLT) expressed in seconds (s) and the total floating time (TFT) expressed in hours (h) were determined. The results represent the average of 3 measures.

2.5 In Vitro Dissolution Study

The in vitro drug release profile of Metformin HCl from the developed floating and non-floating matrix tablets was evaluated using the USP Dissolution Apparatus II (paddle method). Dissolution testing was performed in 1000 mL of phosphate buffer (pH 6.8) maintained at 37 ± 0.5 °C. The paddle rotation speed was set at 100 rpm to appropriately assess the sustained-release performance of the formulations. One tablet was placed in each dissolution vessel, and at predetermined time intervals (1, 2, 3, 4, 6, 8, 10, 12, 14, 16, and 20 h), 10 mL samples were withdrawn. An equal volume of fresh dissolution medium, pre-equilibrated to the same temperature, was immediately replaced after each sampling to maintain constant volume and sink conditions. The collected samples were filtered, suitably diluted where necessary, and analyzed using a validated high-performance liquid chromatography (HPLC) method to quantify the amount of drug released (Palem et al., 2025).

2.6 Release Kinetic Modelling

The in vitro release data of Metformin HCl from the developed formulations were analyzed using various mathematical models to elucidate the underlying drug release mechanisms. The dissolution profiles were fitted to zero-order, first-order, Higuchi, and Korsmeyer-Peppas kinetic models. The goodness of fit for each model was evaluated using the coefficient of determination (R²), and the model exhibiting the highest R² value was considered to best describe the release behavior. For the Korsmeyer-Peppas model, the release exponent (n) was calculated to characterize the mechanism of drug transport, such as Fickian diffusion, anomalous transport, or erosion-controlled release (Palem et al., 2012; Higuchi, 1961; Higuchi, 1963). In addition, the relationship between cumulative drug release and matrix erosion of the floating tablets was examined to better understand the contribution of polymer relaxation and matrix degradation to the overall release process.

2.7 In Vivo Floating Buoyancy Study

The in vivo gastric retention behavior of the developed floating tablets was evaluated in healthy human volunteers using radiographic imaging. To facilitate visualization under X-ray, barium sulfate (BaSO₄) was incorporated into the tablet formulation at an optimized concentration to impart radiopacity without altering the floating characteristics of the dosage form. Four healthy male volunteers (mean age: 25 years; mean body weight: 65 kg) participated in the study after providing written informed consent. The study protocol was reviewed and approved by the Institutional Ethics Committee of the University College of Pharmaceutical Sciences, Kakatiya University, Warangal. All participants fasted overnight prior to tablet administration. Each subject received a single floating tablet with 150 mL of water under fasting conditions. No food or additional fluids were allowed during the study period to minimize variability in gastric motility. Radiographic images were obtained at predetermined time intervals using a digital X-ray imaging system (Konica Minolta; Siemens, Karlsruhe, Germany). Anterior-view radiographs were captured to determine the intragastric location, floating behavior, and duration of gastric residence of the tablet throughout the observation period (Rao et al., 2011; Gopaiah et al., 2024).

2.8 Bioavailability and Bioequivalence studies of Optimized Floating and Non-floating Metformin HCl tablets

The bioavailability of the optimized floating (MTH3) and non-floating (MTH6) Metformin HCl tablets were evaluated in healthy human volunteers in accordance with an approved bioequivalence (BE) study protocol and applicable regulatory guidelines and the bioequivalence was performed with reference listed drug (GLUCOPHAGE®). The study protocol was reviewed and approved and written informed consent was obtained from all participants prior to enrollment. The study was conducted as a randomized, open-label, single-dose, two-treatment, two-period, crossover trial under fasting conditions. Healthy adult volunteers who met predefined inclusion and exclusion criteria were enrolled following medical screening, including physical examination, laboratory investigations, and assessment of vital signs. Eligible subjects were randomly assigned to one of sequences to receive either the optimized floating formulation, the optimized non-floating formulation or GLUCOPHAGE® (RLD) in the first study period, followed by the alternate formulation after a suitable washout period (not less than seven half-lives of Metformin HCl) to prevent carryover effects. Following an overnight fast of at least 10 hours, a single dose of the assigned formulation was administered orally with 240 mL of water. Standardized meals were provided at scheduled times after dosing, and water intake was controlled according to the study protocol. Venous blood samples were collected at pre-dose (0 h) and at predetermined time points post-dose over an adequate sampling duration to characterize the absorption and elimination phases of Metformin HCl. Blood samples were collected into appropriate anticoagulant-containing tubes and centrifuged to separate plasma, which was stored at −20 °C or below until analysis. Plasma concentrations of Metformin HCl were quantified using a validated LC–MS/MS method, in accordance with regulatory guidelines for bioanalytical method validation. The assay was validated for selectivity, accuracy, precision, linearity, recovery, and stability. Pharmacokinetic parameters were calculated using non-compartmental analysis. The primary pharmacokinetic parameters included maximum plasma concentration (Cmax), time to reach maximum concentration (Tmax), area under the plasma concentration-time curve from time zero to the last measurable concentration (AUC0–t), and area under the curve extrapolated to infinity (AUC0–∞). Additional parameters such as elimination half-life (t½) and elimination rate constant (Ke) were also determined. Bioequivalence between the floating/non-floating formulation versus RLD was assessed by statistical comparison of log-transformed Cmax, AUC0–t, and AUC0–∞ values using analysis of variance (ANOVA). The 90% confidence intervals (CIs) for the geometric mean ratios (test/reference) were calculated. Bioequivalence was concluded if the 90% CIs for the primary pharmacokinetic parameters fell within the predefined acceptance range of 80.00%–125.00%.

3. RESULTS AND DISCUSSION

Metformin HCl floating and non-floating controlled-release tablets were successfully developed using low-shear fluid-bed top-spray granulation approach. The optimized granulation parameters enabled consistent binder distribution, uniform granule growth, and reproducible drying profiles for both formulations. The influence of binder viscosity on granule characteristics, tablet properties, and functional performance was critically evaluated. Granules prepared with high-viscosity polyvinyl alcohol (PVA 40 cps) exhibited superior cohesiveness and structural integrity compared to those prepared with low-viscosity PVA (3 cps). The higher-viscosity binder generated stronger interparticulate bridges during granulation, resulting in denser and more uniformly sized granules. Consequently, these granules demonstrated improved flow properties, as evidenced by flow properties and compressibility index values in Table 1. In contrast, granules produced using low-viscosity PVA (MTH1 & MTH2) required a higher spray rate to achieve adequate agglomeration, which led to comparatively weaker granule strength and broader particle size distribution. Although acceptable flow was achieved after milling and sieving, the mechanical robustness of these granules was relatively lower than that of the high-viscosity formulation. The improved granule characteristics of the high-viscosity PVA (MTH3) system translated into enhanced tablet performance. Tablets prepared with PVA 40 cps showed higher hardness, lower friability, and superior dimensional uniformity, indicating efficient die filling and compression behavior. These findings suggest that the increased viscosity of the binder contributed to stronger matrix formation and improved mechanical integrity during compaction. For the non-floating formulation, incorporation of Methocel K100M during blending facilitated the formation of a hydrophilic gel matrix upon hydration, enabling controlled drug release. The absence of a coating layer in this formulation allowed direct interaction between the hydrated matrix and dissolution medium, resulting in a diffusion- and erosion-controlled release mechanism. In contrast, the floating tablets relied primarily on the high-viscosity PVA matrix in combination with an external coating of Eudragit NE 30D. The aqueous dispersion coating, applied at optimized weight gains, formed a semi-permeable polymeric film that modulated water ingress and drug diffusion. The coating also reduced tablet density and contributed to buoyancy behavior (MTH3). The combined effect of a cohesive internal matrix and controlled permeability of the outer coating enabled sustained drug release while maintaining gastric retention potential. Only the PVA 40 cps-based tablets subjected to Eudragit NE 30D coating demonstrated reproducible floating characteristics. The optimized coating level provided rapid floating onset with prolonged buoyancy duration, indicating adequate density reduction and matrix stability in simulated gastric conditions. The non-floating tablets, prepared with low-viscosity PVA and Methocel K100M, remained submerged throughout the study, confirming the effectiveness of formulation strategy in differentiating floating and non-floating systems. Collectively, these findings establish the critical role of binder viscosity and post-compression coating in modulating matrix architecture, buoyancy behavior, and drug release performance in controlled-release Metformin HCl tablet formulations.


Table 1. Comparative physicochemical evaluation of lubricated blend and finished tablets

	TEST
	MTH1
	MTH2
	MTH3
	MTH4#
	MTH5
	MTH6
	MTH7

	Binder type
	(PVA 3 cp)
	(PVA 20-50 cp)
	(PVA 40 cp)
	(PVA 40 cp)
	(PVA 3 cp) 

	(PVA 3 cp)
	(PVA 3 cp) 

	Rate controlling polymer
	Eudragit NE 30D 
	Eudragit NE 30D 
	Eudragit NE 30D 
	Eudragit NE 30D
	Methocel K100M Low
	Methocel K100M Optimum
	Methocel K100M High

	BD (g/mL)
	0.71
	0.63 
	0.40 
	0.52
	0.51
	0.45
	0.50

	TD (g/mL)
	0.76
	0.68
	0.52
	0.68
	0.70
	0.51
	0.80

	Carr’s Index
	6.58
	7.35
	23.08
	23.53
	27.14
	13.73
	37.50

	Hausner’s Ratio
	1.07
	1.06
	1.25
	1.31
	1.34
	1.21
	1.60

	LOD (%)
	0.66
	0.71
	0.77
	0.80
	0.85
	0.75
	0.90

	Weight variation (%)
	1220 ± 2.0
	1220 ± 1.5
	1220 ± 1.0
	1220 ± 1.2
	1220 ± 2.0
	1220 ± 1.0
	1220 ± 1.0

	Thickness (mm)
	7.31 – 7.38
	7.24 – 7.32
	7.16 – 7.24
	7.12 – 7.20
	7.20 – 7.30
	7.15 – 7.25
	7.15 – 7.25

	Hardness (kP)
	15 ± 3
	15 ± 3
	15 ± 3
	15 ± 3
	16 ± 2
	16 ± 2
	16 ± 2

	Friability (%)
	0.31%
	0.20%
	0.22%
	0.12%
	0.14
	0.08
	0.04

	Tablet Assay (%)
	99.1%
	99.5%
	100.6%
	99.8%
	98.7
	100.4
	99.5

	Floating lag time (seconds)
	Not Floated
	Not Floated
	30
	5400
	NA
	NA
	NA

	Floating buoyancy time (h)
	Not Floated
	Not Floated
	16
	10
	NA
	NA
	NA

	SI (%)
	35
	50
	68
	48
	50
	60
	70

	Erosion (%)
	50
	42
	20
	38
	40
	26
	20


# Formulation prepared with low spray rate during granulation; NA – Not applicable; BD - Bulk Density; TD-Tapped Density; SI - Swelling index  

3.1 Swelling and Erosion results

The swelling and erosion behavior of non-floating Metformin HCl matrix tablets (MTH5–MTH7) prepared with varying concentrations of HPMC K100M and PVA (3 cp) as binder demonstrated a clear polymer concentration-dependent response in 0.1 N HCl. All formulations exhibited progressive hydration upon exposure to dissolution medium; however, the magnitude and kinetics of swelling differed significantly. MTH5 (low HPMC level) showed rapid initial water uptake due to faster medium penetration into the relatively less dense matrix, resulting in moderate swelling that plateaued at later time points. In contrast, MTH6 (optimum HPMC level) displayed controlled and sustained hydration with formation of a uniform and coherent gel barrier, leading to gradual and consistent swelling throughout the study period. MTH7 (high HPMC level) demonstrated the highest swelling index, attributable to the formation of a thick, highly viscous gel layer that enhanced liquid uptake while maintaining excellent matrix integrity. The swelling order was observed as MTH7 > MTH6 > MTH5, confirming the critical role of polymer concentration in modulating gel strength and hydration dynamics (Asula et al., 2015; Palem et al., 2011).

Matrix erosion studies further substantiated these findings. MTH5 exhibited the highest percentage erosion, reflecting insufficient gel robustness and increased polymer disentanglement in the acidic medium. MTH6 showed moderate and controlled erosion, indicating a balanced interplay between polymer swelling and surface dissolution. In contrast, MTH7 demonstrated minimal erosion due to the presence of a dense and stable gel barrier that effectively restricted polymer loss. The erosion pattern followed the order MTH5 > MTH6 > MTH7. Collectively, the results indicate that increasing HPMC K100M concentration enhances gel layer formation, reduces matrix erosion, and improves structural integrity. Among the evaluated formulations, MTH6 provided an optimal balance between swelling and erosion, which is essential for achieving consistent controlled-release performance in non-floating hydrophilic matrix tablets of Metformin HCl.

[image: ]
Figure 1: Visual representation of the in vitro buoyancy behaviour of Metformin HCl floating tablets at initial and progressive time points and Radiographic visualization of the in vivo buoyancy profile of the optimized MTH3 formulation at different time points.
3.2 In vitro buoyancy results

The in vitro buoyancy results presented in Table 1 demonstrate a clear dependence of floating performance on the viscosity grade of the PVA incorporated into the formulation. A distinct trend emerged wherein formulations containing higher-viscosity PVA exhibited markedly improved buoyancy characteristics compared with those containing lower-viscosity grades. Among all formulations, MTH3 formulated with 40cP PVA showed the most desirable floating behavior, characterized by a rapid floating lag time of approximately 20 seconds and a prolonged total floating duration exceeding 16 hours. This superior buoyancy can be attributed to the enhanced gel-forming ability and stronger hydration characteristics of the higher-viscosity polymer. Upon contact with medium, the 40 cP PVA likely forms a more cohesive and robust gel layer, which facilitates rapid entrapment of air within the matrix and promotes early onset of floatation. The thicker hydrated barrier also slows fluid ingress, enabling sustained buoyancy over extended periods.

In contrast, formulations containing lower-viscosity PVA grades (MTH1 and MTH2) failed to float under test conditions. Lower-viscosity polymers typically exhibit weaker gel structures and reduced matrix-forming ability, leading to insufficient swelling and inadequate air entrapment, thereby preventing the generation of the necessary buoyant force. These findings suggest that low-viscosity PVA is unable to support the matrix integrity required for floating tablet systems. Additionally, the formulation MTH4, manufactured using a slow spray rate during granulation, displayed a significantly prolonged floating lag time of approximately 90 minutes and a reduced total floating duration of around 10 hours. The extended lag time in this batch may be attributed to suboptimal granule densification resulting from the slow spray rate, which can lead to a more compact matrix with slower hydration kinetics. Such structural differences could delay gel-layer formation and hinder the rapid entrapment of air, thereby reducing the efficiency and duration of floatation. Overall, these results confirm that both the viscosity grade of PVA and the granulation spray rate play crucial roles in determining the buoyancy performance of Metformin HCl floating tablets. Higher-viscosity polymers, combined with optimized granulation conditions, appear essential for achieving rapid and sustained floatation in gastroretentive dosage forms.


3.3 In vitro dissolution results

The in vitro drug-release studies demonstrated clear differences in release behavior among the formulations, indicating that both polymer characteristics and granulation process parameters played significant roles in modulating drug-release kinetics. As shown in Figure 2, formulation MTH3 achieved a prolonged release extending up to 16 hours, delivering 96.2% of metformin HCl within the study duration. This sustained profile suggests that the formulation developed a stable and coherent gel matrix capable of controlling water penetration and drug diffusion over an extended period. In contrast, formulations MTH1, MTH2 and MTH5 released more than 85% of the drug within 8 and 10 hours, respectively, indicating insufficient retardation capacity. These faster release profiles likely result from the use of lower-viscosity polymer grades or lower concentration of Methocel K100M which can lead to weaker gel formation and faster matrix hydration. As a result, rapid polymer dissolution and enlarged diffusion pathways facilitate accelerated drug release. The inability of MTH1, MTH2 and MTH5 to maintain the structural integrity of the gel layer throughout the dissolution test aligns with their previously observed high erosion and low swelling behavior.

Formulation MTH4 & MTH7, although prepared using a different spray-rate setting during granulation and higher level of Methocel K100M, also prolonged drug release to 16 hours, reaching 75.9% & 66.4% cumulative release respectively. The slower drug release in MTH4 and MTH7 compared to MTH3 and MTH6 indicates that process parameters such as spray rate & high polymer concentration significantly influence granule morphology and matrix compaction. A slower spray rate may lead to denser granules with slower hydration kinetics, thereby delaying drug diffusion. However, the incomplete release with high polymer concentration formulation suggests that the matrix formed under these conditions may have been overly compact or insufficiently hydrated, restricting complete drug diffusion over the test period. Overall, the dissolution findings reinforce the interplay between polymer viscosity, polymer concentration, and granulation spray rate in determining drug-release behavior. Formulations containing optimum concentration polymers and optimized granulation conditions (MTH3 & MTH 6) demonstrated extended and controlled release, consistent with the requirements for gastroretentive and sustained-release systems. Conversely, formulations with lower polymer viscosity or suboptimal processing parameters failed to maintain prolonged release due to inadequate gel formation and accelerated matrix erosion. These results support the critical role of polymer characteristics and granulation process optimization in achieving predictable and sustained drug-release profiles.



Figure 2: Comparative in vitro dissolution profiles of Metformin HCl floating tablet formulations in phosphate buffer (pH 6.8)

3.4 Release kinetics:

To elucidate the release mechanism of Metformin HCl from the floating tablets, the in vitro dissolution data were analyzed using various kinetic models commonly applied to matrix-based controlled-release systems (Higuchi, 1963, Costa et al., 2001). The models evaluated included zero-order, first-order, Higuchi, and Korsmeyer-Peppas equations.

When the cumulative drug release was plotted as a function of the square root of time, the optimized formulations (MTH3 & MTH6) exhibited a strong linear relationship consistent with the Higuchi model. This was supported by a high correlation coefficient (r² = 0.99), which exceeded those obtained for the zero-order (r² = 0.97) and first-order (r² = 0.57 & 0.59) models, indicating that drug diffusion through a hydrated polymeric matrix was the predominant release mechanism. To gain additional insight, the release data were fitted to the Korsmeyer - Peppas equation (Mt/M∞ = K · tⁿ) 

where Mt/M∞ represents the fraction of drug released at time t, K is the release-rate constant, and n is the diffusional exponent that characterizes the release mechanism. The n value for MTH3 was calculated as 0.49, which falls within the range indicative of anomalous (non-Fickian) transport. This suggests that drug release from the optimized floating matrix is governed by a combination of diffusion and polymer relaxation or erosion processes rather than a single, uniform mechanism. Overall, the kinetic analysis confirms that Metformin HCl release from the optimized formulation is primarily diffusion-controlled with an accompanying contribution from polymer matrix relaxation, supporting the sustained and controlled release behavior observed in the dissolution studies.

3.5 In vivo gastric retention of the optimized formulation

The optimized formulation was selected after a comprehensive evaluation of physical properties, in vitro buoyancy behavior, and drug-release performance. Among all the formulations, MTH3 demonstrated superior characteristics, including rapid floating onset, prolonged buoyancy, controlled swelling and erosion behavior, and sustained drug release for up to 16 hours. These findings collectively indicated that MTH3 possessed the structural and functional attributes required for an effective gastroretentive delivery system.

To confirm its in vivo floating behavior, MTH3 was further subjected to radiographic imaging studies in healthy human volunteers under fasting conditions. The X-ray images showed that the tablets remained buoyant in the stomach for 360 ± 30 minutes, demonstrating consistent gastric retention across subjects Figure 1. This prolonged intragastric residence time is in agreement with the strong gel layer formation and high swelling capacity observed in vitro, which likely contributed to the tablet’s ability to resist gastric motility forces and maintain buoyancy in the acidic gastric environment (Meka et al., 2012). The in vivo findings validate the predictive capability of the in vitro buoyancy and swelling/erosion studies, confirming that formulation MTH3 provides reliable gastro-retention. This extended retention time is particularly advantageous for metformin HCl, a drug with a narrow absorption window in the upper gastrointestinal tract, as it increases the likelihood of improved absorption and therapeutic performance.

3.6 Comparative In Vivo Bioequivalence Evaluation

The in vivo pharmacokinetic performance of the optimized floating formulation (MTH3) and non-floating formulation (MTH6) was evaluated against the reference listed drug (RLD), GLUCOPHAGE, under fasting conditions. Bioequivalence assessment was performed using log-transformed pharmacokinetic parameters, and the 90% confidence interval (CI) acceptance range was set at 80.00–125.00% in accordance with regulatory guidelines.

The optimized floating formulation MTH3 successfully met the bioequivalence criteria for all primary pharmacokinetic parameters in Table 2a and Table 2b. The 90% confidence intervals for Cmax (87.60%–97.77%), AUC₀–t (84.95%–97.73%), and AUC₀–inf (85.17%–97.47%) were entirely contained within the predefined acceptance limits of 80–125%. These findings confirm comparable rate and extent of absorption between MTH3 and the RLD. The relatively narrow confidence intervals indicate low intra-subject variability and adequate statistical power. The improved pharmacokinetic consistency observed with MTH3 can be attributed to its gastroretentive floating mechanism, which likely prolonged gastric residence time and facilitated controlled drug release in the upper gastrointestinal tract the primary absorption window of Metformin. This controlled gastric retention may have minimized variability associated with gastric emptying, thereby enhancing systemic exposure reproducibility.

Table 2a: Comparative Pharmacokinetic Parameters of Test (MTH6) and Reference (RLD) Metformin HCl Controlled-Release Tablets
	PK Parameter
	Least Square Geometric Mean
	T/R Ratio
	90% CI
	ISCV (%)
	Power (%)
	Inference

	
	Test (MTH6)
	RLD
	
	Lower
	Upper
	
	
	

	Cmax (µg.mL-1)
	808.840
	813.371
	99.44
	74.96
	131.92
	36.17
	74.70
	Bioequivalence Not Met

	AUC0-t (µg.hr.mL-1)
	8523.451
	8221.085
	103.68
	77.23
	139.18
	34.19
	78.70
	Bioequivalence Not Met

	AUC0-inf (µg.hr.mL-1)
	9165.378
	8863.929
	103.40
	75.78
	141.09
	31.74
	78.70
	Bioequivalence Not Met



Table 2b: Comparative Pharmacokinetic Parameters of Test (MTH3) and Reference (RLD) Metformin HCl Controlled-Release Tablets
	PK Parameter
	Least Square Geometric Mean
	T/R Ratio
	90% CI
	ISCV (%)
	Power (%)
	Inference

	
	Test (MTH3)
	RLD
	
	Lower
	Upper
	
	
	

	Cmax (µg.mL-1)
	816.470
	813.371
	100.38
	87.60
	97.77
	14.27
	97.65
	Met Bioequivalence

	AUC0-t (µg.hr.mL-1)
	8203.581
	8221.085
	99.78
	84.95
	98.73
	13.28
	98.10
	Met Bioequivalence

	AUC0-inf (µg.hr.mL-1)
	8865.783
	8863.929
	100.02
	85.17
	98.47
	12.74
	98.20
	Met Bioequivalence



In contrast, the non-floating optimized formulation MTH6 failed to demonstrate bioequivalence despite having point estimates close to unity (Cmax: 99.44%; AUC₀–t: 103.68%; AUC₀–inf: 103.40%). The corresponding 90% confidence intervals were markedly widened (Cmax: 74.96%–131.92%; AUC₀–t: 77.23%–139.18%; AUC₀–inf: 75.78%–141.09%), extending beyond the regulatory acceptance range. The high intra-subject variability (ISCV ~75–79%) and low statistical power (~32–36%) further contributed to the failure to meet BE criteria. The absence of a gastric retention mechanism in MTH6 likely resulted in variable gastrointestinal transit and inconsistent absorption, which is particularly critical for a drug such as Metformin that exhibits region-dependent absorption in the proximal intestine.

Comparatively, the floating formulation (MTH3) demonstrated superior pharmacokinetic robustness and regulatory compliance relative to the non-floating matrix (MTH6). Although both formulations were optimized based on in vitro performance, only the gastro-retentive floating system translated effectively into consistent in vivo drug exposure equivalent to the reference product. These findings underscore the importance of gastric retention strategies in the development of controlled-release Metformin formulations and highlight the critical linkage between formulation design and in vivo bioavailability outcomes.


Figure 3: Comparative mean plasma concentration of RLD and MTH3 and MTH6 formulations

4. CONCLUSION

The present study systematically compared floating and non-floating controlled-release formulations of Metformin HCl to elucidate the impact of formulation design on in vitro performance and in vivo pharmacokinetic outcomes. The gastro-retentive floating formulation (MTH3), developed using Eudragit NE 30D and an optimized PVA binder system through fluid bed granulation, demonstrated rapid buoyancy and prolonged gastric retention exceeding 16 hours. This gastroretentive behavior enabled sustained and controlled drug release, which translated into consistent systemic exposure in vivo. Although both floating (MTH3) and non-floating (MTH6) formulations exhibited acceptable physicochemical characteristics and controlled release behavior in vitro with drug release governed predominantly by a diffusion erosion mechanism consistent with the Higuchi model, their in vivo performances differed markedly. The floating formulation achieved bioequivalence with the reference listed drug, Glucophage, with all primary pharmacokinetic parameters falling within the regulatory acceptance limits (80–125%). In contrast, the non-floating formulation failed to meet bioequivalence criteria due to significantly higher intra-subject variability and wider confidence intervals, likely resulting from uncontrolled gastrointestinal transit and inconsistent drug absorption. Overall, the findings demonstrate that incorporation of a gastro-retentive floating mechanism significantly enhances pharmacokinetic reproducibility and systemic exposure of controlled-release Metformin HCl tablets. The study highlights the critical role of polymer selection, binder grade, and granulation process in optimizing gastroretentive drug delivery systems. Importantly, it underscores that successful in vitro optimization alone may not ensure in vivo equivalence, emphasizing the necessity of integrating gastric retention strategies during formulation development. The optimized floating formulation therefore represents a promising approach for improving the therapeutic performance and regulatory success of controlled release Metformin HCl products.  
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