Characterization of Hydration Behaviour and Modeling of Film Formulation for Transmucosal Drug Delivery
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Abstract
 
Hydration is responsible for the polymer chain relaxation which facilitates the patterned release of drug from the hydrogel based delivery system. A modified lag phase sigmoidal model was used for investigation of swelling kinetics of the delivery film formulations containing kaolin-in-HPMC. Modified version of the conventional model has been developed to investigate hydration behavior of the films. In our knowledge, no such model was used to describe the swelling kinetics of any polymeric film. Concluded that the presence of kaolin in film facilitate higher swelling content. This modified lag phase sigmoid model was successfully fitted to the experimental data of swelling content, confirmed by R2 and lower RMSE value. The modified sigmoid mathematical model obtained the τ value almost similar to observed τ. Hence, the modified version of the lag phase sigmoid model can be reliable enough to calculate kinetics in other studies. 
Key words: Hydration phenomenon; water diffusion; swelling kinetic model; modified lag phase.
1. Introduction

Swelling behaviors of polymer films possesses a significance importance in hydrogel-based transmucosal drug delivery systems and diverse application in biomolcular electronics and sensors, wound dressing, adsorption of chemical materials and contact lenses.1,2 Films matrix of biomaterials or hydrophilic polymers is susceptible to environmental moisture and water due to the presence of hydrophilic groups in the macromolecule chains.3 Swelling of polymer network has been affected by the cross-linking degree of polymer, solvent-polymer compatibility and polymer nature.4 In the process of swelling, the solvent molecules get contact with polymer and diffuse into polymer. During this dynamic movement, the solvent molecules were transported into the void spaces in the existent polymer chain.5 Thus swelling is responsible for the polymer chain relaxation and facilitates the patterned release of drug. Swelling develops bioadhesion through the intimate contact between polymer and mucosal tissue due to the entanglement of polymer and mucin chains of mucosal membrane lining.6 The mucoadhesion between the mucus layer and the natural and synthetic polymers covered the mucosal epithelial surface. Further the controlled drug release affected depending on the interaction capability of polymer with mucus layer.7 Swelling gets much attention as an important mechanism of controlled drug delivery system.8,9 For hydrogel film, the dynamic process of solvent penetration can be interpreted from Swelling. Based on this knowledge, the drug release pattern can be adjusted by modifying the swelling of polymer matrix.5
The incorporation of clay minerals into polymer matrix can reduces the strain of polymer matrix due to their intercalation properties10 and increments significant property.11 Silicate clay, such as montmorrilonite, has been characterized for the improvement of the biodegradability and mechanical properties of polymeric film.12,13 Kaolin, a phyllosilicate (1:1) crystalline clay, having cation exchange capacity.14 It consists of a tetrahedral silica sheet and an alumina octahedral sheet and the layers were bonded with hydrogen bond together.15 Incorporation of kaolin in drug delivery design is promoted due to its characteristic features such as chemical inertness, rheological properties, high specific area, swelling capacity and sorption capacity. The effect of Kaolin incorporation in film could be investigated as the quality and functionality of swelling of film by applying mathematical model, and this type of utilization of mathematical model are almost unavailable in literature. 
The modeling of swelling behaviour of films was previously generalized theoretically by researchers. In literature, the kinetic model for absorbent gels swelling was constructed by Tanaka and Filmore.16 After that, Li and Tanaka17 included some new approaches regarding swelling of gel and that was implemented by Chi Wu and Chui-Ying Yan18 for gelatin film swelling. Hans schott utilized second order kinetics to describe the swelling kinetics of gelatin film.19 Kipcak et al has been utilized peleg’s model to describe the swelling kinetics of acrylamide-sodium acrylate hydrogel.20 The cellulose polymer contains hydroxyl group and it is used in different field due to their hhydrophilic and hygroscopic nature.21 Hydroxypropyl methylcellulose (HPMC), cellulose derivative polymer contain hydroxyl group, is widely used in pharmaceutical industry and other field. In this study, lag phase sigmoid model, an alternative of these models, were utilized for investigation of swelling kinetics of films. Also a modified version of this model has been developed to investigate swelling of films. In our knowledge, no such model was used to describe the swelling kinetics of any polymeric film. Mathematical modification of lag phase sigmoid model has been described as:

[image: image1.png]SE
= Trep(kt-0) "

Se




[image: image2.png]? 1+ exp(—k(t—1)




[image: image3.png]% — 1=exp(—k(t—17)




[image: image4.png]kr—kt..





SE is the equilibrium swelling, k (min -1) is the rate constant and τ is the time to obtain half of swelling saturation (i. e. St = SE/2 at t = τ).

2. Experimental
2.1. Materials


Dexamethasone (DXM) was received as gift sample (Sigma Company). Kaolin, HPMC K100LVCR (HL) and HPMC K100M (HH), triethanolamine were purchased from Qualikems, Burgoyne, Burbidges & co., Merck specialities Pvt Ltd (Mumbai) respectively. Ethanol was bought from MERCK (Germany).
2.2. Preparation of hydrogel film

The biocompatible and biodegradable polymers (HL and HH) were swelled in distilled water till overnight and stirred continuously for 24 h at room temperature to prepare polymeric dispersion. Simultaneously, kaolin clay dispersion (10 wt. %) was prepared without any treatment by dispersing in distilled water and stirring for 24 h. It was established that this process may be capable of reducing the average particle size dispersed in distilled water to nano size clay particle.22 With continuous 1 h stirring the kaolin dispersion gradually added into the polymeric dispersion and incorporated into HL and HH polymer dispersion. Dexamethasone and triethanolamine were incorporated in polymeric kaolin dispersion by dissolving in ethanol and stirring for 3 h. According to solvent casting and solvent evaporation method, final dispersion was casted into petri dish and dried in incubator for 24 h at 60 (C. After drying the prepared film subjected to characterization.
2.3. Water sorption studies

Films were accurately weighed (W1) at room temperature (30 (C) before placing in desiccators containing activated silica gel (RH 0 %). After 24 h films were discarded from desiccators and weighed (W2) until constant weight achieved. Water content obtained from the difference between initial and final weight with respect to final weight (W2). For water sorption analysis each film was weighed (W1) after removal from desiccators over silica gel. Then films were placed in desiccators to maintain 65, 75, and 84 % relative humidity with 100 ml super saturated solution of sodium nitrite, sodium chloride and potassium chloride respectively. After about 24 h films were weighed (W2) till three resulted weight were same. Moisture uptake obtained from the difference between final and initial weight with respect to initial weight (W1) and expressed as percentage.
2.4. FTIR spectroscopy


The possible interaction between components interpreted from FTIR analysis. The FTIR characterization of pure drug and formulations was performed in JASCO FT/IR-4100 spectra. To prepare sample pellets, KBr pressed-disk method used (ratio of sample to KBr is 1:20) and then sample pellet was placed in FTIR spectrometer. FTIR spectra were obtained in the range of 400–4000 cm-1 and at a resolution of 4 cm-1 as transmission mode by accumulating 80 scans.

2.5. Scanning Electron Microscopy (SEM)


SEM images utilized to visualize the morphology of pure drug, kaolin and formulations. Samples were gold sputter-coated under argon atmosphere and placed in JEOL/EO $ CM_VERSION 1.0 Scanning Electron Microscope model no (JSM-6390) (operating at 5 kV) for imaging. 
2.6. Hydration and swelling studies


Films were cut into small pieces and weighed (W0). Then the small pieces of film immersed into each petri plate at room temperature containing 25 ml of pH 7.4 phosphate buffer saline. After predetermined time interval samples were taken out from petri plate and excess buffer soaked in filter paper. Then the final weight (Wt) was recorded and this process continued up to 6 h. swelling content calculated by using the following equation, 23
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S is swelling content (g water/ g dry film), Wt is weight of film after time t, W0 is the weight of dry film.
Erosion of film can also be analyzed from swelling studies. At the end of swelling study, films were dried at 40 (C in hot air oven. After 24 h films were carried out from oven and reweighed (We) and erosion calculated as follow,
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We is the weight of film after drying in oven.
Swelling of polymer involves diffusion of water and necessitated understanding the mechanism of solvent diffusion. The swelling kinetics and diffusion of polymer structure can be explained by basic law of Peppas law.24
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Where, F = fraction of swelling content, Smax = maximum swelling content of the formulation, St = swelling content of the formulation at any time, K = gel network structure constant, and n = diffusion exponential of solvent. The ‘n’ value of peppas equation utilized to determine the diffusion type. Coefficient of diffusion, an important parameter, also examined the swelling kinetics. It can be calculated for square shape film from the followed equation which derived by arranging the Fick’s II law.
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Where D is the coefficient of diffusion expressed as cm2s-1, and “a” is the side of square film as cm.

In order to determine the swelling kinetics of films, lag phase sigmoid model was exploited in this study. The lag phase sigmoid equation has been modified to generalize the swelling kinetics study and has been compared with original lag phase sigmoid model.  
Kaptso et al proposed a sigmoidal model also tested to describe the swelling of film.25 The equation of this sigmoid model comprised an exponential rate of decay term which accounted for an initial lag phase. The model expressed as following equation
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SE is the equilibrium swelling, k (min -1) is the rate constant and τ is the time to obtain half of swelling saturation (i. e. St = SE/2 at t = τ).
2.7 Statistical analysis

The model was statistically fitted with the experimental data and analyzed in Origin Pro 8.0 (OriginLab, Northampton, MA) software26 by the nonlinear regression analysis. Model fitness to the experimental data has been assessed using R2, χ2, and root mean square error (RMSE)) of statistical analysis data. χ2 and RMSE can be calculated as
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3. Results and discussion

3.1. Water sorption properties

The moisture content and moisture uptake of DXM film composed of HPMC and kaolin were measured at 25 (C and 65 %, 75 %, and 85 % relative humidity respectively. Table 1 displayed the gradually depletion of both water content and water uptake while kaolin content increased in film. Also it showed that moisture uptake of all respective formulations has also been progressively increased with increased RH from 65 to 85 %. The highest kaolin content in film resulted in decrease percent moisture uptake from 4.50±0.023 to 3.40±0.027 and 6.76±0.043 to 4.57±0.056 at 65 % RH for HL and HH matrices respectively in comparison with film absence of kaolin. Percent moisture content of film has also been reduced from 2.80±0.004 to 1.14±0.018 and 3.87±0.018 to 2.40±0.02 for HL and HH matrices respectively in presence of kaolin content (1:1) compared with film absence of kaolin. The observed result indicated that the water resistance of both matrices formulation was improved by the presence of kaolin in film. Such properties of kaolin like certain level of hydrophilicity 27 and capability of hydrogen bond formation have been responsible for less availability of the interaction site, might be resulted from the affinity between kaolin and DXM and between kaolin and HPMC. Moisture content and uptake have been varied for formulations of different matrices.
Table 1. Water sorption properties of the film formulation.
	Formulation
	DXM : kaolin
	% Water uptake at RH (mean±SD, n=3)
	Water content (%) (mean±SD, n=3)

	
	
	65 %
	75 %
	85 %
	

	DHLK0
	-
	4.50±0.023
	12.61±0.026
	21.62±0.029
	2.80±0.004

	DHLK1
	1 : 0.25
	4.31±0.029
	12.06±0.031
	19.82±0.027
	2.58±0.008

	DHLK2
	1 : 0.5
	3.81±0.024
	11.45±0.026
	19.08±0.021
	2.34±0.012

	DHLK3
	1 : 0.75
	3.42±0.021
	10.28±0.034
	17.00±0.031
	2.06±0.009

	DHLK4
	1 : 1
	3.40±0.027
	10.20±0.038
	16.57±0.034
	1.14±0.018

	DHHK0
	-
	6.76±0.043
	14.28±0.08
	24.81±0.113
	3.87±0.018

	DHHK1
	1 : 0.25
	5.81±0.051
	13.95±0.091
	22.09±0.102
	3.52±0.015

	DHHK2
	1 : 0.5
	5.22±0.053
	13.43±0.079
	19.40±0.099
	3.22±0.013

	DHHK3
	1 : 0.75
	4.65±0.049
	12.79±0.064
	19.76±0.056
	2.68±0.019

	DHHK4
	1 : 1
	4.57±0.056
	11.76±0.073
	18.30±0.032
	2.40±0.021


3.2. FTIR


The analysis of the chemical constituent of pharmaceutical solids has been carried out by the FTIR spectroscopy. Also the drug-excipient interaction nature confirmed from the changes in IR spectra, while compared the IR spectra. The changes in drug-excipient interaction displayed as the disappearance of existing band and appearance of new band in IR spectra, intensity alteration and absorption band broadening. Figure 1 showed the IR spectra of kaolin, pure DXM and formulations. The characteristic absorption peak of DXM in IR spectra showed at 3000-2800 cm-1, 885 cm-1, 1718 cm-1, 1665 cm-1 and 1621 cm-1, assigned to CH2 group, axial deformation of C-F group, carbonyl group (C꞊O) of aliphatic ester and ketone,28 and C꞊C group respectively .29 IR spectrum of pure kaolin demonstrated absorption peak at 1032 cm-1 with high intensity due to Si-O stretching in Kaolin.30 Kaolin contain hydroxyl group at different position, as: outer hydroxyl group (OuOH, positioned in the upper unshared plan) and inner hydroxyl group (InOH, positioned in lower unshared plan of octahedral sheet). Kaolin spectra showed peak at 3693, 3669, 3649 cm-1 and at 3619 cm-1 due to the stretching of OuOH and stretching of InOH in Al-OH.31 The broadening of absorption band at 3000-2800 cm-1 appeared due to the presence of polymer in film. The successful incorporation of DXM in films has been confirmed by the presence of the main characteristic absorption peak at 1665 cm-1. This result suggested that the chemical properties of DXM have remained same in films. In formulations, the absorption peak at 1032 cm-1 has been shifted which can be confirmed the interaction between DXM and kaolin. The formation of hydrogen bond can be concluded as a result of this band shifting. The broadening of the characteristic peak at 1032 cm-1 observed in wide range in spectra of film containing higher kaolin content. This result can be indicated the relative stronger bind between DXM and kaolin with corresponding increase of kaolin content in films.
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Figure 1. FTIR spectra of prepared formulations.
3.3 Scanning electron microscopy


The scanning electron micrograph of pure DXM, kaolin, and films of both HPMC K100 LVCR and HPMC K100 M matrices were demonstrated the morphology of films (Figure 2). Figure 2(iv) and 2(vi) represents the SEM image of film with higher ratio kaolin content of both HL and HH matrices respectively. The SEM images demonstrated the geometric plate shaped microstructure of pure DXM and nanosized kaolin. The SEM images of films with kaolin content demonstrated the distinct distribution of nano-sized kaolin particle into the film. It also observed that the crystallites shape of DXM have almost been disappeared in films. In the presence of triethanolamine, the growth of drug crystal in HPMC film was not notable adequately in the SEM micrographs due to the interfacial adhesion between the polymer phases and drug.32 The crystal growth have been inhibited by HPMC and also used as the crystal habit modifier.33
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Figure 2. Scanning electron micrograph of pure DXM (i), kaolin (ii), and films with kaolin (iii) with kaolin (iv) of HPMC K100 LVCR and films with kaolin (v) with kaolin (vi) of HPMC K100 M matrices.
3.5. Hydration behavior

The biological characteristic of hydrogel-based transmucosal drug delivery system significantly depended on the swelling of polymer present. In order to investigate the swelling capacity of kaolin and polymer, swelling content of film studied in phosphate buffer saline pH 7.4 at room temperature. Swelling process includes water uptake by matrix, which seems faster than the following process of erosion of polymer matrix. Hence it can be result of still presence of the incorporated DXM molecule in polymer matrix. The change of swelling content of film of both HL and HH matrix with varied kaolin content depicted in Figure 3 and Figure 4. respectively. Graphs displayed that film of HL and HH matrices exhibited maximum swelling at 60 min and 6 h respectively. Also graphs displayed the decline swelling content of film, while kaolin content in film increased. The water resistance ability of kaolin resulted in sustaining swelling of polymer based film matrix. With increasing kaolin content in film water resistance ability improved and reflected as more sustained swelling of film.  Water uptake, main basis for swelling, depends on hydrophilicity, and other parameter such as morphology as macro voids, free volume, and crystal size. Hence, Swelling may also be depended on these parameters. As Kaolin possessed a certain level of hydrophilicity, 34 it has been produced a tortuous pathway and also formed a denser cross-linking network.35 Thus kaolin has capability of reduction of the length of free pathway to water uptake into matrix, which leads to sustain the swelling of film matrix. 
In both (film of HL and HH) cases swelling content increases with time of swelling and systematically characterized by higher swelling in initial stage followed by a slower swelling at later stages, known as hyperbolic form 25 swelling. This form of swelling content graph probably related to the polymer viscosity and molecular weight. From this prospective, the result of swelling content demonstrated higher value for film of HPMC K100 M matrix compared with film of HPMC K100LVCR matrix. This result suggested that the polymer viscosity and molecular weight have been effected the swelling of film. The water uptake process did not easily empowered through higher viscosity polymer HPMC K100 M matrix, due to its highly compact packed of higher molecular weight polymer molecule. Also swelling of HH matrix has been characterized by the polymer chain disentanglement.36 Praveen et al 36 also has been discussed that the polymer chain disentanglement affected by the polymer viscosity. Film of HH matrix with maximum kaolin content showed higher swelling content suggesting decreased the movement of DXM molecules from the film matrix to the medium. 
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Figure 3. Swelling content of film of HPMC K100 LVCR (HL) matrix with varied kaolin content.
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Figure 4. Swelling content of film of HPMC K100 M (HH) matrix with varied kaolin content. 
Erosion of film matrix is the following process of swelling and proceeds slower. In this process, drug molecule diffuses through the micropores of polymer and induced also by the water uptake of matrix.6 Afterwards swelling study, at 6 h, erosion of films has been measured in pH 7.4 phosphate buffer saline. Figure 5 showed the progressive decrease in erosion with gradually increased kaolin content in film. Kaolin, present in film restrained the erosion of film caused by the entrapment of kaolin in the HPMC matrix networks. The higher kaolin content in film has relatively been developed stronger affinity between kaolin and polymer. Thus the film with higher kaolin content showed more resistance for erosion.
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Figure 5. Erosion of film of HPMC K100 LVCR (HL) and HPMC K100 M (HH) matrix with varied kaolin content.
3.6. Diffusion of water


The predicted swelling value possessed similarity with experimental swelling value, when the swelling kinetics of films has been described by the peppas model (RMSE = 0.016-0.019 for HL matrix film and 0.016-0.018 for HH matrix film). The diffusion exponential (n), k, R2, reduced chi-square (χ2) and RMSE values of all matrix films demonstrated in Table 2. In order to investigate the water diffusion mechanism into hydrogel DXM film, peppas equation was utilized. On the basis of the n value, the diffusion type of swelling was determined.37 Fickian and non-Fickian diffusion are identified by the n values of 0.5 and 1.0 respectively. The ranges of swelling exponent values of films of HL and HH matrix are 0.27807-0.43023 and 0.31189-0.59014 respectively. According to the calculated n value, it has been determined that the following diffusion mechanism of swelling of films of HL and HH matrix was fickian diffusion and anomalous diffusion. The characterization of swelling could be done by the diffusion coefficient (D), one of the major parameter, which calculated by using equation.5 Diffusion coefficient values tabulated in Table 2 and revealed that the D value increased with the increased kaolin content in film. Wu et al found that the diffusion coefficient were exhibited to be in the range of 2.6 × 10-7 – 2.2 × 10-7 cm2s-1, which are markedly smaller than our calculated diffusion coefficient (1.32 × 10-4 -7.31 × 10-4 for HL matrix and 1.23 × 10-4 – 10.89 × 10-4 for HH matrix).
Table 2. Estimated swelling parameters of the film as per Peppas model and diffusion of water.
	Formulation
	Parameter of peppas model

	
	k
	n
	R2
	χ2
	RMSE
	D (×10-4)(cm2s-1)

	DHLK0
	0.23
	0.28
	0.98
	3.17E-04
	0.016
	1.32

	DHLK1
	0.16
	0.35
	0.99
	8.81E-05
	0.008
	4.04

	DHLK2
	0.14
	0.37
	0.99
	3.61E-04
	0.017
	4.59

	DHLK3
	0.12
	0.39
	0.98
	4.93E-04
	0.020
	5.54

	DHLK4
	0.10
	0.43
	0.99
	4.44E-04
	0.019
	7.31

	DHHK0
	0.16
	0.31
	0.98
	3.19E-04
	0.016
	1.23

	DHHK1
	0.12
	0.36
	0.99
	2.98E-04
	0.016
	2.24

	DHHK2
	0.08
	0.43
	0.99
	2.76E-04
	0.015
	4.12

	DHHK3
	0.06
	0.49
	0.98
	0.00101
	0.029
	6.3

	DHHK4
	0.03
	0.59
	0.99
	4.04E-04
	0.018
	10.89


3.7. Evaluation of Lag phase model and modified Lag phase model


The fitting of lag phase sigmoid model and modified lag phase sigmoid model on the swelling data of film of both matrices (HL and HH) have been shown in Figure (6 and 7) and Figure (8 and 9) respectively. The parameters (R2, k, τ, Sobs.eq, RMSE, χ2) of this model have been depicted in Table 3 for all films. These parameters described the kinetics of all film with lower RMSE and χ2 value and high correlation coefficient indicating appropriate fitting of model on swelling data. The increment of the time to obtain half of swelling saturation (τ) is promoted by higher kaolin content in film. The predicted equilibrium swelling content and τ has been demonstrated higher for film of HH matrix than HL matrix. In case of this model, predicted equilibrium swelling content was almost similar to the experimentally obtained equilibrium moisture content. Modified lag phase demonstrated the increasing order of τ and decreasing order of k with increased kaolin content in film of both matrices (HL and HH matrix). Sigmoid rate constant (k) decreased with increasing kaolin content in film of both matrices supporting the effect of kaolin on prolonged swelling of film. According to K.G. Kaptso et al 25 found the increased sigmoid rate constant has been reflected in the increased mass transfer rate. However, the obtained value of τ and k as such (HL: 24.26 - 107.10 min and HH:  57.75 - 287.29 min) and (HL: 0.02 - 0.012 min-1 and HH:  0.009 – 0.006 min-1) respectively. The fitting of this model has been justified by the RMSE and R2 value resulting as acceptable as the proposed sigmoid model.
Table 3. Estimated parameter of modified lag phase model.
	Formulation
	Parameter of modified lag phase model

	
	Sobs.eq
	Obs τ
	Predicted τ
	k×10-3
	R2
	RMSE
	χ2

	DHLK0
	6.32
	17.636
	24.26
	20.35
	0.951
	0.174
	0.033

	DHLK1
	6.38
	37.211
	41.59
	16.08
	0.984
	0.138
	0.011

	DHLK2
	6.70
	55.219
	64.29
	14.14
	0.996
	0.119
	0.008

	DHLK3
	6.75
	80.638
	84.51
	13.01
	0.999
	0.121
	0.008

	DHLK4
	6.77
	105.715
	107.10
	12.41
	0.998
	0.145
	0.013

	DHHK0
	10.62
	38.442
	57.75
	9.41
	0.964
	0.338
	0.029

	DHHK1
	11.02
	103.619
	115.44
	7.14
	0.994
	0.290
	0.018

	DHHK2
	11.14
	173.324
	196.25
	6.48
	0.999
	0.321
	0.025

	DHHK3
	11.33
	219.693
	253.14
	6.38
	0.995
	0.412
	0.037

	DHHK4
	11.70
	283.118
	287.29
	6.87
	0.989
	0.485
	0.063
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Figure 6. Fitting of lag phase model of films of HPMC K100LVCR matrix with varied kaolin content.
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Figure 7. Fitting of lag phase model of films of HPMC K100 M (HH) matrix with varied kaolin swelling content.
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Figure 8. Fitting of modified lag phase model of films of HPMC K100LVCR matrix with varied kaolin content.
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Figure 9. Fitting of modified lag phase model of films of HPMC K100 M (HH) matrix with varied kaolin swelling content.
4. Conclusion


In this study, kaolin incorporated HL and HH matrix film was prepared and the effect of kaolin on swelling of film was investigated. The observed decreasing moisture content along with increasing swelling content of films of both matrices with higher kaolin content concluded that the presence of kaolin in film  facilitate higher swelling content. Hence, lower moisture content can be related as increase swelling content of film. Whereas, swelling content of film possessed higher for HH matrix than HL matrix. The SEM micrographs exhibited nano sized kaolin discretely distribution in film which assisted uniform swelling of every section of film. Erosion, following process of swelling, also demonstrated the similar decreasing order with the higher the kaolin content in film as swelling content of films of both matrices. The calculated value of diffusion coefficient increased with increasing kaolin content in both matrices. Swelling kinetics of films with varied kaolin content has been investigated by lag phase sigmoid mathemetical model. The predicted swelling content value from the modified lag phase sigmoid model demonstrated similarity with the observed value of swelling content. This modified lag phase sigmoid model was successfully fitted to the experimental data of swelling content, confirmed by R2 and lower RMSE value. The modified sigmoid mathemetical model obtained the τ value almost similar to observed τ. Hence, the modified version of the lag phase sigmoid model can be reliable enough to calculate kinetics in other studies.   
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Figure legends:
Figure 1. FTIR spectra of prepared formulations.

Figure 2. Scanning electron micrograph of pure DXM (i), kaolin (ii), and films with kaolin (iii) with kaolin (iv) of HPMC K100 LVCR and films with kaolin (v) with kaolin (vi) of HPMC K100 M matrices.
Figure 3. Swelling content of film of HPMC K100 LVCR (HL) matrix with varied kaolin content.

Figure 4. Swelling content of film of HPMC K100 M (HH) matrix with varied kaolin content. 

Figure 5. Erosion of film of HPMC K100 LVCR (HL) and HPMC K100 M (HH) matrix with varied kaolin content.
Figure 6. Fitting of lag phase model of films of HPMC K100LVCR matrix with varied kaolin content.
Figure 7. Fitting of lag phase model of films of HPMC K100 M (HH) matrix with varied kaolin swelling content.
Figure 8. Fitting of modified lag phase model of films of HPMC K100LVCR matrix with varied kaolin content.

Figure 9. Fitting of modified lag phase model of films of HPMC K100 M (HH) matrix with varied kaolin swelling content.
Table captions:
Table 1. Water sorption properties of the film formulation.
Table 2. Estimated swelling parameters of the film as per Peppas model and diffusion of water.

Table 3. Estimated parameter of modified lag phase model.
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