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ABSTRACT
	Scope and objective: Objective of this study is to investigate how the combined effects of binder properties and granulation parameters shape the development and performance of controlled-release floating Metformin HCl tablets. It focuses on evaluating the suitability of various grades of Polyvinyl Alcohol (PVA) as granulating binders and assessing how alterations in top-spray granulation conditions influence tablet buoyancy and drug-release characteristics when Eudragit NE 30D is employed as the release-controlling coating polymer.
Methodology: Granules were produced using a low-shear top-spray granulation process with PVA serving as the binder. An experimental study was designed to evaluate the influence of various PVA grades on buoyancy performance and to assess process-related effects by comparing fast and slow spray rates at different inlet temperatures using optimized PVA 40 cP. Compressed tablets were coated with Eudragit NE 30D, followed by comprehensive evaluation involving physicochemical testing, in vitro swelling and erosion studies, dissolution profiling, and in vivo buoyancy assessment. Drug-release kinetics were modeled to characterize the underlying release mechanisms.
Results: Of the formulations tested, MTH3, prepared with PVA 40 cP, exhibited rapid flotation (within 30 seconds) and maintained buoyancy for more than 16 hours. Lower-viscosity PVA grades did not yield floating systems. In the process-optimization phase, MTH3 manufactured using a faster spray rate outperformed MTH4, which was produced using a slower spray rate and required approximately 90 minutes to float. MTH3 also demonstrated nearly complete drug release (~98.7%) over more than 16 hours, whereas MTH4 released only 83.3% within the same period. Release-kinetic analysis indicated that MTH3 followed Higuchi behavior, suggesting a diffusion- and erosion-driven release pattern. Dissolution similarity (F2) remained unchanged under accelerated stability conditions.
Conclusions: The combination of PVA 40cP and a fast top-spray granulation rate was identified as the optimal approach for producing floating controlled-release Metformin HCl tablets. This formulation strategy resulted in tablets with rapid and prolonged buoyancy, robust sustained-release characteristics, and strong stability performance, establishing it as a promising platform for enhanced gastro-retentive drug delivery of Metformin HCl.
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ABBREVIATIONS
FDDS		: Floating drug delivery systems
GRDDS	: Gastro retentive drug delivery systems
MTH		: Metformin hydrochloride
PVA		: Polyvinyl Alcohol
FLT		: Floating lag time
TFT		: Total floating time


1. INTRODUCTION

Oral drug delivery systems remain the most widely preferred dosage forms due to their convenience, patient acceptance, and ease of manufacturing. In recent years, substantial attention has shifted toward controlled-release technologies that can maintain therapeutic drug levels over an extended period while improving safety and adherence (Palem CR et al., 2016; Palem CR et al., 2015). Diabetes mellitus, a chronic metabolic disease characterized by persistent hyperglycaemia and disturbances in carbohydrate, fat, and protein metabolism, is one of the major global health challenges. Type 2 diabetes mellitus (non-insulin-dependent diabetes mellitus) accounts for more than 85% of all cases and is associated with progressive β-cell dysfunction, insulin resistance, and long-term complications including cardiovascular disease, nephropathy, neuropathy, and retinopathy (Palem CR et al., 2025).

Metformin Hydrochloride, a biguanide and BCS Class III drug, is the first-line pharmacotherapy for Type 2 diabetes due to its ability to reduce hepatic glucose production and improve peripheral insulin sensitivity. Despite its effectiveness, Metformin HCl presents notable biopharmaceutical limitations. It has a relatively narrow absorption window located predominantly in the duodenum and upper jejunum, combined with an absolute oral bioavailability of 50-60%. Furthermore, its short biological half-life necessitates multiple daily administration, often leading to reduced patient adherence (Ali J et al., 2007; Patel MB et al., 2016). These limitations highlight the need for modified-release strategies that prolong gastric residence time and sustain drug release within the upper gastrointestinal tract (Rajesh P., 2011).

[bookmark: _GoBack]Floating drug delivery systems (FDDS), a subtype of gastro retentive drug delivery systems (GRDDS), are particularly advantageous for drugs like Metformin HCl that are preferentially absorbed in the proximal intestine. Floating tablets are engineered to remain buoyant in gastric fluid through the use of low-density polymers or gas-generating agents, enabling prolonged gastric retention and controlled drug release without altering normal gastric emptying dynamics (Senjoti FG et al., 2016; Palem CR et al., 2011).  Such systems can improve drug absorption, reduce dosing frequency, and provide more consistent plasma concentrations, thereby improving therapeutic outcomes and patient compliance (Chinna Reddy P., 2025; Venkata G. K., 2024).

In this study, controlled-release floating tablets of Metformin HCl were formulated using Polyvinyl Alcohol (PVA) as the binder and optimized through variations in granulation method and process parameters. Granules were produced using a low-shear top-spray granulation technique, and two sets of experiments were conducted to assess the impact of different PVA grades and granulation conditions, specifically spray rate and inlet temperature on tablet buoyancy and release behavior. The compressed tablets were subsequently coated with Eudragit NE 30D to achieve sustained drug release. Comprehensive physicochemical, in vitro, biopharmaceutical, and in vivo buoyancy evaluations were performed. Overall, this work aims to elucidate the combined influence of binder characteristics and granulation process on the development of a stable, floating, controlled-release Metformin HCl formulation capable of maintaining therapeutic drug levels for up to 12 hours in the gastric environment.

2. MATERIALS AND METHODS

2.1 Materials

Metformin hydrochloride (MTH) (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 (Compritol 888 ATO) (Gattefosse), Ethyl Acrylate and Methyl Methacrylate Copolymer Dispersion USP/NF  (Eudragit NE 30D) (Evonik, USA), Hydroxypropyl Methylcellulose (Methocel E3 Premium LV) (Dow Chemical company, USA), Polysorbate 80, NF (Croda Inc, USA), Talc (Imerys, Paris), Polyethylene Glycol (Dow Chemical company, USA)  and Titanium Dioxide (Brenntag Specialities Inc, USA) were used in all experiments.
2.2 Methods

2.2.1 Preparation of Metformin HCl Floating tablets

Floating matrix tablets of Metformin HCl were prepared using a low-shear fluid bed granulation process. Purified water was heated to 70-80 °C, and Polyvinyl Alcohol (PVA) was dissolved under continuous stirring before cooling to room temperature. Metformin HCl was de-lumped by sifting through a #20 mesh and mixed with colloidal silicon dioxide, followed by blending in a double-cone blender for 10 minutes. The blend was transferred to a fluid-bed processor for granulation using the PVA solution, with optimized granulation process parameters tabulated in Table 1 and the resulting granules were dried to a loss on drying of not more than 2.0% w/w. The dried granules were sieved, milled, and blended with Crospovidone, followed by incorporation of Glyceryl Dibehenate to lubricate the blend for 5 minutes. The final blend was compressed into tablets using modified oval shaped tooling (Palem CR et al., 2016). Resulting tablets were further coated with Eudragit NE 30D using optimized coating process parameters to achieve control release. 

2.2.1.1 Pre and Post-Compression Evaluation

Blend of all the formulations were evaluated for bulk density, tapped density, Carr’s index, Hausner’s ratio, and angle of repose (Palem CR et al., 2012). Compressed and finished tablets were evaluated for weight variation, thickness, hardness, friability, drug content, floating lag time, floating buoyancy time and swelling index.

2.2.1.2 In vitro buoyancy studies 

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

2.2.1.3 Effect of granulation process on floating time of finished tablets
 
Based on the conclusions drawn from the previous trials that the selected grade of PVA was further evaluated with respect to its performance under different granulation process parameters. Two independent experimental trials were designed to assess the influence of top-spray granulation spray rate on the floating behavior of the final tablet dosage form. In the first trial, metformin granules were prepared using a top-spray granulation process operated at a slow spray rate. The dried granules were blended with the remaining excipients and compressed into tablets. In the second trial, metformin granules were manufactured using the same top-spray granulation technique but at a high spray rate. The resulting granules were similarly blended, compressed, and coated to yield the corresponding finished tablets. Both batches of coated tablets were subjected to in vitro buoyancy testing to determine floating lag time and total floating duration. The results were compared to evaluate the effect of spray rate during granulation on the floating characteristics of the final dosage form.

2.2.1.4 In Vitro Dissolution Analysis

The dissolution profile of Metformin hydrochloride from the developed floating tablets were evaluated using a USP Dissolution Apparatus II. The dissolution test was carried out in 1000 mL of a 6.8 pH Buffer at 37± 0.5°C at a paddle rotation rate of 100 rpm in consideration of the sustained release characteristics of the tablet. After adding one tablet to each dissolution vessel, a 10 mL aliquot was withdrawn from each dissolution vessel after 1, 2, 3, 4, 6, 8, 10, 12, 14,16, and 20 hours and the same amount of fresh medium was replaced each time to maintain the sink conditions.

2.2.1.5 Release Kinetics Model

The in vitro release of Metformin HCl was modelled using zero-order kinetics, first-order kinetics, the Higuchi model, and the Korsmeyer-Peppas model in order to better understand the drug release mechanisms. R2 was used to determine the best-fitting model. The values of n were calculated for the Korsmeyer-Peppas model (Higuchi T,1961; Higuchi T,1963; Palem C.R., 2011). The relationship between the released Metformin HCl and the erosion of Metformin HCl floating tablets were determined.

2.2.1.6 Swelling and Erosion

The swelling of optimized Metformin HCl floating tablets was evaluated by measuring their weight. The experiments were conducted in the USP Dissolution Apparatus II. The initial Metformin HCl tablets weight was precisely weighed using a Sartorius, Secura 225D balance. The weighed tablet was placed in a dissolution basket, which was then dipped in a dissolution vessel containing 900 mL of 0.1N HCl buffer (pH 1.2) at 37 ± 0.5 ºC. The tablet was collected at constant time intervals and lightly blotted with filter paper to remove the excess water, and the swollen tablet was weighed. The rate of increase in the tablet weight, which can be attributed to the adsorption or absorption of water, was calculated using Equation (1) at each time point. After the swelling experiment, the swollen tablet was dried in a convection oven at 40ºC for 12h. The dried tablets were cooled at room temperature and weighed. The tablet erosion was calculated at each time point as a percentage using Equation (2).
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2.2.1.7 In vivo floating buoyancy studies 

The in vivo behavior of the floating tablets was evaluated in healthy human volunteers using a radiographic imaging technique. To enable visualization during X-ray monitoring, barium sulphate (BaSO₄) was incorporated into the tablet formulation at a concentration sufficient to provide radiopacity without compromising the buoyancy of the dosage form (Asula L et al., 2015). Four healthy male volunteers (mean age: 25 years; mean body weight: 65kg) were enrolled after providing written informed consent. The study protocol received prior approval from the Institutional Ethics Committee of the UCPSc, Kakatiya University, Warangal. Each participant underwent an overnight fast before administration. A single floating tablet was given to each subject with 150 mL of water under fasting conditions. No additional food or fluids were permitted during the study period. The intragastric position and movement of the tablet were assessed at predetermined time intervals using X-ray imaging (Konica Minolta; Siemens, Karlsruhe, Germany). Radiographs were captured in the anterior view to monitor the persistence of the tablet within the gastric region and to assess its buoyancy behavior throughout the observation period.

3. RESULTS AND DISCUSSION

Metformin HCl floating tablets were successfully manufactured using a top-spray granulation process, and the optimized process parameters are presented in Table 1. Comparative evaluation of formulations prepared with different viscosity grades of Polyvinyl Alcohol revealed a clear influence of polymer viscosity on granule and tablet characteristics. Formulations containing the higher-viscosity grade PVA (Gohsenol EG-40PW) demonstrated superior granule integrity, improved flowability, and enhanced compressibility relative to those prepared with lower-viscosity grades (Gohsenol EG-03P and 20–50 cP PVA), results presented in Table 2. This performance enhancement is likely attributed to the stronger binding capacity and improved matrix-forming ability of the high-viscosity polymer during granulation, which promotes the formation of more cohesive granules. Consequently, these granules supported uniform die filling and facilitated the production of tablets with better mechanical strength and dimensional consistency. The improved physical and compression properties observed with Gohsenol EG-40PW collectively indicate its greater suitability for developing robust floating tablet formulations using top-spray granulation technology. 

Table 1. Summary of optimized fluidized-bed granulation parameters for producing Metformin HCl granules.

	Process parameter
	Range
	Observed Value

	Inlet Temperature (°C)
	65 – 90
	70

	Product Temperature (°C)
	40 – 55
	45

	Exhaust Temperature (°C)
	40 – 55
	45

	Atomizing Air Pressure (Bar)
	1.0 – 3.0
	1.8

	Total Inlet Air Flow (CFM)
	200 – 1000
	400

	Spray Pump Speed (rpm)
	20 – 30
	25

	Nozzle size (mm)
	1.5
	1.5



Table 2. Comparative physicochemical evaluation of lubricated blend and finished tablets

	TEST
	MTH1
(PVA 3 cp)
	MTH2
(PVA 20 - 50 cp)
	MTH3
(PVA 40 cp)
	MTH3
(PVA 40 cp) -
low spray rate

	Bulk Density (g/mL)
	0.71
	0.63
	0.40
	0.50

	Tapped Density (g/mL)
	0.76
	0.68
	0.52
	0.60

	LOD (%) (By O’Haus at 105°C)
	0.66
	0.71
	0.77
	0.81

	Carr’s Index
	6.58
	7.35
	23.08
	16.67

	Hausner’s Ratio
	1.07
	1.08
	1.30
	1.20

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

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

	Hardness (kP)
	10 ± 2
	10 ± 2
	10 ± 2
	10 ± 2

	Friability (%)
	0.31%
	0.20%
	0.22%
	0.12%

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

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

	Floating buoyancy time (hr.)
	Not Floated
	Not Floated
	16
	10

	Swelling index (%)
	35
	50
	68
	48

	Erosion (%)
	50
	42
	20
	38



3.1 In vitro buoyancy results

The in vitro buoyancy results presented in Table 2 demonstrate a clear dependence of floating performance on the viscosity grade of the polyvinyl alcohol (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 30 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 Figure 1. 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 gastro retentive dosage forms.
[image: ]
Fig.1. Visual representation of the in vitro buoyancy behaviour of Metformin HCl floating tablets at initial and progressive time points.
3.2 Swelling and Erosion results

The swelling and erosion profiles reveal clear distinctions among the formulations, demonstrating the combined influence of polymer viscosity, granulation behavior, and overall matrix architecture on hydration dynamics. Swelling indices of 35%, 50%, 68%, and 48% represent progressively greater water uptake and matrix expansion, whereas the corresponding erosion values of 50%, 42%, 20%, and 38% indicate varying degrees of surface degradation over the testing period. Formulation MTH3, which exhibited the highest swelling index (68%), also showed the lowest erosion (20%). This behavior suggests the development of a dense, coherent gel layer capable of maintaining structural integrity during hydration. Such matrices are characteristic of systems containing higher-viscosity or stronger gel-forming polymers, where enhanced swelling generates a thick and resilient hydrated barrier. This robust gel structure is particularly beneficial for floating drug-delivery systems, as it supports prolonged buoyancy and modulates drug release by restricting fluid penetration and polymer loss (Baid f et al., 2024).

In contrast, formulation MTH1 demonstrated the lowest swelling (35%) and the greatest erosion (50%), indicating insufficient gel formation and limited hydration. The rapid erosion observed in this formulation may be attributed to the use of lower-viscosity polymer grades or a more porous matrix morphology, both of which hinder the development of a continuous gel network. Poor swelling leads to weak structural cohesion, accelerating polymer dissolution and compromising the formulation’s ability to remain afloat and provide sustained drug release. Overall, the inverse relationship between swelling and erosion underscores the importance of adequate gel formation in gastro retentive dosage forms. Formulations characterized by high swelling and low erosion are more suitable for maintaining intragastric retention and achieving extended drug release, whereas low-swelling, high-erosion systems are prone to structural breakdown and reduced buoyancy performance.

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 98.7% 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 and MTH2 released more than 95% 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, 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 and MTH2 to maintain the structural integrity of the gel layer throughout the dissolution test aligns with their previously observed high erosion and low swelling behaviour.



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

Formulation MTH4, although prepared using a different spray-rate setting during granulation, also prolonged drug release to 16 hours, reaching 83.3% cumulative release. The slower drug release in MTH4 compared to MTH3 indicates that process parameters such as spray rate 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 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 higher-viscosity polymers and optimized granulation conditions (MTH3) demonstrated extended and controlled release, consistent with the requirements for gastro retentive 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.

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 T,1961; Higuchi T,1963). 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 formulation (MTH3) 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) 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) ---- (3)

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 gastro retentive 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 3. 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 V 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.

[image: ]
Figure 3: Radiographic visualization of the in vivo buoyancy profile of the optimized MTH3 formulation at different time points.

4. CONCLUSION

This study demonstrates that both binder viscosity (PVA 40 cP) and granulation process parameters play critical roles in the development of effective controlled-release floating Metformin HCl tablets. Among the evaluated formulations, tablets prepared with PVA 40 cP as the binder and processed using a faster top-spray granulation rate (MTH3) exhibited the most favorable performance, characterized by rapid flotation (less than 30 seconds), prolonged buoyancy (16 hours), and sustained drug release. The optimized formulation demonstrated controlled-release behavior governed by a combined diffusion erosion mechanism and maintained stability under accelerated conditions. In vivo radiographic evaluation further confirmed the gastro retentive capability of the optimized tablets. Overall, the integration of a higher-viscosity PVA binder with optimized granulation parameters provides a robust and reliable approach for formulating floating controlled-release Metformin HCl tablets with enhanced biopharmaceutical performance.
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