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                     Abstract 
  Objective     Pregabalin is the drug use for the treatment of partial epilepsy; however, absorption of the pregabalin mainly 

occurs in stomach and some extent of the upper part of GIT. Hence, pregabalin is a suitable drug candidate for the fl oating 

delivery system. Additionally, pregabalin having a short biological half-life of about 3–6 h; it is given in frequent dosing. 

Hence, pregabalin is suitable candidate for a sustained drug delivery.  

   Methods     Various polymers were screened out and among them, sodium alginate and gellan gum were used for the prepara-

tion of various formulations. The drug-loaded in situ gel was optimized using a Box–Behnken experimental design, with 

sodium alginate concentration  (X 1 ), gellan gum concentration  (X 2 ), and calcium carbonate concentration  (X 3 ) as the inde-

pendent variables. While fl oating lag time  (Y 1 ), viscosity  (Y 2 ), CPR 15  (Y 3 ), CPR 50  (Y 4 ), and CPR 480  (Y 5 ) as dependent 

variables. All the formulated batches were characterized for pH, drug content, viscosity, in vitro buoyancy ,  in vitro gelation, 

and in vitro drug release. 

   Results     An optimized batch was evaluated, revealing minimal diff erences among the tested samples. Stability studies indi-

cated that the formulation maintained consistent drug content, fl oating lag time, viscosity, pH, in vitro gelation, and in vitro 

drug release, without signifi cant changes. A gastro-retentive dosage form of pregabalin was developed to enhance its reten-

tion time in the stomach and to control its release. 

   Conclusions     Floating in situ gel is the better approach for pregabalin with higher total fl oating time. 
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      Introduction 

 Pregabalin, or (S)-3-amino methyl hexanoic acid, is struc-

turally related to γ-aminobutyric acid (GABA). It is an anti-

convulsant medication primarily used for neuropathic pain 

and as an adjunctive therapy for partial seizures, with or 

without secondary generalization, in adults. Epilepsy is a 

severe neurological disorder that involves complicated treat-

ments, and in 30 percent of cases was unable to gain seizure 

regulation. Bad adherence as a potential determining factor 

of drug-resistance has been noted. Prolonged-release anti-

epileptic drug formulations may help to increase adherence, 

reduce the side eff ects and therapeutic interactions (Morano 

et al.  2019 ). 

 The dose prescribed for pregabalin in traditional ther-

apy is 75 mg twice days, or 50 mg three times days, for a 

cumulative dosage of 600 mg/d. Updated release formula-

tions may be useful for obtaining full clinical benefi t with 

a small chance of harmful eff ects and regularly minimizing 

medication dosage; such as in situ gel. And as yet traditional 

pregabalin capsule type present on the drug industry but no 

other methods that give further advantages than pregabalin 

capsules are attempted (Aydogan et al.  2015 ; Bockbrader 

et al.  2010a ). 

 Food intake decreases the absorption rate of pregabalin, 

leading to a reduced maximum concentration  (C max ) and 

a slower time to reach peak plasma concentration  (T max ) 

(Bockbrader et al.  2010a ; Chew et al.  2014 ). Pregabalin 

absorption occurs mainly in the ascending colon and it is 

excreted unchanged in the urine (Piyapolrungroj et al.  2001 ). 

It is consumed preferentially via the upper GI tract. At the 

lower GI tract and colonic climate, pregabalin undergoes 

rapid degradation. This has a brief half-life of 3–6 h and is 

kidney-eliminated (Ben-Menachem  2004 ). 

 In situ-based gels are formulations that transform from a 

sol to a gel state at the site of administration within the body. 
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Upon delivery, they are in a liquid form and undergo sol-to-

gel transformation in response to external stimuli, such as 

temperature, pH, ionic shifts, magnetic fi elds, or the biologi-

cal environment (Sosnik and Seremeta  2017 ; Chassenieux 

and Tsitsilianis  2016 ). In situ gel, environment-sensitive gel 

is a treatment type, recently used in the administration of 

medications unique to the stomach. Oral administration of 

in situ gels as a low viscosity solution and after interac-

tion with the model gastric fl uids, the polymer increases 

the assurance that a gel is formed such that it does not only 

extend the interaction duration between the medication and 

the absorption site in the stomach, but also gradually and 

steadily release the drug (Itoh et al.  2008 ; Ruel-Gariepy and 

Leroux  2004 ). 

 As a result, various routes such as oral, nasal, and oph-

thalmic can be formulated using the in-situ gelling method. 

Specifi c natural and synthetic polymers, including alginic 

acid, gellan gum, xanthan gum, xyloglucan, pectin, chitosan, 

poly (DL-lactic acid), poly (DL-lactide-co-glycolide), and 

polycaprolactone, are employed to develop in  situ drug 

delivery systems. In situ gelling method allows improving 

product bioavailability relative to a traditional type of liquid 

dosing. The gel produced by the in-situ gelling system, being 

lighter than gastric fl uids, fl oats on the stomach contents or 

adheres to the gastric mucosa due to the bioadhesive prop-

erties of the polymer. This allows the dosage form to be 

retained in the stomach, thereby increasing gastric residence 

time and providing sustained drug release in the gastroin-

testinal tract (Klausner et al.  2003 ; Garg and Gupta  2008 ). 

 The current research was carried out with the intention of 

developing a formulation of pregabalin as in situ gel-forming 

drug delivery method for oral distribution utilizing gellan 

gum and sodium alginate as gelators. It has a temperature-

dependent characteristic feature, and gelation caused by 

cation (Crescenzi et al.  1990 ; Morris et al.  1973 ). When 

the sodium alginate is gelated through a cooperative cycle 

contains consecutive glucuronic residues in the alpha-L-

glucuronic acid chains of the alginate chain in the presence 

of di- or trivalent metal ions (Liang et al.  1980 ). Pregabalin 

is absorbed through stomach and to some extend in upper 

part of small intestine (Ben-Menachem  2004 ; Bockbrader 

et al.  2010b ). Moreover lower biological half-life (3–6 h) 

necessitates frequent dosing of drug which ultimately leads 

to patient non-compliance (Jiang et al.  2015 ; Gao et al. 

 2015 ). In situ gelling system is in liquid form at the time 

of administration; it is more benefi cial for pediatric patient 

and is much eff ective in patient compliance as compared to 

conventional gel (Zaki et al.  2007 ). 

 Ensuring a sustained release of Pregabalin over an 

extended period, thus reducing the frequency of dosing and 

improving patient compliance. Facilitating gastric reten-

tion of the formulation through fl oatation on the gastric 

fl uid surface, which allows for prolonged contact between 

the drug and the absorptive mucosal membrane, enhancing 

drug absorption. By prolonging the presence of pregabalin 

in the gastrointestinal tract, its absorption can be enhanced, 

resulting in greater therapeutic eff ectiveness (Wiwattanapa-

tapee et al.  2023 ). Directing the drug to the absorption site 

in the stomach or upper small intestine, where Pregabalin 

is predominantly absorbed, potentially improving its effi  -

cacy while reducing systemic exposure and associated side 

eff ects. Minimizing fl uctuations in plasma drug levels by 

controlling the release rate, thus ensuring consistent thera-

peutic eff ects and reducing the risk of side eff ects associated 

with peak-trough fl uctuations (Permana et al.  2023 ). Hence, 

fl oating in situ gel gives more sustained eff ect and retention 

of drug as compared to conventional gel. In light of this, 

present investigation was planned to design and develop a 

novel fl oating in situ gel for providing sustain release of 

Pregabalin. 

    Materials and methods 

   Materials 

 Pregabalin was kindly supplied by Maps Laboratory Pvt. 

Ltd., Morbi, India. Gellan gum was gifted from Sisco 

Research Laboratory Pvt. Ltd., Mumbai, India, Guar gum, 

sodium alginate, and sodium citrate was purchased from SD 

fi ne chem. Ltd., Mumbai, India. Pectin and Xanthan gum 

was obtained from Himedia Laboratories Pvt. Ltd., Mum-

bai, India. Xyloglucan was purchased Oriental Gums and 

Biopolymers, Ahmedabad, India. Calcium carbonate was 

supplied from Thermo Fisher Scientifi c India Pvt. Ltd., 

Mumbai, India. Deionized water was used throughout the 

study, and all other chemical reagents and solvents were of 

analytical grade, used as supplied. 

    Methods 

   Preparation of fl oating in situ gel 

 Polymer solutions of diff erent concentrations were prepared 

in deionized water containing sodium citrate. The low level 

of cations in the solution was suffi  cient to keep the molecular 

chains together and prevent hydration. These polymer solu-

tions were heated to 90 °C with continuous stirring to ensure 

uniform dispersion. In a separate beaker, calcium carbon-

ate and the drug were added and dispersed with continu-

ous stirring. After cooling the solution to below 40 °C, the 

drug mixture was added to the polymer solution, creating 

an in situ gelling solution, which was then stored in amber-

colored narrow-mouth bottles for future use (Rajinikanth 

and Mishra  2008a ,  b ). 
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    Preformulation study (Gibson  2016 ) 

   Drug-excipients compatibility study by  FTIR spectros-
copy     Fourier Transform Infrared (FTIR) spectroscopy was 

used to assess the compatibility between pregabalin and the 

selected polymers. Separate scans were conducted for the 

pure drug and the drug combined with the excipients. The 

FTIR spectra of pregabalin were then compared with those 

of the drug-polymer mixtures to detect any peak disappear-

ance or shifts, which could indicate interactions between 

pregabalin and the polymers (Naik et  al.  2016 ; Tehseen 

et al.  2013 ). 

     Selection of polymers and other ingredients 

 Various types of gelling polymers in the same concentration 

(1% w/v) were taken to select the appropriate gelling agent 

combination which showed the good characteristic. For that 

various types of polymers like sodium alginate, gellan gum, 

guar gum, xanthan gum, low methoxy pectin and xyloglucan 

were taken. On the basis of their characteristics like gel-

forming capacity, fl oating ability, and viscosity they were 

selected. During the selection of polymers, other ingredients 

were kept constant. 

   Selection of concentration of sodium alginate     After select-

ing sodium alginate as the gelling agent, various concentra-

tions ranging from 0.25% w/v to 2.0% w/v were evaluated 

for in vitro gelation time, viscosity, and gel-forming capac-

ity. Based on these evaluations, a suitable concentration 

range was chosen for further study. From the evaluations, 

concentrations range was selected for further study. 

    Selection of  concentration of  gellan gum     After selecting 

gellan gum as a gelling agent, gellan gum was also evalu-

ated at concentrations ranging from 0.25% w/v to 2.0% w/v, 

and formulations containing these diff erent amounts were 

assessed for their gelation time, viscosity, and gel-forming 

ability, allowing the identifi cation of an optimal concentra-

tion range for continued investigation. 

    Selection of  concentration of  calcium carbonate     Various 

concentrations of calcium carbonate ranging from 0.5% w/v 

to 2% w/v were taken with keeping the polymer concentra-

tion constant. All the formulations were evaluated by fl oat-

ing lag time, total fl oating time and viscosity. By evaluat-

ing the formulations, concentrations range were selected 

(Ramya et al.  2013 ; Patel et al.  2011 ). 

    Selection of  concentration of  sodium citrate     The concen-

tration of sodium citrate was selected by evaluating the 

formulations containing the same amount of polymers and 

calcium carbonate. Various concentrations of sodium citrate 

ranging from 0.1% w/v to 0.3% w/v were taken and evalu-

ated for gelling ability and stability for one day. From those 

parameters, the concentration range of sodium citrate was 

selected (Maghraby et al.  2012 ; Miyazaki et al.  2001 ). 

     Experimental design 

 Experimental design was used to statistically optimize 

the formulation factors and their eff ects on the selected 

responses. A 3-level, 3-factor Box–Behnken design was 

applied to systemically study the combine infl uence of the 

eff ect of independent variables such as the concentration 

of sodium alginate  (X 1 ), concentration of gellan gum  (X 2 ), 

and concentration of  CaCO 3   (X 3 ) on the dependent variables 

like fl oating lag time  (Y 1 ), viscosity  (Y 2 ), CPR at 15 min 

 (Y 3 ), CPR at 50 min  (Y 4 ), CPR at 480 min  (Y 5 ). The levels 

of selected factors were decided on the basis of preliminary 

trials that were performed to select the polymers concentra-

tions (Venugopal et al.  2023 ). A design comprising of 13 

experimental runs with one central point for the evaluation 

of batch to batch variations. The non-linear computer-gen-

erated quadratic model is given as

      

where Y is the measured response associated with each fac-

tor level combination;  b 0  is an intercept;  b 1  to  b 33  are regres-

sion coeffi  cients computed from the observed experimental 

values of Y; and  X 1 ,  X 2 , and  X 3  are the coded levels of inde-

pendent variables. The terms  X 1 ,  X 2  and  X i  
2  (i = 1, 2, and 3) 

represent the interaction and quadratic terms, respectively. 

The concentration range of sodium alginate  (X 1 ), gellan gum 

 (X 2 ), and  CaCO 3   (X 3 ) used to prepare the 13 formulations 

and observed for respective responses. 

    Evaluation parameters 

   Determination of drug content     To determine the drug con-

tent of the formulation, 10 mL of the in situ gel containing 

the drug was dissolved in 900 mL of HCl buff er (pH 1.2) and 

subjected to sonication for 15 min (Himawan et al.  2022 ). 

The resulting solution was fi ltered through Whatman Filter 

Paper, and its drug content was measured at 402.3 nm using 

a UV–Visible Spectrophotometer (Himawan et al.  2022 ). 

    Determination of density     The relative density of the formu-

lation was assessed using the mass-by-volume method, with 

all experiments conducted in triplicate. 

    Determination of  pH of  in  situ gelling solution     All pre-

pared pregabalin formulations were visually examined for 
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appearance, and the pH was measured using a calibrated 

digital pH meter at 37 °C. Each pH measurement was per-

formed in triplicate, and the average value was calculated 

(Mohanambal  2010 ). 

    Determination of viscosity of in situ gelling solution     The 

viscosity of the in-situ gelling solutions was measured 

using a cone and plate geometry viscometer (Brookfi eld, 

USA, Model LVDVIII) with an appropriate spindle. The 

viscosity readings were taken at diff erent angular veloci-

ties at a temperature of 37 ± 1  °C. The angular velocity 

was varied from 50 to 250 rpm, and then reversed, with 

a waiting period of 6 s. The average of two readings was 

used for viscosity calculations (Nagargoje et al.  2012 ). 

    In vitro fl oating study      Determination of fl oating lag time 
and duration of fl oating of in situ gel  For the in vitro fl oat-

ing study, the fl oating lag time and duration were assessed 

using a USP dissolution apparatus type II (paddle) con-

taining 900 mL of 0.1 N HCl buff er (pH 1.2) at 50  rpm 

and 37 °C. A 10 mL in situ gel formulation was drawn up 

using a disposable syringe, placed into a petri dish, and 

the petri dish was then placed in the dissolution vessel 

with minimal disturbance. The time taken for the formula-

tion to fl oat to the surface (fl oating lag time) and the dura-

tion it remained fl oating were recorded (Rajinikanth and 

Mishra  2008b ; Abou Youssef et al.  2015 ). 

    In vitro gelation study     In vitro gelation studies were car-

ried out with slight modifi cations. Gelation cells were 

locally fabricated using Tefl on®, with cylindrical reser-

voirs capable of holding 3 mL of the gelling solution (0.1 

N HCl buff er, pH 1.2). A 250 μL transparent plastic cup 

was placed at the bottom of each cell to hold the gel sam-

ple after formation. Then, 100 μL of the preparation was 

placed into the cup cavity using a micropipette, and 2 mL 

of gelation solution (0.1 N HCl buff er, pH 1.2) was added 

slowly into the reservoir. Gelation was monitored visually 

(Rajinikanth et al.  2007 ; Bhardwaj et al.  2011 ). 

    Determination of  in  vitro drug release     To determine 

in vitro drug release, the release of pregabalin from the in-

situ gel preparations was studied using a modifi ed method 

with the USP dissolution test apparatus (USP 24) with a 

paddle stirrer at 50  rpm. The dissolution medium con-

sisted of 900 mL of 0.1 N HCl (pH 1.2) at 37 °C. A 10 mL 

formulation was dispensed using a disposable syringe 

into a petri dish, which was then placed in the dissolution 

vessel. Samples of the dissolution medium were periodi-

cally taken, replaced with pre-warmed fresh medium, and 

adjusted to pH 7–7.4 with 0.2 N NaOH. The absorbance of 

the samples was measured at 402.6 nm using a UV spec-

trophotometer (Shimadzu, UV-1700, Japan) (Rajinikanth 

et al.  2007 ; Rupenthal et al.  2011 ). 

     Kinetics of drug release 

 For kinetics of drug release, dissolution data from the fi nal 

optimized batch were analyzed using zero-order, fi rst-order, 

Higuchi, and Hixon-Crowell models to determine the release 

kinetics. The order of drug release was established by com-

paring the regression coeffi  cients of the zero-order and fi rst-

order models, while the mechanism was determined by com-

paring the coeffi  cients of the Higuchi, Hixon-Crowell, and 

Korsmeyer-Peppas models (Himawan et al.  2022 ). 

    Stability study 

 A stability study was conducted on the optimized in situ gel 

formulation of pregabalin, which was stored in an amber-

coloured glass bottle with an airtight stopper for one month. 

The stability of the in-situ gelling solutions was monitored 

under controlled temperature (40 ± 2  °C) and humidity 

(75 ± 2% RH) conditions as per International Conference 

on Harmonization (ICH) guidelines. Samples were periodi-

cally taken and evaluated for pH, viscosity, drug content, and 

in vitro drug release (Himawan et al.  2022 ). 

      Results and conclusion 

   Preformulation study 

   FT-IR spectroscopy 

 The FTIR spectrum of pregabalin, and physical mixture 

of drug with sodium alginate, gellan gum has to be shown 

in Figure  S1 . The infrared absorption spectrum of prega-

balin shows all prominent peaks. FTIR spectrum indicated 

that characteristic peaks belonging to measure functional 

groups and that were observed in Figure   S1 . The C–C, 

C=O, C–O, C–H, C–N, O–H and N–H peaks were shown 

(Aydogan et al.  2015 ; Kanwar et al.  2016 ). Pregabalin con-

tains FTIR peak of Amide N–H Stretch typically observed 

around 3300–3500  cm −1  and in the sample drug having that 

peak at 3302  cm −1 . The Carbonyl (C=O) Stretch Usually 

appears around 1600–1700  cm −1  and in the sample Prega-

balin 1627.95  cm −1 . Aliphatic C–H stretching typically seen 

between 3070  cm −1 . C–N Stretch and C–C Stretch ideally 

obtained at around 1000–1300  cm −1  and 800–1000  cm −1  

respectively whereas in our sample drug have obtained that 

peak at 1118 and 840  cm −1  respectively. 

 In the physical mixture, Amide N–H Stretch and Car-

bonyl (C=O) Stretch peak for pregabalin were observed at 

3487 and 1797  cm −1  respectively. Aliphatic C–H stretching, 
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C–N Stretch and C–C Stretch peak were observed 3070, 

1273, and 840  cm −1  respectively which is obtained in the 

pure drug analysis of FTIR study (Abdel Hamid et al.  2022 ). 

As per the results there was no any incompatibility obtained 

between Pregabalin and polymers like sodium alginate and 

gellan gum. 

     Preliminary studies 

   Selection of polymers 

 Sodium alginate, Gellan gum, Low methoxy pectin, Guar 

gum, Xanthan gum, Xyloglucan were used for the prepara-

tion of in situ gel. But from the preliminary study, it was 

concluded that gel was formed well in the sodium alginate 

and gellan gum due to their good gelling property in the 

presence of various cations (such as divalent and monova-

lent) as compared to other polymers. When in other poly-

mers gels were either not formed or very viscous solution 

was formed due to they having no tendency to react with or 

having a slight reaction with the cations and hence, the gel 

was not formed (Liu et al.  2006 ). Hence from the prelimi-

nary study, two polymers named sodium alginate and gellan 

gum were selected for further study. 

   Optimization of concentration of sodium alginate     Gelation 

of sodium alginate typically occurs in the presence of  H +  

ions, resulting in the formation of soft alginic acids that are 

generally unsuitable as drug delivery vehicles. In this study, 

 Ca ++  ions were included in the formulation to induce algi-

nate gelation. This was accomplished by adding suffi  cient 

sodium citrate to form a complex with all the  Ca ++  ions in 

the formulation, eff ectively removing them from the solu-

tion. In the acidic environment of the stomach, this com-

plex breaks down, releasing  Ca ++  ions and triggering gela-

tion. So, it was shown from the preliminary study, various 

concentration of sodium alginate was taken ranging from 

0.25–2% w/v  ( Table  S1  ) . Among these formulations, at very 

low concentration 0.25 and 0.5% w/v gel was formed but 

they were not of suffi  cient strength for prolonged release of 

drug from the gel. And at very high concentrations above 

1.75% w/v gels formed were very stiff  and so; the drug can-

not diff use from this strength of gel due to very stiff  gel for-

mation (Modasiya et al.  2010 ; Celli et al.  2016 ). So, from 

the preliminary trials concentrations of sodium alginate 

0.75 and 1.75% were selected for further study. 

    Optimization of  the  concentration of  gellan gum     Gellan 

gum (commercially known as Gelrite® or Kelcogel®) is 

an anionic deacetylated polysaccharide produced by Pseu-

domonas elodea. It has a distinctive property of cation-

induced gelation, which involves the formation of double-

helical junction zones. This is followed by the aggregation 

of double-helical segments, forming a three-dimensional 

network through cation complexation and hydrogen bonding 

with water. So as, at the lower concentration of the gellan, 

complexation was formed very weak and it was not desira-

ble for the sustained delivery of drug. At the higher concen-

tration of gellan, a very strong complex formed which was 

not allowed the drug to diff use even at long period. So, an 

optimum amount of gellan gum concentration was required 

(Rupenthal et al.  2011 ; Morsi et al.  2017 ). 

 As shown in the preliminary study, the various concen-

tration of gellan gum was taken ranging from 0.25–2% w/v 

(Table S2). Among these formulations, at a very low con-

centration of 0.25% w/v gel was formed but they were not of 

suffi  cient strength for the prolonging eff ect of the drug from 

the gel. And at very high concentrations above 1.75% w/v 

gels formed were very stiff  and so; the drug cannot diff use 

from this strength of gel due to very stiff  gel formation. So, 

from the preliminary trials concentrations of gellan gum 0.5 

and 1.75% were selected for further study. 

     Optimization of concentration of calcium carbonate 

 Calcium carbonate was used as a gas-forming agent in some 

formulations (0.5–2% w/v) to evaluate its impact on fl oating 

behavior (Table  1 ). In the acidic pH of the stomach, calcium 

carbonate, present as an insoluble dispersion, dissolves to 

release calcium ions and carbon dioxide. This process gen-

erates bubbles that become trapped within the gel matrix, 

allowing the formulation to fl oat in gastric fl uids for an 

extended period (Bothiraja et al.  2015 ; Thomas  2014 ). For-

mulations with lower calcium carbonate content (less than 

  Table 1       Optimization of calcium carbonate concentration  

  FLT  fl oating lag time,  TFT  total fl oating time 

  a    Concentration of sodium alginate—0.75% w/v 

  b    Concentration of gellan gum—0.5%  w/v and all the formulations 

contains 0.2% w/v sodium citrate 

  Polymers    Conc. of 

 CaCO 3  

(% w/v)  

  Results  

  FLT (sec)    TFT (h)    Viscosity (cps)  

  Sodium 

 alginate a   

  0.5    98 ± 2.7    11    182.85 ± 1.77  

  Sodium 

 alginate a   

  1    62 ± 2.61     > 12    201.47 ± 2.14  

  Sodium 

 alginate a   

  1.5    65 ± 2.11     > 12    268.62 ± 2.29  

  Sodium 

 alginate a   

  2    41 ± 1.62     > 12    398.24 ± 2.36  

  Gellan  gum b     0.5    118 ± 2.39     > 12    185.31 ± 1.72  

  Gellan  gum b     1    82 ± 1.83     > 12    198.56 ± 1.98  

  Gellan  gum b     1.5    58 ± 1.42     > 12    254.58 ± 2.11  

  Gellan  gum b     2    61 ± 1.29     > 12    304.29 ± 2.38  
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0.5% w/v) formed weaker gels and demonstrated increased 

drug release rates. Higher concentrations of calcium car-

bonate (above 2% w/v) resulted in rigid gels with shorter 

gelation times. The increase in calcium carbonate content 

led to a proportional increase in viscosity across all polymer 

concentrations.  

 Since, the calcium carbonate is present in the formula-

tions as insoluble dispersion, the viscosity of the formulation 

increased directly proportionally to its concentration (Celli 

et al.  2016 ; Jivani et al.  2010 ). Among various concentra-

tions of calcium carbonate-containing formulations, all the 

formulations having fl oating lag time, total fl oating time, and 

viscosity were in an acceptable range. So, 0.5 and 2% w/v 

concentrations were selected for further study. The accept-

able eff ect was found in both polymer formulations. 

    Optimization of concentration of sodium citrate 

 Sodium citrate plays a crucial role in preventing premature 

gelation within the formulation. The lower levels of cations 

in the formulation are suffi  cient to hold the molecular chains 

together, so a minimal amount of sodium citrate is required 

to prevent gelation before the formulation encounters an 

acidic environment (Vipul and Basu  2013 ; Nagarwal and 

Pandit  2008 ). As shown in the table at very lower concentra-

tion gel was formed but during storage converted to gel and 

higher concentration proper gel was not formed with both 

of the polymers. So, medium concentration (0.2% w/v) was 

used with very good results and used for further study. 

     Experimental design 

 The Box–Behnken design (BBD) was chosen due to its 

effi  ciency, as it requires fewer experimental runs than a 

central composite design (CCD) when dealing with three 

or four variables. This cubic design includes points at the 

midpoints of each edge and a central point within a multidi-

mensional cube. From the results of preliminary studies, the 

concentration of sodium alginate, gellan gum, and  CaCO 3  

were chosen for experimental design. For all 13 batches, 

all the selected dependent variables (Floating lag time, vis-

cosity, CPR 15, CPR 50 and CPR 480) showed variations 

of 40–132 s, 147.7–917.3 cps, 24.32–35.13, 32.85–46.12 

and 85.11–94.36% respectively. The data clearly indicated 

a strong infl uence of  X 1 ,  X 2 , and  X 3  on selected responses 

 (Y 1 ,  Y 2 ,  Y 3 ,  Y 4 , and  Y 5 ). For  (Y 1 ) coeffi  cients  b 2 ,  b 12 ,  b 23 , 

 b 13 ,  b 11 ,  b 22 , and  b 33  were found to be insignifi cant as they 

have P value more than 0.05 and hence, they were removed 

from the full model. Similarly, for  Y 2 ,  Y 3 ,  Y 4 ,  Y 5  insignifi -

cant coeffi  cients were removed from the full model. 

 The quadratic model was found to be the best fi t, with 

comparative values of R2, degrees of freedom, sum of 

squares, and mean squares for both the reduced and full 

models provided (Table  2 ). The regression equations gener-

ated for each response only include statistically signifi cant 

coeffi  cients (p < 0.05).  

 It is evident that all independent variables have positive 

eff ects on the responses viz. viscosity  (Y 2 ), CPR 15  (Y 3 ), 

CPR 50  (Y 4 ), CPR 480  (Y 5 ). As the concentration of inde-

pendent variables increases, it will increase the value of the 

above variables. While the concentration of  CaCO 3   (X 3 ) 

having a negative eff ect on fl oating lag time  (Y 2 ). As the 

concentration of  CaCO 3  increase will decrease the lag time. 

 Tables  3  and  4  show the results of variance (ANOVA) 

performed to justify the removal of insignifi cant factors. 

The high values of correlation coeffi  cients for Floating lag 

time, Viscosity, CPR 15, CPR 50, and CPR 480 indicate a 

good model fi tting. The critical values of F for fl oating lag 

time, viscosity, CPR 15, CPR 50 and CPR 480 were found 

to be 8.89 (df = 7,3), 8.85 (df = 8,3), 8.85 (df = 8,3), 8.94 

  Table 2       Responses of Box–

Behnken design  

  a    All results are shown in mean ± S.D. (n = 3) 

  Batch code    FLT (sec)  Y 1  
a     Viscosity (cps)  Y 2  

a     CPR 15  Y 3  
a     CPR 50  Y 4  

a     CPR 480  Y 5  
a   

  F1    97 ± 3    895.7 ± 8.56    24.32 ± 0.98    32.85 ± 0.94    94.36 ± 1.18  

  F2    61 ± 9.64    607.7 ± 6.88    34.54 ± 1.51    43.08 ± 1.25    89.08 ± 1.19  

  F3    45 ± 6.08    917.3 ± 10.05    33.83 ± 0.82    41.98 ± 0.76    90.02 ± 0.68  

  F4    42 ± 3.46    147.7 ± 5.16    30.34 ± 0.60    35.56 ± 1.8    86.74 ± 0.98  

  F5    84 ± 3.6    997 ± 6.97    33.62 ± 0.67    37.89 ± 0.89    86.32 ± 1.09  

  F6    40 ± 4    305.3 ± 7.68    30.54 ± 1.04    41.5 ± 2.07    89.49 ± 0.56  

  F7    78 ± 6.50    432.5 ± 8.26    33.58 ± 0.67    46.12 ± 0.45    88.05 ± 0.81  

  F8    132 ± 6.6    413.2 ± 12.65    25.71 ± 1.1    39.87 ± 0.65    85.11 ± 0.76  

  F9    67 ± 3.21    576.3 ± 5.38    32.49 ± 0.98    42.95 ± 0.84    87.82 ± 2.56  

  F10    72 ± 4    725.8 ± 10.66    35.11 ± 1.8    45.22 ± 0.68    90.77 ± 0.82  

  F11    126 ± 7.54    815.7 ± 8.82    32.48 ± 0.50    40.1 ± 1.54    85.37 ± 0.96  

  F12    40 ± 3.60    785.4 ± 9.54    33.83 ± 0.69    43.78 ± 1.02    87.93 ± 1.12  

  F13    56 ± 5.29    464.2 ± 5.64    35.13 ± 1.85    42.68 ± 2.15    90.24 ± 0.75  
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(df = 6,3) and 9.28 (df = 3,3) respectively at p = 0.05. Moreo-

ver, calculated F value for fl oating lag time, viscosity, CPR 

15, CPR 50, and CPR 480 (2.68, 2.32, 2.89, 2.04, and 2.76) 

was found to be less than the critical value, which suggests 

no signifi cant diff erence between the full and reduced model 

 ( Table  3  ).     

   Infl uence of factors on fl oating lag time  (Y 1 ) 

 The major aim of the present investigation was to increase 

the total fl oating time and decrease the fl oating lag time 

of the formulations. The response surface plot for fl oating 

lag time (Figure S2) illustrated the strong infl uence of all 

three factors. A fl oating lag time of 40 s was observed with 

sodium alginate:gellan gum:CaCO 3  ratio 1.81:1.25:2 (Batch 

6). This might be attributed to the generation of gas due to 

the high amount of gas-forming agent and the low amount of 

viscosity enhancers. As the concentration of calcium carbon-

ate increased, fl oating lag time decrease which is due to the 

formation of more gas bubbles which decreased the time to 

fl oat on the surface (Himawan et al.  2022 ). 

    Infl uence of factors on viscosity  (Y 2 ) 

 The major aim of the present investigation was to increase 

the total fl oating time and decrease the fl oating lag time of 

the formulations but with that, it is necessary to maintain 

the fl uidity of the formulation. For that, it is necessary to 

maintain viscosity level at optimum (Garkal and Avachat 

 2022 ). The response surface plot for viscosity (Figure S3) 

illustrated the strong infl uence of all three factors. Viscos-

ity of 147.7 cps was observed with sodium alginate:gellan 

gum:CaCO 3  ratio 0.75:0.5:1.25 (Batch 4). This might be 

attributed to the optimum concentration of all the polymers 

and hence by them, the viscosity of this formulation remains 

lower as compared to other formulations. 

    Infl uence of factors on CPR 15  (Y 3 ) 

 An influence of all three independent variables was 

observed on the cumulative percent release at 15 min (Fig-

ure S4). The highest CPR15 value (35.11%) was observed 

with Batch 10. The initial drug release was attributed to 

a burst eff ect, suggesting that proper gelation had not 

yet occurred, resulting in the rapid diff usion of the drug 

through the matrix (Garkal and Avachat  2022 ). 

    Infl uence of factors on CPR 50  (Y 4 ) 

 A strong infl uence of all three independent variables was 

observed on the cumulative percent release at 50 min (Fig-

ure S5). The medium CPR 50 value was observed with 

almost all the batches. By the 50-min mark, gelation had 

stabilized, forming a matrix structure that hindered further 

drug diff usion. As the concentrations of sodium alginate, 

gellan gum, and calcium carbonate (CaCO₃) increased, 

drug release decreased. However, a rise in CaCO₃ concen-

tration alone led to an increase in drug release due to the 

generation of more gas bubbles, which facilitated greater 

drug diff usion (Garkal and Avachat  2022 ). 

    Infl uence of factors on CPR 480  (Y 5 ) 

 An influence of all three independent variables was 

observed on the cumulative percent release at 480 min 

(Figure S6). The high CPR 480 value was observed with 

almost all the batches. At 480 min, approximately 80% 

of the drug had dissolved, and subsequent drug release 

gradually decreased due to the depletion of the drug in the 

formulation (Garkal and Avachat  2022 ). 

  Table 3       Regression analysis of 

experimental design batches  

  FM  full model,  RM  reduced model, (–) Non-signifi cance response (p > 0.05) 

  Coeffi  cients    FLT (sec)  (Y 1 )    Viscosity (cps) 

 (Y 2 )  

  CPR 15  (Y 3 )    CPR 50  (Y 4 )    CPR 480  (Y 5 )  

  FM    RM    FM    RM    FM    RM    FM    RM    FM    RM  

  b 0     97    72.30    895.7    621.83    24.32    29.9    32.85    36.41    94.36    94.36  

  b 1     18.75    18.75    106.7     ̄      0.44     ̄      0.49     ̄       − 0.13     ̄    
  b 2     14    –    194.2    194.26     − 0.49    –     − 0.39    –     − 0.65    –  

  b 3      − 22.25     − 22.25    54.12    –    0.68    –    0.84    –    1.05    1.05  

  b12     − 4.75    –    33.97    –     − 0.52    –     − 3.90     − 3.90     − 0.70    –  

  B23     − 17.75    –    165.7    –    3.17    –    0.82    –    1.41    1.41  

  B13     − 8.25    –     − 66.9    –    0.83    –    1.10    –    1.63    1.63  

  b11     − 11.37    –     − 74.33    –    5.43    3.34    4.65    3.32     − 3.77     − 3.77  

  B22     − 17.87    –     − 282.9    –    2.75    –    3.12    –     − 3.35     − 3.35  

  B33     − 10.87    –     − 87.71    –    4.23    –    5.53    4.19     − 2.29     − 2.29  
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    Optimized batch analysis 

 The optimized batch was selected based on criteria including 

minimal fl oating lag time, low viscosity, and a controlled 

range of drug release. Using Design Expert software (ver-

sion 8.0.7.1), an overlay plot was generated  ( Fig.  1  ) . The 

performance of the optimized batch was evaluated, and 

the percentage relative error was found to be less than 8% 

 ( Table  5  ) , indicating a good fi t of the model.          

     Evaluation parameters of the designed formulations 

   pH 

 The pH of the gel is infl uenced by the type and concentration 

of the polymers used. Sodium alginate and gellan gum can 

aff ect the pH due to their ionizable groups (Siripruekpong 

et al.  2024 ). Batches with higher concentrations of these 

polymers tend to have lower pH values, as seen in batches 

  Table 4       Calculation for testing the model in portions  

  DF  degree of freedom,  SS  sum of squares,  MS  mean of squares,  R  2  regression coeffi  cient,  FM  full model,  RM  reduced model 

  Floating lag time (sec)  

   Regression      DF      SS      MS      R  2      DF (7,3)   

  FM    9    10,746.27    1194    0.94275    F cal  = 2.68 

 F tab  = 8.89 

 Fcal < Ftab  
  RM    2    6773    3386.5    0.89418  

   Error     

  FM    3    652.5    217.5    

  RM    10    4625.769    462.5769    

  Viscosity (cps)  

   Regression      DF      SS      MS      R  2      DF (8,3)   

  FM    9    739,277.3    82,141.92    0.91303    F cal  = 2.32 

 F tab  = 8.85 Fcal < Ftab    RM    1    301,903.4    301,903.4    0.90386  

   Error     

  FM    3    70,415.7    23,471.9    

  RM    11    507,789.6    46,162.69    

  CPR 15  

   Regression      DF      SS      MS      R  2      DF (8,3)   

  FM    9    129.3336    14.37039    0.91320    F cal  = 2.89 

 F tab  = 8.85 

 Fcal < Ftab  
  RM    1    34.38147    34.38147    0.84276  

   Error     

  FM    3    12.29213    4.09737    

  RM    11    107.2442    9.74947    

  CPR 50  

   Regression      DF      SS      MS      R  2      DF (6,3)   

  FM    9    162.2004    18.02227    0.94488    F cal  = 2.04 

 F tab  = 8.94 Fcal < Ftab    RM    3    123.4308    41.14359    0.82903  

   Error     

  FM    3    9.46172    3.15390    

  RM    9    48.2313    5.3590    

  CPR 480  

   Regression      DF      SS      MS      R  2      DF (3,3)   

  FM    9    74.21744    8.24638    0.97364    F cal  = 2.76 

 F tab  = 9.28 Fcal < Ftab    RM    6    68.6576    11.4429    0.90070  

   Error     

  FM    3    2.00912    0.66970    

  RM    6    7.56891    1.26148    
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F4 and F6. All the formulation has pH around neutral to 

slight alkali or acidic as per Table  6 . Maximum pH 7.47 

and minimum pH 6.94 was observed in formulation F2 and 

F3 respectively.  

    Drug content 

 The drug content is aff ected by the polymer concentrations 

as well. Interestingly, some batches show drug contents 

slightly above 100%, indicating possible variability in the 

analytical method or drug distribution within the gel matrix 

(Siripruekpong et al.  2024 ). Generally, higher polymer con-

centrations might lead to better drug entrapment, as observed 

  Fig. 1       Overlay plot of opti-

mized batch  

  Table 5       Results of checkpoint batch  

  Responses    Predicted value    Experimental 

value  

  % Relative error  

  FLT (sec)    47.376    046 ± 3    3.04  

  Viscosity (cps)    285.797    302.23 ± 3.212    5.42  

  CPR 15 (%)    28.873    28.10 ± 0.150    2.74  

  CPR 50 (%)    40.024    38.45 ± 1.524    4.08  

  CPR 480 (%)    88.735    86.87 ± 1.201    2.14  

  Table 6       Results of experimental design batches  

 ++ gelation immediate, remains for few hours, +++ gelation immediate, remains for extended period 

  Batch code    FLT (sec)    TFT (h)    Viscosity (cps)    % Drug content    pH    In vitro gelation    Density (gm/mL)  

  F1    97 ± 3    42    895.7 ± 8.56    94.46 ± 1.86    7.21 ± 0.05    +++    0.997 ± 0.002  

  F2    61 ± 9.64    34    607.7 ± 6.88    96.28 ± 2.09    7.47 ± 0.04    ++    0.996 ± 0.002  

  F3    45 ± 6.08    36    917.3 ± 10.05    94.26 ± 2.16    6.94 ± 0.01    +++    0.951 ± 0.042  

  F4    42 ± 3.46    47    147.7 ± 5.16    98.83 ± 1.40    7.30 ± 0.03    +++    0.949 ± 0.021  

  F5    84 ± 3.6    31    997 ± 6.97    96.64 ± 1.12    7.28 ± 0.02    +++    0.957 ± 0.005  

  F6    40 ± 4    40    305.3 ± 7.68    99.76 ± 0.73    7.13 ± 0.05    +++    0.99 ± 0.006  

  F7    78 ± 6.50    36    432.5 ± 8.26    97.73 ± 1.25    7.18 ± 0.03    +++    0.975 ± 0.011  

  F8    132 ± 6.65    30    413.2 ± 12.65    99.5 ± 0.73    6.95 ± 0.03    ++    0.985 ± 0.006  

  F9    67 ± 3.21    43    576.3 ± 5.38    101.02 ± 1.45    7.05 ± 0.06    +++    0.976 ± 0.009  

  F10    72 ± 4    36    725.8 ± 10.66    96.28 ± 2.31    7.14 ± 0.005    +++    0.949 ± 0.003  

  F11    126 ± 7.54    38    815.7 ± 8.82    97.19 ± 0.82    7.22 ± 0.01    ++    0.958 ± 0.003  

  F12    40 ± 3.60    48    785.4 ± 9.54    100.29 ± 0.41    7.32 ± 0.03    +++    0.99 ± 0.004  

  F13    56 ± 5.29    48    464.2 ± 5.64    98.1 ± 0.84    7.03 ± 0.07    ++    0.996 ± 0.002  
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in batches F4 and F6. Results of the drug content of formula-

tion F1 to F13 were shown in Table  6 . All the formulations 

showed good drug content from 94.26 to 101.02%. 

    Density 

 From the results mentioned in Table  6 , all batches were 

having a density less than the density of the gastric fl uid 

(1.14 gm/mL). So, they all are fl oated on a gastric environ-

ment and remain buoyant for a longer period of time. The 

density of the gel is infl uenced by the concentrations of the 

polymers and any other additives present. Generally, higher 

polymer concentrations lead to denser gels. However, other 

factors such as the presence of CaCO3 can also aff ect den-

sity. Batch F6, for example, has a higher density despite hav-

ing lower polymer concentrations, likely due to the presence 

of CaCO3 (Permana et al.  2023 ). 

    Viscosity 

 Generally, an increase in the concentration of sodium algi-

nate leads to higher viscosity. This is evident in batches F1, 

F3, and F5, where increasing concentrations of sodium algi-

nate correlate with higher viscosity values as per shown in 

Table  6 . Sodium alginate is a hydrophilic polymer that forms 

a viscous solution when hydrated due to its ability to form 

gels in the presence of divalent cations like calcium ions. 

Similarly, an increase in the concentration of gellan gum 

tends to increase viscosity. This is demonstrated in batches 

F3, F5, and F9, where higher concentrations of gellan gum 

are associated with higher viscosity values. Gellan gum is a 

high molecular weight polysaccharide that forms gels in the 

presence of monovalent cations like sodium ions, contribut-

ing to the viscosity of the formulation. The eff ect of calcium 

carbonate on viscosity is less straightforward compared to 

the polymers. In some cases, such as batch F3, increasing 

CaCO3 concentration correlates with increased viscos-

ity, while in others, such as batch F6, the opposite trend 

is observed. CaCO3 may infl uence viscosity indirectly by 

aff ecting the gelation process through its interaction with 

the polymers and other components in the formulation (Zaki 

et al.  2007 ; Hb et al.  2010 ). 

    Determination of fl oating lag time and total fl oating time 

 The buoyancy study of prepares formulation was performed 

in 0.1 N HCl buff er as per the procedure and results of 

the in vitro fl oating time of formulations F1 to F13 were 

described in Table   6 . Results have shown that formula-

tions containing a high amount of calcium carbonate fl oat 

on the surface very rapidly in less time while formulations 

containing a lower amount or no calcium carbonate settle 

down after some time. The total fl oating time of the prepared 

formulations was performed the same as in fl oating time. 

Almost all the formulations fl oated for more than 24 h. 

    In vitro gelation study 

 Gelation involves the formation of double-helical junction 

zones, followed by the aggregation of these segments into 

a three-dimensional network through cation complexation 

and hydrogen bonding with water (Thomas  2014 ; Galgatte 

et al.  2014 ). All formulations exhibited immediate gelation 

upon contact with the 0.1 N HCl buff er, as shown in Table  6 . 

Gellan undergoes a sol-to-gel transformation in the presence 

of monovalent or divalent cations in gastric fl uids. Almost 

all the formulations were having a good gelation property 

but some formulations remain only for a few hours which 

clearly indicates that having less amount of calcium ions. 

The immediate and extended gelation observed (+++ nota-

tion) in several batches (F1, F3, F4, F5, F6, F7, F9, F10, 

F12) indicates that sodium alginate plays a signifi cant role in 

promoting gel formation. Higher concentrations of sodium 

alginate, such as those in batches F1, F3, and F5, result in 

more pronounced and sustained gelation. Gellan gum also 

contributes to gelation, as evidenced by the immediate and 

extended gelation observed in batches with higher concen-

trations of gellan gum (F3, F5, F9, F10). Batches F3 and F5, 

which have the highest gellan gum concentrations, exhibit 

immediate and sustained gelation, indicating the importance 

of gellan gum in the gelation process. The role of CaCO3 

in gelation is evident from its immediate and extended gela-

tion observed in batches containing higher concentrations 

of CaCO3 (F3, F6, F7, F10, F12). CaCO3 likely acts as a 

cross-linker, facilitating the gelation process by interacting 

with sodium alginate and gellan gum to form a stable gel 

network (Garkal and Avachat  2022 ). 

    In vitro drug release 

 Increasing the concentrations of gellan gum, sodium algi-

nate, and calcium carbonate signifi cantly decreased the rate 

and extent of drug release. This is due to the increased dif-

fusion path length for the drug molecules and the extended 

time required to traverse the gel matrix, which reduces the 

rate and extent of drug release at higher polymer concen-

trations. The drug release from these gels exhibited an ini-

tial burst phase followed by a moderate release phase; as 

gelation progressed, the remaining drug was released at a 

slower rate (Moawad et al.  2017 ; Chaniyara et al.  2013 ). 

This biphasic release pattern is characteristic of matrix dif-

fusion kinetics. The initial rapid release can be explained by 

the presence of an aqueous vehicle, where the matrix formed 

during gelation is already hydrated, allowing the drug to 

dissolve quickly before a rigid gel is formed. However, the 

results demonstrated that the gels could retain pregabalin 
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throughout the study period (12 h). In all formulations con-

taining varying polymer concentrations, the drug was ini-

tially released into the medium and gradually released up to 

more than 99% over 12 h, as shown in Fig.  2 .         

     Kinetics of drug release 

 The dissolution data were fi tted to several kinetic models, 

including zero-order (percent unreleased drug vs. time), 

fi rst-order (log cumulative percentage of drug unreleased 

vs. time), the Higuchi model (cumulative percentage of drug 

released vs. square root of time), the Hixon-Crowell cube 

root law, and the Korsmeyer-Peppas model (log cumulative 

percentage of drug released vs. log time). 

 By comparison of regression coeffi  cients of all the plot, 

the release mechanism of the optimized batch was decided. 

On the basis of  R 2 , formulation followed zero-order kinet-

ics, and the better fi t was observed in the Higuchi model 

 (R 2  = 0.979) than the other two models (Hixon-Crowell 

model  R 2  = 0.895 and Korsmeyer-Peppas model  R 2  = 0.317). 

Hence, the mechanism of drug release from in situ gel fol-

lowed diff usion controlled. Higuchi’s equation provides 

information about diff usion-controlled release mechanism, 

Hixon-Crowell’s cube root law provides information about 

dissolution controlled release mechanism, the Korsmeyer-

Peppas model provides information about more than one 

release mechanism which can be involved (Garkal and Ava-

chat  2022 ; Abuhelwa et al.  2017 ). As the value of n is given 

in the Korsmeyer-Peppas model, a value of slop (n) < 0.5 

shows Fickian diff usion. So, that the release mechanism 

from this optimized formulation follows Fickian diff usion. 

    Stability study 

 The optimized batch, derived from the overlay plot, was sub-

jected to a stability study under controlled environmental 

conditions following ICH guidelines (40 ± 2 °C and 75 ± 5% 

RH) (Cao et al.  2009 ; Suryawanshi et al.  2022 ). Samples 

were collected at initial, one-month, and two-month inter-

vals and analyzed for pH, viscosity, gelling capacity, fl oating 

time, total fl oating time, and drug content. 

 As observed in Fig.  3 , by the end of the two-month period, 

the viscosity of the formulation decreased from 295.39 to 

298.02 cps, possibly due to water loss, which impacted the 

rheological properties of the in-situ gel. Similarly, change in 

pH occurred from 7.11 to 7.09, change in drug content from 

99.27 to 97.19%, change in fl oating lag time from 45.33 to 

51 s. Hence, the results suggested that the formulation did 

not show any signifi cant changes in results even after two 

months indicate that the formulation is stable. The stability 

study is further continued for one month.         

     Conclusion 

 Floating in situ gel was developed from the highly water-

soluble drug pregabalin for the successful delivery of the 

drug in such a manner that formulation releases the drug 

in a sustained manner. In situ gel of pregabalin is improved 

patient compliance and therapeutic effi  cacy of the drug by 

reducing its frequent dosing. The prepared experimental 

design batches were evaluated and further optimized batch 

was fi tted for the kinetic model using various models to 

evaluate the release behavior of the drug from the gel. Sta-

bility study of the same formulation was done for as per the 

ICH guidelines and results suggested that formulation did 

not show any signifi cant changes. Hence, from the research 

work, it can be concluded that the fl oating in situ gel con-

taining pregabalin was successfully prepared using various 

polymers having suffi  cient consistency for oral administra-

tion as liquid formulation and sustained the delivery of drug 

up to 12 h. 

                  Supplementary Information     The online version contains supplemen-

tary material available at   https:// doi. org/ 10. 1007/ s43538- 024- 00343-5    .  

  Fig. 2       Cumulative release of drug from various formulations in 0.1 N 

HCl  
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  Fig. 3       In vitro release study of optimized batch for stability study at 

one-month interval  
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