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Abstract 

Swelling, erosion, deformation and consolidation properties can affect the performance of cellulose ethers, the most commonly used matrix former in hydrophilic sustained tablet formulations. The present study was designed to comparatively evaluate the swelling, erosion, compression, compaction and relaxation properties of the cellulose ethers in a comprehensive study using standardised conditions. The interrelationship between various compressional models and the inherent deformation and consolidation properties of the polymers on the derived swelling and erosion parameters are consolidated. The impact of swelling (Kw) on erosion rates (KE) and the inter-relationship between Heckel and Kawakita plasticity constants was also investigated. It is evident from the findings that the increases in both substitution and polymer chain length led to higher Kw, but a lower KE; this was also true for all particle size fractions regardless of polymer grade. Smaller particle size and high substitution levels tend to increase the relative density of the matrix but reduce porosity, yield pressure (Py), Kawakita plasticity parameter (b-1) and elastic relaxation. Both KW vs KE (R2 = 0.949-0.980) and Py vs b-1 correlations (R2 = 0.820-0.934) were reasonably linear with regards to increasing hydroxypropyl substitution and molecular size. Hence, it can be concluded that the combined knowledge of swelling and erosion kinetics in tandem with the in and out-of-die compression findings can be used to select a specific polymer grade and further to develop and optimise formulations for oral controlled drug delivery applications. 
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1- Introduction 
In recent years, compressed hydrophilic matrix systems have been extensively employed in the preparation of extended release (ER) tablet formulations [1-4]. The straightforward and convenient manufacturing process can reduce associated costs of development and final products. Over the years various types of polymers have been used in developing ER hydrophilic matrices, but the hydrophilic derivatives of cellulose ethers, more specifically methylcellulose (MC) and hypromellose (HPMC), are the most frequently employed hydrophilic polymers. This high level of exploitation can be credited to their non-toxic nature, ability to produce pH independent and controllable drug release profiles, broad regulatory acceptance and good compression and anti-static properties [5-8].
Upon exposure to aqueous media these matrices swell quickly due to their high molecular surface area resulting from polymeric chain relaxation. The penetration of liquid decreases the glass transition temperature (Tg) and the polymer passes from an amorphous glassy state to a rubbery state; this causes a thick gelatinous layer, commonly known as the gel layer, to develop around the circumference of the tablet matrix [9-14].  The development of a gel layer essentially divides the matrix tablet into three distinguishable regions. The highly swollen outer region has the largest quantity of water molecules and it is mechanical weak. The middle region is moderately swollen and is relatively strong. The core of the matrix tablet renders the innermost region essentially dry and it can remain in a glassy state for extended duration [15]. Over time, the gel layer swells as more water penetrates into the matrix network and controls the release of drugs. Once the outermost layer becomes fully hydrated, the polymeric chains start to relax and disentangle. Consequently, matrices start to dissolve from the surface as water unremittingly permeates towards the core [16]. Although outwardly simple, the swelling and erosion of cellulose ether based hydrophilic matrices are complex processes and these are reliant on the molecular size, particle size, substitution ratios and type of cellulose ether being used [17]. For example fine particle size, increased level of hydrophilic substitution groups and higher molecular weights can lead to rapid swelling which in turn decrease the erosion capacity of matrices [18]. 
Nokhodchi and Rubinstein (2001) reported that cellulose ethers with higher molecular weights require a higher pressure for deformation and are considered less plastic [19]. The particle size is also an important factor when consolidation and compaction properties of cellulose ethers are considered. It has a significant impact on the tensile strength of matrices; fractions containing cellulose ether powders with a smaller diameter produced matrices with higher tensile strength. However, the deformation properties were considered to be independent of particle size, but specifically in the case of higher molecular size grade HPMC, mean yield pressure (Py) decreased with increasing particle size [19]. The chemistry of cellulose ethers affects the performance of matrix tablets as the type and degree of substitution can affect the compaction properties of matrices [17,19,20]. To develop robust and realistically effective compressed hydrophilic matrices, a sound understanding of material attributes and how any variation or modification in these can affect their performance and functionality, is critical. Swelling (liquid uptake), erosion and physical characterization of powder compaction are attractive parameters to control and measure from both performance and material consumption perspectives [21-23]. Moreover, these processes have significant importance in governing and regulating the drug release mechanism. Therefore, the present work was designed to focus on comparative evaluation of different cellulose ethers (MC and HPMC), with a view to understand their swelling, erosion, compression, compaction and relaxation properties. The Vergnaud model [24] and phenol-sulphuric acid (PSA) assay [25] were applied to study swelling and erosion properties of matrices, respectively. The Heckel and Kawakita mathematical compressional models [26-28] were applied to study the deformation properties of matrices. The impact of physicochemical attributes related to MC/HPMC (particle size, molecular size and hydroxypropyl (Hpo)/methoxy (Meo) substitution levels) on swelling erosion, compaction and compressional parameters were studied. Moreover, the influence of swelling (Kw) on erosion rates (KE) and the inter-relationship between Heckel and Kawakita plasticity constants were also investigated. 
2- Materials and methods  
2.1- Materials
Methylcellulose, MC, (Methocel® A4M) and hypromellose, HPMC, (Methocel® F4M, E4M, K4M, K15M and K100M) were donated by Colorcon Ltd (Dartford, UK) and specifications are listed in Table 1. Sulphuric acid, hydrochloric acid and phenol were purchased from Sigma-Aldrich, UK, and were all of analytical grade. Disodium hydrogen phosphate (Na2HPO4) and sodium dihydrogen phosphate (NaH2PO4) were purchased from Fisher Scientific, UK and used for the preparation of pH 7.2 sodium phosphate buffer. 
2.2- Methods
2.2.1- Particle size fractionation and characterisation 

Particle size fractions of each grade of cellulose ether (90-150 µm and 150-250 µm) were obtained through mechanical sieving. For instance, a heterogeneous reaction is usually used for the manufacturing of cellulose ethers (MC and HPMC), therefore, there are probabilities of chemical variability in the sieved fractions of MC and HPMC powders. Henceforth, attenuated total reflectance/Fourier transform infrared spectroscopy (ATR-FTIR) was employed to identify the chemical variability in various sieved fractions of MC and HPMC powders [29-32]. The ATR-FTIR spectra of all the powder samples were generated by scanning from 400 to 4000 cm-1 at ambient temperature (21 °C) using 64 scans and at a resolution of 4 cm-1. Moreover, all the samples were stored at ambient temperature (22-24 °C) and humidity (RH 36-44 %) before the tableting process. Surface morphology was imaged using scanning electron microscopy (SEM). The powder samples were sputter-coated with gold/palladium (80:20) for 60 seconds using the Quorum SC7620 Sputter Coater and samples imaged using the Jeol JSM-6060CV SEM under vacuum. The true densities of polymer powders were determined (n = 10), using AccuPyc 1340 II Pycnometer (Micromeritic, UK) employing helium as an inert gas. 
2.2.2- Preparation of matrix tablets for swelling and erosion studies
The compacts of all the cellulose ethers were prepared using a Specac® manual hydraulic press GS25011 (Specac® Ltd, UK) equipped with a 13.00 mm evacuable die set (Specac® Ltd, UK). The tablet weight was adjusted to 300 (± 2) and 500 (± 2.5) mg each for swelling and erosion studies, respectively.  A compression pressure of 20 kN with a 20 second dwell time was used. All the matrix tablets were stored in an air-tight container over silica gel for 24 h before any further investigation. 
2.2.3- Swelling studies
The swelling studies were carried out for all the cellulose ethers matrix tablets, initially by placing the matrices on a wire mesh and weighing (Wi). Subsequently, these pre-weighed dry matrix tablets were then placed in glass petri dishes (80 mm  20 mm) containing 20 ml of buffer at ambient temperature (22-25 °C). At 5, 10, 15, 30, 60,120, 240 and 360 minutes intervals, the previously weighed wire mesh containing the tablet was removed, lightly blotted with 125 mm filter paper (Whatman®, UK) to remove excess water, reweighed (Ws) and immediately returned into the petri dishes. The mean weight was determined for each polymer compact and degree of swelling (S) was calculated using Eq. (1): [2, 33, 34]    

	 (1)
Where Wi  and Ws  are initial dry and swollen matrix tablet weight, respectively, at immersion time (t) in the phosphate buffer. The degree of swelling was determined from the mean of three replicates and presented as degree of swelling (S, %) against time (t). 
2.2.4- MC and HPMC dissolution/erosion studies
In vitro dissolution/erosion studies were carried out for all matrix tablets. The dissolved MC and HPMC were quantified by adopting a method recently described by Ghori et al. [25]. Briefly, 1 ml withdrawn aliquots were transferred into a test tube and 1 ml of 5% phenol in 0.1 M hydrochloric acid was added followed by 5 ml of concentrated sulphuric acid. Then this solution was mixed vigorously for 10 minutes and placed in a water bath at 30 ± 5 °C for 20 minutes. Absorbance was measured at 490 nm (ʎ max) and dissolved MC or HPMC concentrations were calculated from a standard calibration curve. 
2.2.5- Compaction studies
2.2.5.1- Powder compression and data acquisition 
All the powder samples of cellulose ethers (MC and HPMC), having different particle size fractions (90-150 and 150-250 µm), were compressed using a Testometric™ M500 - 50 CT (Testometric™ Company Ltd., United Kingdom) materials testing machine having a 50 kN load cell equipped with a 13.00 mm Atlas Evacuable Pellet Die (Specac® Limited, UK) and directly connected to a computer. The powder samples were accurately weighed (300 ± 1.5 mg) on an analytical balance and manually poured into the die. The initial height (h) of the powder bed was determined from the starting cross-head position. The compaction rate was determined by the movement of the cross-head, which was set at 10 mm min−1 during the compression phase. The force (F) was transmitted through a pushrod to the upper punch, while the lower punch remained stationary during the experiment. The upper punch displacement was measured using a linear variable differential transformer (LVDT) position gauge attached to the compression platens. As soon as the required maximum force (150.77 MPa) had been achieved, the force was gradually reduced by allowing the upper punch to retract at 1 mm min−1. When the force was completely removed, the specimen was immediately ejected from the die in the same direction as the initial compaction and force-displacement data were recorded automatically during the experiment. The apparent distance travelled by the compaction head, , terminal compaction distance  and the corresponding force on the upper punch, F(t), as measured by the load cell, were recorded during the experiment. By performing measurements on an empty die, the apparent displacement due to the apparatus bending under load (compliance) was found to follow an empirical relationship of the form:                                
                                                      α                                 (2)
Where k and α were constants (evaluated respectively as 0.115×10−3 and 0.8, for compliance in mm and force in N, over the load-range used). Hence, the true compaction displacement was obtained using:                                                
                                                                                      (3)
The height of the powder bed during compression with respect to time and progressing pressure was calculated from the initial height (h), using force-displacement data. Thus, the average relative density (rel) of the powder bed could be calculated throughout the experiment, using Eq. 4: [35]
                                       ρ rel  	                    (4)
The porosity (Ɛ,%) of the powder bed during the compression phase was subsequently determined using Eq. 5:
                                   Ɛ (%)         (5)
Where W, , d, h and X represent weight of the poured powder sample, true density, tablet diameter, initial height and height of the powder bed with respect to time and pressure, respectively.  
Following the compression cycle, the thickness (T) and diameter (d) of the ejected compacts were measured, using digital callipers within ~1 min and after 24 h following withdrawal of the compaction force. The weight (W) was also determined using an analytical balance, moreover, the out-of-die relative density and porosity at zero h and 24 h were calculated using Eq. 6 and 7, respectively.  
                                    rel  	                               (6)
                                  ) × 100            (7)
After ejection, the tablets were stored over silica gel for 24 h for elastic recovery. Relative humidity and temperature during compaction work were in the range of 25-45 % and 22-25 °C, respectively. 
2.2.5.2- Compression analysis
The tablets compressional characteristics were studied firstly using the Heckel compressional mathematical model, relating powder porosity (Ɛ) during compression to the applied pressure (P). The equation is written as follows, Eq. (8) [26, 27]:
     		(8)
Where A and K are constants representing particle rearrangement and slope of the linear region, respectively.
The slope of the straight line portion (K) is inversely related to the material’s mean yield pressure (Py) which gives an indication regarding the plasticity and pressure required for deformation of materials. This can be determined from Eq. (9):
           	            (9)         
The compression data profiles were further fitted to the linear form of Kawakita equation, [28] given by Eq. (10):
                                           	             (10)
Where, P is the applied axial pressure, and “a” is the value of initial porosity which corresponds to the total portion of reducible volume at maximum pressure. Mathematically, 1/b is simply the pressure needed to compress the powder to one half of the total volume. C is the degree of volume reduction (engineering strain), and can be calculated by means of Eq. (11), 
        		 (11)
Where Vo is the initial powder volume and V is the volume of the powder at pressure P. The 
Kawakita parameters a and b were calculated from linear regression analysis of the profiles.
2.2.5.3- Tensile strength and elastic recovery determination
After relaxation (24 h), the matrix tablets were fractured diametrically using a Tablet Hardness Tester (Pharma Test PTB 311E). The diameter (D) and thickness (H) of compacts calculated after 24 h and maximum breaking force (F), were used to calculate tensile strength σX  according to Eq. (12), [36]: 
		 (12)
Moreover, the percentage of elastic recovery of each matrix tablet was determined using Eq. (13): [37]  
                                      (13)
Where is the height of the tablet at maximum pressure and  is the tablet height at 24 h following ejection. 
3- Results and discussion 
3.1- Chemical variability analysis 
The attained peaks from FTIR spectrum were used for the chemical variability analysis. In FTIR spectra of cellulose ethers (Figure 1) many of the experiential bands were appeared in the fingerprint region which comprehends wavenumbers between 900–1400 cm-1. All the cellulose ethers produced identical spectra but they differ in intensity with respect to grade. The most intense spectrum peak occurred at 1056 cm-1 represents out of phase vibration associated with an alkyl substituted cyclic ring containing ether linkages. The peak at 945 cm-1 represents the in phase vibration of the ether linkages allied to the more intense 1056 cm-1 band. Cellulose and its derivative materials holds glucose molecules which have one ether linkage and another ether linkage between adjacent glucose molecules [31]. The spectrum bands at1056 and 945 cm−1 confirm the existence of these ethers which have integrated in the structure of glucose as well as ether linkages involved in covalent bonding of the substituents [29]. The peaks at 1372 and 1452 cm−1 resulted from C H bending and stretching modes from methyl groups; these peaks are very weak relative to others in the spectrum [30].  Wang, Dong, and Xu (2007) [32] analysed the structure of HPMC using FTIR and identified the peaks at 1458 and 1378 cm−1 as methyl C H vibrations. The peaks at 2888 and 2920 cm−1 represent the absorptions of C H vibration modes from methyl groups. The normalised peak intensities at 2888 cm−1 against the largest peak in the spectra (1053 cm−1) indicate a good association with the methyl contents. Analysis of variance (ANOVA) (confidence limit of P < 0.05) was used to investigate the statistical significance of chemical variation among the powder samples. All the samples of MC and HPMC of different particle size fractions (90-150 µm and 150-250 µm) have been analysed and it is evident that the normalised bands of the FTIR spectra are quite identical and particle size fractionation process has non-significant  impact (p < 0.05) on the chemistry of MC and HPMC powder samples (Figure 2). The authors have shown statistically that there are no chemical disparities among different particle size fractions of different MC and HPMC grades in the current set of experiments. Yet, it is still important that formulators should fully analyse the material used as there may well be some batch to batch consistency issues. 
3.2- Swelling and erosion/dissolution properties of cellulose ethers.
Swelling of polymer matrices is dependent on the rate of liquid penetration. Polymer–liquid interactions in this context have primarily been evaluated using liquid uptake studies. The water uptake (swelling) studies were carried out on all types of cellulose ethers listed in Table 1 and the results are shown in Figure 3 (a-d), in terms of the weight increase due to imbibition of liquid versus time. On contact with liquid, wetting occurs firstly at the surface and then progresses through the matrix network. The penetration of liquid essentially lowers the Tg  and, as it becomes equal to the temperature of the system, the polymeric chains begin to relax.  The penetrant liquid starts acting as a plasticizer and the matrices develop a viscous gel across matrix tablet surfaces regardless of the MC/HPMC grade being used.  Moreover, the polymers start to swell as a consequence of osmotic stress applied on the middle region (moving front) that is located between the inner dry core and the outer gel layer present around the matrix tablet.  The compacts comprising K100M exhibit a higher extent of swelling than other grades (Figure 3, c-d), similar to previous studies, as higher molecular weight (viscosity) led to more liquid uptake. Successively, the capability of polymers to capture liquid molecules is enhanced, which results in a rapid swelling of polymers [38-40]. However, A4M (MC) (Figure 3, a-b) shows the lowest extent of swelling due to the absence of hydrophilic groups (hydroxypropoxy) in its structure, which renders this polymer less hydrophilic [41]. Additionally, HPMC grades with similar viscosities but different substitution levels (i.e. E4M, F4M and K4M), have markedly different swelling behaviour (Figure 3, a - b). It can be assumed that this differential liquid uptake is related to the percentage of hydroxyl groups incorporated in their structure, which have a tendency to interact with water molecules and consequently form hydrogen bonds leading to formation of a gel-type structure. Additionally, the particle size also has a noticeable impact on the extent of swelling. Larger particles swell to a lesser extent due to the reduction in the specific surface area of polymeric component in the matrix tablet. The trend for extent of swelling for different grades of cellulose ethers in the present study was A4M >F4M >E4M >K4M >K15M >K100M. 
The data were fitted to a swelling kinetic model described by Vergnaud (1993) [24]. This model can be adopted to evaluate the mechanism of hydrophilic matrix tablet swelling and the generalized form of the Vergnaud model is shown in Eq. (14): [42]  
                                                                                (14)                            
Where, 
M = the amount of liquid transferred
t = time
 = the swelling constant,
n = exponent indicating the mechanism of water uptake,
The characteristic values of the model were calculated by fitting the water uptake data in Eq. (14) and the results obtained are listed in Table 2. The water uptake data exhibited a good fit to the model with the resultant values R2 values between (0.95-0.99). Ebube et al. (1997) [42]   reported that a value of n < 0.5 is indicative of a diffusion-controlled mechanism in which the rate of diffusion is much slower than the rate of polymer hydration in a matrix tablet. However, when n = 1, water diffuses through the matrix at a constant velocity, with an advancing liquid front marking the limit of liquid penetration into the matrix. A value of 0.45 < n < 1 indicates anomalous behaviour in which diffusion of liquid and polymer hydration are of similar magnitude. It can be determined that the kinetics of swelling or water uptake by the matrix tablets follow a diffusion-controlled mechanism as the swelling exponent (n) values for all the types of matrix tablets were lower than 0.5. However, with decreasing particle size, increased molecular size and higher Hpo/Meo substitution ratios, the n values decreased, indicating an increasing role of diffusion in controlling the swelling process. For instance, in this case it can be assumed that the polymer molecules physically interact with each other in their cohabited aqueous space. Thus the prevailing hydration leads to further relaxation of polymer chains which leads to a reduction in the liquid transport across the matrix tablet. This is supported by increasing swelling constants (Kw) indicative of the swelling rate, indicating a rapid water uptake. 
Moreover, the reduction in particle size (from 150-250 to 90-150µm) and increased molecular weight have a significant effect on the swelling rate and swelling exponent. The longer polymer chains and smaller polymer particles increase water penetration capacity and hydrodynamic volume due to larger surface area, respectively [43,44]. The order of swelling rate with increasing molecular weight was K4M >K15M >K100M. Although, the A4M based matrices have the slowest swelling rate (36.69 and 41.01 % h-1, Table 2), this may be due to their relatively hydrophobic nature [43]. There is a small difference in rate between F4M and E4M but K4M swelling rate was higher (62.09 and 48.03 % h-1, Table 2), which might be due to higher Hpo/Meo ratio.    
In hydrophilic polymeric matrix systems, the polymeric carrier present on the surface of the matrix tablet, which is primarily responsible for the development of outer viscous gel layer, will subsequently undergo erosion over time. The overall erosion rate is controlled by the outer gel layer [45]. The degree of matrix erosion (% erosion as a function of time) is depicted in Figure 4 (a - d) and erosion kinetics parameters are listed in Table 2. The erosion or dissolution of polymer decreased with increasing molecular weight (K4M >K15M >K100M); the higher molecular weight grade (K100M) had the slowest erosion rate (Table 2). This can be ascribed to its higher water holding capacity which primes the development of a thick erosion-resistant gel layer [38, 46]. In the present study, the erosion rate was affected by the particle size, with the exception of matrices prepared from K100M, in which the reduction in particle size had only a slight impact (Table 2). In general, decreasing particle size slows the erosion rate and this phenomenon is due to delayed hydration of larger polymer particles and thus it takes longer for a gel layer to develop across the matrix tablet. This gel layer potentially acts as a barrier which minimises the swelling and subsequent increase polymer dissolution [44]. The substitution ratios of these polymers have a significant impact on the erosion rate. In the current study, the erosion rates for cellulose ethers having different Hpo/Meo substitution ratios were determined, i.e. A4M, F4M, E4M and K4M. The A4M matrix had the fastest erosion rate (0.020 and 0.022 % min-1) in comparison with F4M (0.013 and 0.017 % min-1), E4M (0.011 and 0.015 % min-1) and K4M (0.010 and 0.011 % min-1). The comparatively fast erosion of A4M can be attributed to the presence of a higher percentage hydrophobic substituents (methoxyl, Meo) (Table 1). As the percentage of Hpo/Meo increases (F4M >E4M >K4M), the swelling rate increases leading to rapid formation of gel layer on the matrix tablet surface consequently decreasing erosion rates (Table 1 and 2). Other authors such as [47-50], have found swelling and polymer release to vary with factors such as agitation rate, type of polymer and molecular weight. They found however that the molecular weight of the polymer did not have much of an effect on the dissolution of the solid core. Kromer et al. 2010 [49] also found this to correlate nicely to their proposed dissolution model with the key assumption of a constant critical viscosity, independent of time or polymer molecular weight, at the surface of the gel layer of a dissolving tablet. Kavanagh and Corrigan 2004 [38] also explained dissolution medium uptake in terms of a square root relationship and the erosion of the polymer in terms of the cube root law. They found that factors such as ionic strength, media composition, agitation rate had an effect on the swelling and erosion rate of HPMC polymers. The authors also found polymer disentanglement to decrease with increasing molecular weight of HPMC and the rate of dissolution medium uptake to decrease linearly with an increase in the ionic strength for all polymers. This behaviour was attributed to the “salting out” of the polymer by the inorganic ions present in the dissolution media as the polymer molecular chains loose water of hydration due to the competition for available water of hydration by the ions [51,52]
Figure 5 illustrates the correlation between KW and KE, the correlation coefficient (R2) for substitution grades (A4M, F4M, E4M and K4M) and viscosity (molecular size) grades (K4M, K15M and K100M) were between 0.949-0.980 and 0.955-0.64, Table 5, respectively. Hence, it implies that the swelling and erosion occur concurrently, however, the rate at which both phenomena occur were different for each grade. This swelling is likely to result in an increase in the diffusional path length, although, a decrease in the diffusional path length can be expected as a consequence of erosion. Therefore, this information has the potential to be exploited for the development of hydrophilic matrices.  
3.3- Compaction and compression properties
3.3.1- Physical properties of powders and matrix tablets  
All the polymer grades contain mixtures of irregular-shaped flat and fibrous powder particles (Figure 6). Generally the proportion of fibrous particles tends to be higher in MC than HPMC [39]. The K-chemistry grades of HPMC, and specifically K100M, contain more irregularly shaped particles with rougher surfaces than other grades of cellulose ethers. This can be attributed to the higher Hpo/Meo substitution ratio and molecular weight, which result in powder particles with complex surfaces [53,54]. This can manifest itself in the properties of polymeric powders, especially relative density and porosity of matrix tablets prepared by a compression process, and play an important role in determining their quality [55].  The true density of MC and HPMC powders, determined using helium pycnometry, was in the range of 1.288 -1.373 g/cm3 (Table 3). The initial in-die relative density and porosity (, %) of the powder bed at zero and maximum pressure were determined from the force-displacement profiles for each Methocel® grade. Moreover, both parameters were calculated promptly after ejection (out-of-die), at zero and 24 h. When powder samples of MC and HPMC were introduced into the die, the in-die relative densities (solid fractions) of the powder bed increased with increasing pressure (Figure 7, a-d). Moreover, the increasing pressure brings the powder particles closer together and the porosity of the powder bed starts to decease (Figure 8, a-d). The densification of powder particles is directly related to the enhancement of compression pressure as it forces the powder particles to pack in close proximity and results in an increased relative density and decreased porosity. Both of these factors are exceptionally important in the development of coherent matrix tablets. The in-die relative density and porosity data at maximum pressure (150.77 MPa) correlate strongly with the out-of-die data (0 h) (Table 3). It can also be deduced from Figure 7 (a-d) and Table 3 that A4M (MC) had the highest relative density while K100M (HPMC) had the lowest relative density with increasing pressure. As relative density is directly related to porosity, A4M and K100M are the grades of Methocel® exhibiting the lowest and highest porosity, respectively (Figure 8, a-d, and Table 3).  The same trend was evident even after 24 hours, however, due to elastic relaxation over the period of time, the relative densities were lower and the porosity of the matrix tablets was higher. 
It can be also inferred from Table 3 that, as the particle size decreases from 150-250 to 90-150 µm, the relative densities increase which actually decreases the porosity of the matrix tablets; this trend was apparent for all the grades of MC and HPMC used in the current study. This behaviour can be attributed to the fact that fine powder particles have a larger number of contact points and generate numerous forces during compression [8,20]. Therefore, the finer particles have a higher degree of densification as compared to coarse particles.  The total substitution levels also seem to play an important role during the compression process. For example, the E4M based matrix tablets, (E4M has the highest level of collective Hpo and Meo groups, Table 1), have the lowest relative densities and highest porosities for both in-die and out-of-die (zero h) data for a given particle size (Table 3). However, after 24 h this trend is negated, which might be due to the variation in the inter-particulate bonding and elastic relaxation of the compressed matrices. Moreover, as the polymer chain length increased, both the aforementioned physical factors decrease and the trend on the basis of molecular size was K4M >K15M >K100M. This phenomenon might be due to the rapid deformation of shorter HPMC chains under pressure during compression as the polymer particles having shorter chain lengths deform extensively to fill the inter-particulate gaps during the compression process. 
3.3.2 – Compression studies 
Mechanistically, when the powder particles are filled in a tablet die and pressure is applied, powder particles rearrange themselves and undergo deformation, and possibly fragmentation, during compaction. These events appear sequentially or in parallel, but the physicochemical properties of materials play a significant role in governing the pattern. Therefore, this study was designed to investigate the effect of particle size, Hpo/Meo substitution and polymer chain length of cellulose ethers on parameters derived from both Heckel and Kawakita mathematical models. The inter-relationship between these mathematical parameters and how they are affected by aforementioned independent polymeric attributes was studied. The Heckel model provides a method for transforming a parametric view of the force and displacement data to a linear relationship for materials undergoing compaction. The equation is based on the assumption that the dependence of densification on pressure is of first-order. For studying the compression behaviour of MC and HPMC based matrix tablets on the basis of derived Heckel parameters, linear regression was carried out on straight line portions of the Heckel plots (Figure 9, a-d). The co-efficient of linearity (R2) was > 0.99 in all cases. The Kawakita compressional parameters a, b-1 and ab, were calculated by using Kawakita compression profiles (Figure 10, a-d) by applying linear regression over a wide range of pressure ranges with high correlation co-efficients (R2 >0.99). The parameters obtained from Heckel and Kawakita mathematical analysis of all the matrices having different particle size fractions (90-150 and 150-250 µm) are summarised in Table 4. 
Heckel and Kawakita analysis showed that the values of yield pressure (Py) and b-1 were higher for large particle size fractions (150-250 µm) at maximum applied pressure (150.77 MPa) for all the matrices.  So the coarse particle size requires higher compression pressures to deform, as both the parameters are related to the plasticity of the powder bed during compaction. The Py and b-1 values show a plausible direct relationship with the above mentioned relative density and porosity data (Table 3 and 4), where reduction in particle size causes an increase in relative density but a decrease in the overall porosity of matrix tablet. Hence mechanistically, the increase in both parameters might be attributed to a large surface area and small particle-to-particle gaps which increases the number of contact points for interparticulate bonding. Furthermore, a higher degree of densification was exhibited by the small polymeric powder particles as compared with the large particle sized fraction. For a given particle size fraction used in the matrix tablets, the variation in Hpo and Meo levels affect the apparent mean yield pressure. A4M (MC), which has only Meo substitution groups has a low Py value compared with F4M, E4M and K4M. Moreover, E4M has higher Py values, which might be due to the presence of a greater content of hydrophobic Meo groups and which are expected to prevent hydrogen bonding during the compression process [56]. K4M also has higher Py values than F4M and the trend can be described as E4M >K4M >F4M >A4M. From the present finding, it can be deduced that the total substitution levels appear to be directly related to the deformation behaviour of the polymers during compression. However, K4M has a lower overall substitution than F4M but it has a rougher particle surface (Figure 5), which is hypothesized to affect the development of bonds during tableting. The Kawakita parameter of plasticity (b-1) was also affected when cellulose ethers with similar chain length but varying degrees of substitution were compared. A4M has lower values than F4M but K4M has slightly lower values than E4M. However, the trend of plastic deformation remains the same as per findings of the Heckel analysis. 
To analyse the effect of HPMC chain length on the compressional features, K4M, K15M and K100M were selected. These HPMC grades essentially have the same chemistry but different molecular sizes. Both Py and b-1 increased with increasing molecular size of HPMC for a specific particle size fraction. K100M has long polymeric chains compared with K15M and K4M and this affects the material’s ability to deform, as the higher molecular weight HPMC (K100M) required more pressure to deform than the other grades. The trend in plasticity was K4M >K15M >K100M. This might be as a consequence of shorter polymer chain lengths being able to deform readily to fill interparticulate gaps [57].  The initial bends in the Heckel and Kawakita compression profiles (Figures 6 and 7) were proposed to be linked with particle rearrangement during compression which can be described  by the Heckel parameter, A, and Kawakita parameter, ab. The Heckel parameter, A, ranged between 0.900 – 0.543, with E4M exhibiting most particle rearrangement during compression while K100M displayed the least. Moreover, it has earlier been reported that values of ab> 0.1 are indicative of significant particle rearrangement [58]. The ab values for all the grades of MC and HPMC were in the range of 0.086 - 0.025. So, according to this classification system these grades did not demonstrate significant particle rearrangement. However, F4M and K100M showed the highest and the lowest initial particle rearrangement during the compressional cycle, respectively. The Heckel and Kawakita findings of particle rearrangement at lower limits are slightly different which might be due the fact that both the compression mathematical models are based on different assumptions but the findings for upper limit are consistent.  The particle size also affects particle rearrangement as with the reduction in particle size, both the mathematical parameters were increased, representing a higher extent of particle rearrangement. 
Figure 11 shows the correlation between the plasticity constants derived from Heckel and Kawakita mathematical models. There is a reasonable correlation (R2 = 0.820-0.934), Table 5, between the consequential parameters. Both, Py and b-1, were inversely related to the propensity of powder particle deformation during compression pressure. It can be inferred from the results of Heckel equation are similar to Kawakita equation to some extent, however, further experiments are continuing in our laboratories to explore this in more detail.  
3.3.3 – Compactibility and elastic recovery studies
Compactibility is characteristic of material’s ability to develop into a tablet with sufficient strength [tensile strength, T (MPa)] as a function of solid fraction (relative density). However, elastic recovery is the reversible part of deformation and is indicative of poor inter-particulate bonding. The radial tensile strength and elastic relaxation values of all the matrices in relation to the maximum applied pressure (150.77 MPa) are compiled in Table 3. It is obvious from the data that particle size, substitution levels and molecular size of MC and HPMC have a marked effect on the tensile strength and elastic recovery of matrices.  The tensile strength of A4M matrices was generally highest whilst K100M were the lowest. The matrix tablets composed of finer particle size fractions (90-150 µm) had higher tensile strength, regardless of grade. The increase in strength and decrease in elastic recovery with particle size reduction can be attributed to the theory that particle size reduction allows a high degree of packing and densification. The porosity at 0 hour and after 24 hours shows a clear trend A4M > F4M > E4M > K4M > K15M > K100M (as discussed is section 3.3.1), however, such trend was not noticed in ER data (Table 3). Owing to this, a greater number of contact points were generated as powder particles are confined within close proximity, hence the chances of inter-particulate bonding increases. MC and HPMC matrices showed a dependence on particle size which indicates the absence of extensive fragmentation. These findings were in complete accordance with the previous studies [8, 20,53,57,59,60]. Matrices of A4M, F4M, E4M and K4M were compared, with the intention of studying the effect of substitution levels as these grades have similar polymer chain length but different chemistries. The effect of substitution levels seems to be complex as A4M compacts, which have only Meo (~30%) substituted groups, produced tablets with high tensile strength and as various Hpo levels were introduced (F4M and K4M) the tensile strength began to decrease, affecting the elastic recovery. On the other hand, when both the Meo and Hpo levels were at the highest levels, E4M, the strength of the tablets was perceptibly decreased. The low tensile strength of E4M based matrix tablets has been previously reported by Gustafsson et al, (1999) [53]. It was assumed in that particular study that hydrophobic Meo groups hinder hydrogen bonding during compaction which leads to the development of matrices having low tensile strength, but A4M was not included in that study. Rajabi-Siahboomi and Nokhodchi, (1999) [60]   previously reported that A4M has the ability to produce matrices with high tensile strength which supports the present findings, however they compacted the powders at lower compression pressures compared with the current study. Keeping all this in view, the effect of total substitution appeared to be more prominent than the individual levels of singular substitution groups. The matrices made of HPMC with the shortest chains, i.e. K4M, had higher tablet strength compared with the matrices composed of either K15M or K100M. This behaviour might be attributed to the prompt deformation of shorter polymer chains of HPMC, as described earlier. However, once the HPMC grades having longer polymer chains were compacted, they showed low elastic recovery which is assumed to be linked with their surface roughness (Table 3 and Figure 6).  
4- Conclusions 
Swelling, erosion and compaction properties of hydrophilic matrices have been long recognised as key parameters directly linked to their performance. The swelling, erosion and compaction properties of A4M, F4M, E4M, K4M, K15M and K100M were assessed. 
The Vergnaud model and PSA assay were successfully applied to study polymer swelling and erosion kinetics, respectively, with varied physicochemical properties. The particle size, substitution levels and increasing polymer chain lengths demonstrated a marked influence on swelling and erosion rates. From the current study, it can be inferred that all matrices underwent diffusion controlled hydration in which stress plays a crucial role.  
It can be concluded that particle size, chemistry and molecular size of MC and HPMC significantly influence the densification and consolidation process of hydrophilic matrices. The fine particle size fractions and increase in total substitution levels tend to enhance tablet relative density but reduce the porosity, Py, b-1 and elastic relaxation. The elastic recovery and relative density of matrices were reduced as molecular weight of HPMC increased; however these matrices had higher plasticity parameters (Py and b-1) but the strength and elastic relaxation of the matrices were low. Furthermore, these parameters have the potential to modify relative density, porosity and tortuosity of the network within a matrix tablet which can further impact the drug release mechanism. 
In summary, this article has provided additional mechanistic information on swelling, erosion and compaction behaviour of matrix tablets during development process. Thus, this critical knowledge can be used as a foundation for the development and optimization of new formulations. Moreover, this study can assist in the selection of specific polymer grades to develop robust control release matrices intended to achieve desire therapeutic objectives. 
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Figure 1, ATR-FTIR spectra of different substitution (A4M, F4M, E4M and K4M) and molecular size (K4M, K15M and K100M) based powders of cellulose ethers (n= 5). 
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Figure 2, The normalised ATR-FTIR spectra of A4M, F4M, E4M, K4M, K15M and K100M between 2920 cm-1 and 2850 cm-1 to demonstrate the difference in methoxy content (n= 5). 
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Figure 6, SEM micrographs of cellulose ethers, (a) A4M (b) F4M (c) E4M (d) K4M (e) K15M (f) K100M.

[image: ]















Figure 7, In-die relative density (a-c, 90-150 µm and b-d, 150-250 µm) of  different substitution (A4M, F4M, E4M and K4M) and molecular size (K4M, K15M and K100M) based cellulose ether matrices (n = 3).
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Figure 8, In-die porosity profiles  (a-c, 90-150 µm and b-d, 150-250 µm) of  different substitution (A4M, F4M, E4M and K4M) and molecular size (K4M, K15M and K100M) based cellulose ether matrices (n = 3).
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Figure 9, Heckel plots  (a-c, 90-150 µm and b-d, 150-250 µm) of  different substitution (A4M, F4M, E4M and K4M) and molecular size (K4M, K15M and K100M) based cellulose ether matrices (n = 3).
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Figure 10, Kawakita plots  (a-c, 90-150 µm and b-d, 150-250 µm) of  different substitution (A4M, F4M, E4M and K4M) and molecular size (K4M, K15M and K100M) based cellulose ether matrices (n = 3).
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Figure 11, Relationship between b-1 vs Py, (a) varying substitution and (b) molecular size grades.




Table 1.   Specifications of methylcellulose (MC) and hypromellose (HPMC)

	Methocel®
	Methoxy (Meo)
(% w/w) a
	Hydroxypropyl (HPO) (% w/w) a
	Hpo/Meo ratio
	Total  degree of substitution
(% w/w)
	Viscosity (cps)a
	Average molecular weight g/mol a

	A4M
	30
	0
	0
	30
	4878
	~86000

	F4M
	28.1
	6.7
	0.238
	34.8
	4031
	~90000

	E4M
	29.0
	8.3
	0.286
	37.3
	3919
	~92000

	K4M
	22.3
	8.5
	0.381
	30.8
	4351
	~88000

	K15M
	22.3
	9.0
	0.403
	31.3
	17129
	~125000

	K100M
	22.5
	8.9
	0.395
	31.4
	79279
	~215000











                                a Data obtained from the manufacturer ( Dow 2006 )




Table 2, Swelling kinetics and erosion parameters of matrix tablets (n=3).
	Methocel®
	Particle size fraction (µm)
	Swelling kinetics parameters
	Matrix erosion parameters 

	
	
	KWa
	n
	R2
	KEb
	R2

	
	
	
	
	
	
	

	A4M
	90-150
	41.01
	0.269
	0.995
	0.020
	0.989

	
	150-250
	36.69
	0.281
	0.997
	0.022
	0.968

	F4M
	90-150
	54.49
	0.247
	0.988
	0.013
	0.979

	
	150-250
	42.85
	0.270
	0.996
	0.017
	0.989

	E4M
	90-150
	55.33
	0.259
	0.982
	0.011
	0.985

	
	150-250
	45.23
	0.269
	0.982
	0.015
	0.990

	K4M
	90-150
	62.09
	0.258
	0.988
	0.010
	0.953

	
	150-250
	48.03
	0.270
	0.984
	0.011
	0.989

	K15M
	90-150
	77.76
	0.238
	0.972
	0.008
	0.953

	
	150-250
	63.98
	0.260
	0.966
	0.009
	0.985

	K100M
	90-150
	89.74
	0.231
	0.978
	0.005
	0.964

	
	150-250
	78.62
	0.251
	0.983
	0.005
	0.985
















                                             a KW (% h-1),  b KE  (% min-1)




Table 3, Tensile strength, elastic recovery, relative density and porosity (in-die and out of die) of matrix tablets (n=3), standard deviation given in parenthesis. 
	
Methocel®
	Particle size
(µm)
	ƿt
(gcm-3)
	ƿrel
	Ԑ (%)
	T (MPa)
	ER (%)

	
	
	
	In die
	After ejection
	In die
	After ejection
	
	

	
	
	
	zero P*
	Max. P*
	0 hour
	24 hour
	zero P*
	Max. P*
	0 hour
	24 hour
	
	

	A4M
	90-150
	1.338
	0.3575
	0.9560
	0.9552
	0.783
	64.25
	4.4
	4.48
	21.7
	 5.28 (0.22)
	14.13 (1.33)

	
	150-250
	
	0.3453
	0.9236
	0.9170
	0.741
	65.46
	7.63
	8.3
	25.9
	 4.96 (0.11) 
	20.65 (1.15)

	F4M
	90-150
	1.309
	0.3512
	0.9393
	0.9294
	0.782
	64.88
	6.07
	7.06
	21.8
	 4.87 (0.07)
	12.57 (2.03)

	
	150-250
	
	0.3344
	0.8945
	0.8862
	0.737
	66.55
	10.54
	11.38
	26.3
	 4.45 (0.21)
	19.37 (2.33)

	E4M
	90-150
	1.288
	0.3345
	0.8946
	0.8901
	0.834
	66.55
	10.54
	10.99
	16.1
	 3.15 (0.22)
	8.04 (1.15)

	
	150-250
	
	0.3185
	0.8519
	0.8443
	0.828
	68.14
	14.8
	15.57
	17.2
	 2.88 (0.30)
	10.55 (1.11)

	K4M
	90-150
	1.327
	0.3424
	0.9158
	0.9051
	0.807
	65.76
	8.42
	10.49
	19.3
	 4.30 (0.21)
	15.05 (2.34)

	
	150-250
	
	0.3261
	0.8722
	0.8711
	0.785
	67.39
	12.8
	12.89
	21.5
	 3.98 (0.22)
	18.28 (1.50)

	K15M
	90-150
	1.324
	0.3265
	0.8732
	0.873
	0.834
	67.35
	12.68
	12.70
	16.6
	 3.61 (0.30)
	9.47 (1.29)

	
	150-250
	
	0.3109
	0.8315
	0.8294
	0.792
	68.91
	16.84
	17.06
	20.8
	 3.15 (0.10)
	15.26 (2.51) 

	K100M
	90-150
	1.373
	0.3156
	0.8439
	0.8429
	0.823
	68.44
	15.61
	15.71
	17.7
	 2.98 (0.08)
	7.85 (1.33)

	
	150-250
	
	0.3005
	0.8037
	0.8011
	0.788
	69.95
	19.63
	19.89
	21.2
	 2.65 (0.11)
	12.57 (1.12)


t = true density, ɛ = porosity, T = tensile strength, ER = elastic recovery, * P = Pressure 




Table 4, Summary of Heckel and Kawakita parameters (n=3).

	Methocel®
	Particle size
(µm)
	Heckel parameters
	Kawakita parameters

	
	
	A
	K
	ps
	a
	b-1
	ab

	
	
	
	
	
	
	
	

	A4M
	90-150
	0.815
	0.0126
	26.46
	0.721
	8.97
	0.080

	
	150-250
	0.839
	0.0115
	28.99
	0.690
	9.60
	0.072

	F4M
	90-150
	0.800
	0.0118
	28.25
	0.782
	9.14
	0.086

	
	150-250
	0.780
	0.0097
	34.36
	0.701
	9.97
	0.070

	E4M
	90-150
	0.715
	0.0096
	34.72
	0.556
	10.78
	0.052

	
	150-250
	0.900
	0.0083
	40.16
	0.515
	11.64
	0.044

	K4M
	90-150
	0.785
	0.0107
	31.15
	0.528
	10.36
	0.051

	
	150-250
	0.727
	0.0090
	37.04
	0.516
	11.04
	0.047

	K15M
	90-150
	0.714
	0.0086
	38.76
	0.562
	11.50
	0.049

	
	150-250
	0.590
	0.0079
	42.19
	0.548
	12.25
	0.045

	K100M
	90-150
	0.636
	0.0081
	41.15
	0.495
	13.42
	0.037

	
	150-250
	0.543
	0.0072
	46.30
	0.379
	15.28
	0.025














                                                         A and K = Heckel constants,  Py = yield pressure (MPa),    a and b-1 = Kawakita constants 	


	Factor
	Correlation co-efficient (R2)

	
	Substitution grades
	Molecular size  grades

	
	Particle size (90-150 µm)
	Particle size (150-250 µm)
	Particle size (90-150 µm)
	Particle size (90-150 µm)

	   KW vs KE   
	0.949
	0.980
	0.964
	0.955

	   Py vs b-1   
	0.934
	0.899
	0.820
	0.908




Table 5, Correlation co-efficient of  KW vs KE   and Py vs b-1   
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