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Sammanfattning 
 
När läkemedel administreras i kroppen via tabletter frisätts oftast all aktiv substans på en 
gång. Det kan dock vara önskvärt att läkemedlet distribueras under en längre tid, vilket kan 
uppnås med tabletter som har s.k. förlängd frisättning. Fördelen med detta är att det är 
lättare att bibehålla en optimal blodkoncentration av substansen så att den är verksam men 
med minimala bieffekter. Det är även bekvämt för patienten att inta färre tabletter, och 
produktionskostnaderna kan minska eftersom färre tabletter görs.  

I en viss typ av tablett med förlängd frisättning bakas läkemedlet samman med en 
hydrofil polymer. I magen kommer tabletten att absorbera vätska och svälla upp till en gel. 
Frisättning sker antingen genom diffusion genom gellagret eller genom erosion av 
detsamma. En svårighet i dessa sammanhang är att veta vilka och hur starka krafter som 
påverkar tabletten i patientens mage.  

I detta projekt har tre kvaliteter av den hydrofila cellulosabaserade polymeren HPMC 
(hydroxypropyl metylcellulosa) utvärderats. Vi har undersökt om man kan få information 
om frisättningsbeteendet hos HPMC genom att göra reologiska studier av viskositet och 
viskoelasticitet. Det fungerade i vissa fall, men behöver utvärderas ytterligare.  

Vi har även undersökt hur polymeren påverkas av tillsatser av dels ett lättlösligt ämne 
(socker), dels ett svårlösligt ämne (vax) och dels en annan typ av hydrofobt modifierad 
polymer. Sockret verkade mest utspädande på proverna. Vaxet hade vissa positiva effekter 
på robustheten mot magkrafter hos tabletten, och samma sak gäller för tillsats av den andra 
polymeren. Vissa skillnader mellan de olika HPMC-kvaliteterna kunde också konstateras.  
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1. Introduction  
When administrating drugs orally to the human body, it is sometimes desirable to 
release the drug during a prolonged period of time, so called extended release. The 
advantages of extended release are for instance patient compliance due to fewer tablets 
needed, and that a more constant plasma level of the drug is achieved. This reduces the 
risk of undesired side effects (Figure 1) (Aulton 2002).  

 
There are three major systems for controlled release today: osmotic pumps, semi-

permeable membranes and matrix tablets (Aulton 2002). In this work, hydrophilic 
matrix systems are studied. In these systems, the drug is mixed with a compound to 
form a matrix that swells when it comes in contact with gastro-intestinal fluids. The 
drug is released either by diffusion through the matrix or by erosion of the matrix 
(Aulton 2002). Different kinds of hydrophilic polymers are commonly used as matrices 
in extended release formulations, e.g. derivatives of cellulose (Aulton 2002) or 
polyethylene oxide (Körner et al 2005).  

1.1 Polymers  
Polymers are a group of compounds that are very useful in a wide variety of 
applications. Well known biopolymers include DNA, proteins, natural rubber or 
cellulose, and examples of synthetic polymers are polyethylene oxide, polyacrylic acid 
and polyurethane. These are found in clothes, paint, packaging materials, rubber, 
plastics, pharmaceuticals etc. (Hjertberg and Maurer 2000, Chapter 1, Albertsson (ed.) 
2001, Chapter 1). 

Polymers are very large molecules, and therefore their behaviour sometimes differ 
from low molecular compounds. They consist of a backbone with a repeating unit, 
most commonly organic, and there are branches and side chains expanding from the 
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Figure 1. Illustration of the drug concentration in the blood after successive intake of 
four instant release tablets at indicated time points (A) compared with intake of one 
single extended release tablet (B) (Illustration used with permission  from Hjärtstam 
(1998)) 
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backbone. The molecular weight is high, from 2000 and up to a hundred million 
Daltons for a linear molecule. Usually the molecular weight distribution is referred to, 
because most polymers and especially natural polymers do not have one single 
molecular weight, i.e. they are polydisperse. (Hjertberg and Maurer 2000, Chapter 2) 

 
1.1.1 Physical properties 
Polymers appear in different phases, which influences their behaviour. Some polymers 
are highly crystalline, some are semi-crystalline and some are amorphous. Within 
certain temperature intervals, some polymers exhibit combined features that normally 
describe liquids or solids. This implies that the material is viscoelastic. 

Viscoelastic materials are both viscous like a liquid and elastic like a solid body. 
When a deformation occurs, some of the energy applied will be lost as heat and cause a 
permanent deformation, and some will be stored as potential energy and cause the 
material to recover like a spring. Its features can also change over time at constant load. 
(Albertsson (ed.) 2001, Chapter 4)    

In crystalline polymers, the polymer chains are arranged in organised patterns. 
Amorphous polymers can be described as an instant freeze of a melt of polymer chains. 
The chains are not organised in patterns, but are randomly entangled with each other. 
At low temperatures, the amorphous material will be glassy and brittle with a high 
value of the elasticity module (E-module) (Figure 2). When the temperature is raised, 
the vibrations in the molecule will increase. The glass transition temperature Tg is an 
important feature of a polymer. Around this specific temperature, whole polymer 
chains will be able to rotate and the value of the E-module will decrease. The polymer 
is now in its rubbery phase, where the chains interact with each other and are able to 
move and rotate, but they do not disentangle. If the temperature is increased, the 
chains will disentangle and the polymer will turn into a melt. (Albertsson (ed.) 2001, 
Chapter 5)    

 

 
Figure 2. The different phases of polymers and the temperature-dependency of the elasticity 
module (This figure was adapted from Wiley Interscience) 

 
1.1.2 Solution and clouding behaviour 
Polymers in aqueous solution can be divided into three groups: dilute, semi-dilute and 
concentrated. In a dilute solution, the individual molecules are separate and do not 
interact with each other.  

The overlap concentration c* can be described as the concentration where the 
average polymer concentration in the solution is the same as the polymer concentration 
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in a polymer coil at infinite dilution (Figure 3). Solutions with a concentration above c* 
are said to be semi-dilute, and these are the most common in practise. The molecules 
are closer and start to entangle and interact with each other (Evans and Wennerström 
1999). 

A concentrated solution with many entangled molecules is difficult to attain, and it 
resembles a polymer melt.  

 
Figure 3. Illustration of the overlap concentration and different types of solutions (This figure 
was adapted from De Gennes 1985) 

 
The ability to dissolve a polymer in a solvent is dependent on the relation between 

the enthalpy (∆Hmix) and the entropy (∆Smix) in the system, given by the equation 
 
∆Gmix=∆Hmix-T∆Smix 
 
Polymers generally have lower entropy than solvents because of intermolecular 

interactions. A polymer solution can sometimes separate into two phases, one 
polymer-rich and one polymer-poor, and thereby the system lowers its free energy. 
This is due to the fact that polymer/polymer interactions and solvent/solvent 
interactions are more favourable than polymer/solvent interactions. This tendency 
normally decreases with increasing temperature. (Hjertberg and Maurer 2000, 
Chapter 7) 

However, some polymers tend to phase separate at elevated temperatures. When 
the phase separation temperature is reached, the solution becomes cloudy due to the 
formation of aggregates. The specific temperature when this occurs in called the cloud 
point (CP). (Sarkar 1979) 
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1.2 Rheology 
Rheology is the study of flow and deformation of materials. It can be used to determine 
for example the viscosity and the elasticity of a sample as a function of applied shear. 
The measurement is made on a sample that is applied between two components, one 
fixed and one moving (rotating). Different kinds of measurement geometries are 
available, but in this work the cone and plate geometry has been used, see Figure 4. 
(Barnes, Hutton and Walters 1989) 
 

 
1.2.1 Flow measurements 
The shear stress (τ, sometimes referred to as σ in literature) of a sample is defined as 
the force acting on a surface divided by the area of that surface. The shear strain (γ) is 
the displacement divided by the height of the sample, and shear rate (γ& ) is the time 
derivative of the strain. The viscosity (η) of a sample is defined as the ratio between 
shear stress and shear rate. These terms are illustrated in Figure 5. The results of a 
viscosity measurement are usually presented with the viscosity as a function of shear 
rate on a log-log-scale. 
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Figure 5. Illustration of the basic terms and formulas in rheology (Illustration used with 
permission from Chaplin, London South Bank University) 

Figure 4. Illustration of the cone 
and plate geometry of a rheometer. 
The plate is fixed and the cone 
rotates and thereby shears the 
sample (This figure was adapted 
from Wiley Interscience).  
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Liquids that have a constant viscosity independent of shear rate, e.g. water, are 

called Newtonian (Figure 6a). Many polymers exhibit shear thinning behaviour, i.e. the 
viscosity decreases with increasing shear rate (Figure 6b). The polymer network breaks 
down by shearing, and does not have time to rearrange due to the increasing shear 
rate, and thus the viscosity decreases. Sometimes the sample has a Newtonian plateau 
before the shear thinning starts. The opposite to shear thinning is called shear 
thickening, a behaviour found in for example starch suspensions (Figure 6c). The 
viscosity can also be time dependent, and the sample is then said to be thixotropic 
(Figure 6d). This is measured by first increasing the shear rate and then decrease it 
directly afterwards. If the viscosity curve for decreasing shear rate is below the curve 
for increasing shear rate, then the sample is thixotropic. (Mezger 2002, Chapter 2) All 
polymers used in this work exhibit shear thinning behaviour.  
 

 
1.2.2 Oscillating measurements 
A rheometer can also be used to study the viscoelastic properties of a sample. The 
sample is subjected to an oscillating shear stress (τ) with increasing frequency, and the 
resulting strain, deformation (γ), is measured. For a completely elastic sample, the 
deformation is in phase with the deformation. This response is described by the storage 
modulus G’. The viscous behaviour is 90° out of phase with the applied shear stress, 
and described by the loss modulus G’’. The resulting phase difference between the 
shear stress and strain is the phase angle δ (Figure 7 a). The shear modulus G* is 
defined as the ratio between shear stress and shear strain, and is the vector sum of G’ 
and G’’ (Figure 7 b).  
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Figure 6. Different viscosity profiles (a) Newtonian (b) Shear thinning (c) Shear thickening (d) Thixotropic
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For a viscoelastic sample, for example a polymer solution, the viscous behaviour of 
the samples will dominate at low frequencies. The polymer chains do not entangle 
with each other and therefore the loss modulus G’’ is dominant. At higher frequencies 
though, the chains do not have time to disentangle due to the oscillation, and the 
sample will start to behave elastic. Now G’ has a higher value than G’’, because the 
applied energy is stored as potential energy in the sample. The point where the curves 
for G’ and G’’ crosses is then a measure of how strong the gel character of the sample 
is. (Mezger 2002, Chapter 8) 

 

1.3 Hydrophilic matrices in pharmaceutical application 
As mentioned above, hydrophilic polymers are used extensively in pharmaceutical 
industry today. In contact with liquid, these polymers absorb water and swell to a gel.  

Different layers can be defined in a swollen tablet. In the middle where the 
penetrating water has not yet reached, there is a dry glassy core. Outside this core, 
there is a swollen glassy layer where the polymers are just partly wetted. On the 
outside, there is a gel layer with high content of water. Naturally, the concentration of 
polymer is highest in the core and decreases continuously as passing the gel layer to 
the gel-dissolution media interface (Figure 8). 

Dry glassy core 

Swollen glassy layer 

Gel layer 
Increasing polymer concentration 

Figure 8. Illustration of different 
layers in a swollen hydrophilic 
matrix tablet (Illustration used 
with permission from Iselau 
(2004))  

(a) 
(b)

Figure 7. (a) Stress response for a viscoelastic material: stress (τ) (—) and strain (γ) (---) 
amplitudes vs. time. The phase angle δ is indicated (This figure was adapted from Wiley 
Interscience). (b) The relationship between G*, G’ and G’’ (Illustration used with permission 
from Chaplin, London South Bank University)

τ 
γγγγ 
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The boundaries between these layers can also be described as different fronts during 
the swelling/dissolution process. The outer part of the gel layer is called the erosion 
front, because external forces erode the tablet here. The boundary between the core and 
the swollen glassy layer is called the swelling front, because the polymer swells when 
it is wetted by penetrating water. The movement of these boundaries depends on how 
fast the water uptake is and on the strength of the external forces. Water uptake 
depends for example on the hydrophilicity of the polymer and if other compounds are 
included in the tablet. (Ju, Nixon and Patel 1997) 

The release of drug from hydrophilic matrix tablets is controlled by either erosion 
or by diffusion. A highly soluble drug will dissolve in the penetrating water and 
diffuse out through the gel layer. If the drug has low solubility however, it is more 
likely to be released by erosion. In the present work the formulations are based on 
inactive compounds without addition of drug, and the erosion process of the matrix is 
studied.  

 
1.3.1 Hydrodynamic in vivo effects in the gastro intestinal tract 
An important issue in the development of formulations for extended release is to 
predict the tablet dissolution in vivo. This is a complicated assignment due the varying 
conditions in the gastro-intestinal (GI) tract. The shearing forces differ in different parts 
of the stomach and of the intestine and they are also heavily depending on whether the 
GI tract is in fed or fasting condition. A fed stomach asserts much heavier mechanical 
stress on a tablet than the fasting state. The physiological conditions are therefore hard 
to simulate in vitro.  

Many attempts have been made to predict the shearing forces in vivo and to 
develop accurate in vitro testing methods. In recent studies, (Abrahamsson et al 2005) 
computer simulations have been performed on the forces acting on a tablet in the GI 
tract. The predicted shear stresses are in the range of 1-10 Pa in the stomach, but there 
are short-lived peaks of over 50 Pa. Others have determined external hydrodynamic 
forces in the stomach (2 N) and in the intestine (1.2 N) in order to be able to design 
formulations that are sufficiently strong (Kamba et al 2002). 

The most common standard dissolution apparatuses are designed to provide 
controlled experimental conditions, but do not necessarily mimic in vivo conditions. In 
this study, a standard USP apparatus has been used due to lack of well functioning 
alternatives. The rotation speed of the propeller in the dissolution bath has been varied 
in order to mimic different hydrodynamic conditions. 

 
1.3.2 Hydroxypropyl methylcellulose (HPMC) 
The most common polymer used in extended release matrix formulations today is 
hydroxypropyl methylcellulose, HPMC. It consists of a backbone of glucose units 
substituted to different degrees with methyl and hydroxypropyl groups (Figure 9). The 
methyl groups are more hydrophobic than the hydroxypropyl groups, but 
modification with both groups renders the polymer more hydrophobic than the native 
cellulose. (Dow Chemical Company 2002) 

The degree of substitution is important, because it influences the hydrophilicity of 
the polymer. The average number of sites on the glucose ring in a polymer chain that 
are substituted is called the degree of substitution, DS, and varies between 0 and 3. The 
molar substitution, MS, is the average number of hydroxypropyl groups attached to 
one glucose unit. Because the hydroxyalkyl groups can continue to react and form a 
side chain, the MS can exceed 3.  
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Figure 9. The structure of HPMC (Illustration used with permission from Dow Chemical Company)  

 
 
1.3.3 Hydrophobically modified hydroxyethyl cellulose (HMHEC) 
Hydroxyethylcellulose, HEC, also consists of a glucose backbone, but is substituted 
with more hydrophilic hydroxyethyl groups. Hydrophobically modified HEC, 
HMHEC, has hydrophobic (C16) tails attached to the hydroxyethyl groups (Figure 10).  
 
 

 
 

Figure 10. The structure of HMHEC (Illustration used with permission from Hercules Inc.)  
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1.4 Aim  
The aim of this thesis was to perform a rheological evaluation of three different 
qualities of HPMC in mixtures with hydrophilic gel destructive additives (mannitol) 
and gel strengthening additives (HMHEC) as well as hydrophobic fillers 
(glycerylbehenate). Glycerylbehenate has been reported to increase mechanical 
resistance in hydrophilic matrices (Eurand Pharmaceuticals Ltd, Patent 2004). HMHEC 
is a polymer with viscosity enhancing properties (Thuresson, Karlström and Lindman 
1994). Both the shear dependence of the flow viscosity and the viscoelastic behaviour of 
polymer solutions was investigated. The experiments were performed in the range of 
shear forces predicted to be relevant in vivo.  

An additional aim was to investigate the possibility of using this information to 
understand and predict results from dissolution tests, and to deduce the effect of 
changes in the hydrodynamics of the environment. Texture analysis of swollen tablets 
was performed with the aim to obtain rheological information in-situ during the 
dissolution process.    
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2. Materials and methods 

2.1 Materials  
In this project, three qualities of Metolose™ (HPMC 60SH4000, 90SH4000SR and 
90SH4000) from Shin-Etsu, Japan have been used. Hydrophobically modified HEC 
(HMHEC), Natrosol PLUS CS Grade 330 from Aqualon was also used. The polymers 
were mixed with mannitol and/or glycerylbehenate in different combinations. All 
chemicals and manufacturers are listed in Appendix 1. The properties of the HPMC 
were determined as described elsewhere (Löventorn 2005), and are listed in Appendix 
2. Data for HMHEC as obtained from the manufacturer are found in the same 
appendix. The manufacterer stresses that this specific product is not intended for 
pharmaceutical use. 

Prior to use, to remove impurities, the HMHEC powder was washed with 
approximately 100 ml of acetone for one hour, and then filtered with 120H filter paper 
(Munktell filter AB, Sweden). The procedure was repeated 3 times. The powder was 
allowed to dry in a fume hood for at least three days, partly according to the method 
described by Thuresson, Karlström and Lindman (1994).  

2.2 Polymer solutions  
The polymer solutions for rheological measurements were made at different 
concentrations between 2% and 10% total dry weight dissolved in phosphate buffer 
(I=0.1 M, pH 6.80±0.05). The buffer was heated to at least 60°C before polymer (HPMC, 
HMHEC) was added. In cases when mannitol was used it was added before the 
polymer/-s. The sample was mixed with magnetic stirrer until a homogenous 
suspension was obtained. Thereafter it was stirred at room temperature until it had 
cooled down to form a homogenous gel solution. To prepare solutions containing 
glycerylbehenate or dicalciumphosphate, the dry powder was added and dispersed 
after the polymer sample had cooled down. The prepared samples were stored in a 
refrigerator at least over night to attain equilibrium.   

The solutions for cloud point measurements were made from the solutions used for 
rheology. The samples were heated and buffer was added to obtain a final 
concentration of 1% (w/w) HPMC.  

All mixtures used in this study are presented in Appendix 3.  

2.3 Tabletting 
Tablets were made with a single punch tabletting machine (Kilian SP300, Kilian&Co 
GmbH) with 10 mm flat punches. The compression force was adjusted between 3 and 
60 kN to reach a radial tablet hardness of 100 N (measured with Holland C50, UK). The 
tablet weight was about 300 mg, and the tablet thickness was 3-4 mm. 

2.4 Rheology  
The rheological studies were performed with a MCR 500 instrument with the US200 
software from Physica Messtechnik GmbH, Germany. Cone and plate geometry (CP50-
2 nr 1623) was used (except when otherwise mentioned), and the measurement 
temperature was 37°C. CP50-2 means that the plate diameter is 50 mm and the angle 
between the cone and the plate is 2° (indicated α in Figure 3). Two kinds of 
measurements were made: flow curves and frequency sweeps. 
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Flow curves give the viscosity at defined shear rates. The shear rate interval used in 
the present study was 0.01-500 s-1. After application, the sample was allowed to 
equilibrate for 5 minutes before the actual measurement started.  

The frequency sweep gives information about the material’s viscoelastic properties 
as a function of frequency. To make the results independent of the amplitude, the 
frequency sweep must be performed in the linear viscoelastic region (LVER) of the 
sample. The LVER is in the strain interval where both the storage modulus G’ and the 
loss modulus G’’ are constant. Therefore, an amplitude sweep is made first to define 
this region.  

Both sweeps started by shearing the sample for 30 s at 5 s-1 shear rate and then a 2 
min resting period to attain equilibration. This procedure is used to minimize the 
shearing effects on the solution from sample application. The amplitude sweep 
continued at constant frequency 1 Hz and varying strain in the interval 0.01-60%. An 
appropriate value for strain was selected for each sample, in this study between 0.2 and 
5%, and is held constant in the frequency sweep. The frequency was varied between 
0.01-100 Hz.  

2.5 Dissolution tests 
The dissolution tests were performed with standard USP II apparatus with paddles 
(Dissolutest, Prolabo, France). The tablets were fixed in baskets, 25*25 mm with mesh 
size 2.5*2.5 mm as described previously (Wingstrand, Abrahamsson and Edgar 1990). 
The dissolution medium was 900 ml of phosphate buffer (I=0.1 M, pH 6.8) at 37°C. All 
experiments were performed with duplicate tablets and at two paddle speeds, 50 and 
100 rpm when not otherwise indicated. 1.2 ml of dissolution medium was collected 
with Varian VK8000 fraction collector at specific time points for further analysis.  

The amount of released HPMC in the collected fractions was examined with a SEC-
MALS/RI system. SEC means size exclusion chromatography, i.e. the molecules are 
separated by means of hydrodynamic size. The column was 30 cm long of type TSK gel 
GMPWXL (TOSOH Biosep, Japan) with a pore size of 13 µm and a diameter of 7.8 mm. 
The mobile phase was phosphate buffer with 0.02% NaN3, the flow rate was 0.5 
ml/min and the injected sample volume was 100 µl.  

The system consists of a pump (LC-10AD VP Liquid chromatograph), a degasser 
(DGU-14A) and an auto-injector (SIL-10AD VP), all from Shimadzu, Japan. 

The elute is analysed with MALS (Multi-Angle Light Scattering, Dawn Eos) and RI 
(Refractive Index, Optilab Rex) and Astra software 4.73.04 and 4.90.07, all from Wyatt 
Technology Corp., USA. MALS provides information about the molar mass, size and 
shape of the molecules in a sample, while RI measures the concentration in a sample. 
For details about the SEC-MALS/RI-system, see Löventorn (2005). In this study, the 
concentration of polymer in the elute is of main interest. The specific refractive index, 
dn/dc, for HPMC was set to 0.136 units.  

The percentage polymer dissolved at each sample time was calculated according to 
 

% dissolved = 100*
))1((*

1

0

0
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where cn is the concentration in sample n detected by the RI, V0 is the initial volume in 
the dissolution bath, Vs is the sample volume and wtbl is the tablet weight.  
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When samples from dissolution tests of tablets containing both HPMC and 
HMHEC were analysed, it appeared that HMHEC peaks coincided to some extent with 
HPMC peaks in the chromatograms. To determine the relative signal from HMHEC in 
the SEC analysis, a calibration curve was made. Four samples with known 
concentrations of HMHEC were used, 0.1, 0.2, 0.3 and 0.5 mg/ml. The HMHEC 
powder was added to phosphate buffer and stirred for at least 72 hours to attain a 
homogenous solution before analysis. A calibration curve for the RI signal was made. 
HMHEC was found to be released at the same rate as HPMC from tablets containing 
both polymers. When evaluating the release of HPMC from those tablets, the results 
were normalised according to this.  

For further studies of HMHEC formulations, this procedure is not recommended 
though. Instead the mobile phase should be changed to contain agent such as 
cyclodextrin in order to avoid interactions of the hydrophobic groups with the column. 
(Bengt Wittgren, oral communication) However, the limited time of the present study 
did not allow evaluation of such a method. 

2.6 Texture analysis 
The gel thickness (tg) and core height (hc) of tablets as well as the force (F) needed to 
penetrate the tablets were analysed with a TA-HDi Texture analyser with Texture 
Expert Exceed software (Stable Micro Systems, UK).  

The tablets were glued onto discs of stainless steel with dimensions of 30 or 50 mm 
in diameter, 6 mm thickness and with a 0.4 mm cavity in the centre. The discs were 
rotated in 500 ml phosphate buffer at 100 rpm for 6 h. The texture analysis (TA) was 
performed with a flat tipped 2 mm probe and a test speed of 0.2 mm/s. The maximum 
force for the probe was set to 11.768 N (1200g). The measurements of tg and hc are not 
always reproducible though, and the settings should be more carefully selected for 
each tablet formulation in future experiments. However, the penetration force has 
good reproducibility up to a distance of ≤ 4 mm. Sources of error are for example air 
bubbles on the tablets during swelling and inhomogenities in the tablets.  

Before penetrating the tablet, the probe is calibrated on the disc beside the tablet. 
Because of the 0.4 mm central cavity in the disc, the probe will be able to reach farther 
than its zero-value if the whole tablet is penetrated. The software does not seem to be 
able to treat this information properly. Therefore, if the probe has penetrated the tablet 
below the calibration point, the value of the core height is defined as hc ≤ 0.4 mm. 

2.7 Particle size determination 
The particle size of the three HPMC qualities, HMHEC and glycerylbehenate was 
determined with a laser diffractometer (LS130 Dry powder module, Beckman 
instruments Inc., USA). The particle size of dicalciumphosphate was not possible to 
measure, because the powder was too fine.  

For each sample, 4-6 runs of 30 sec were carried out and the median particle size 
value is reported. For HPMC the auger was set to 10 and the vibrator was varied 
between 30 and 35, for HMHEC it was 10 and 20-30, and for glycerylbehenate 9 and 20-
25 respectively. These results are listed in Appendix 2. 

2.8 Cloud point 
The cloud point was determined with a Mettler Toledo FP90 central processor, a Mettler 
FB81C measuring cell and IPClab software. The temperature was raised by 1°C per 
minute starting at 40°C. The cloud point was defined at the temperature where 96% of 
the light was transmitted. The temperature for 50% light transmission was also noted.  
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3. Results and discussion 
The results of this study will be presented grouped by formulation and not by method.  

No difference in cloud point was noted between pure HPMC solutions and 
solutions with HPMC and HMHEC and/or mannitol. The results are listed in 
Appendix 4. 

Viscosity data from rheological flow measurements is found in Appendix 5. The 
viscosities for all samples at shear rates 0.01 and 0.9 s-1 and the ratios between these two 
are listed. The ratio gives information about the slope of the curve, i.e. a higher ratio 
indicates a more shear thinning behaviour. These shear rates were chosen because they 
are in the range that is relevant for in vivo conditions (see section 1.3.1)  

In Appendix 6, a table with results from rheological oscillating measurements is 
presented. The frequencies where the G’ and G’’ graphs cross each other for different 
formulations are listed.  

Figures in the text from rheological measurements show the average value of 
duplicate measurements. Error bars indicate the two individual measurements. 

Data from texture analysis is found in Appendix 7. The total height (htot) of the 
tablets after 6 h on a rotating disc at 100 rpm are listed together with data on the 
thickness of the gel layer (tg) and on the remaining core height (hc). The force applied at 
2 mm and 3 mm penetration is also found here, F(2 mm) and F(3 mm) respectively. 
Figures in the text show the mean value of two measurements. 

The time points when half of the HPMC content of a tablet is released in a 
dissolution test, T50, are listed in Appendix 8 together with the ratio between the T50-
values for the same formulation at 50 and 100 rpm paddle speed, R50. The R50 gives an 
indication on how robust the tablet is to hydrodynamic forces. The release profiles of 
HPMC shown as figures in the text are mean values of release profiles of two tablets. 
The difference between the duplicates is maximum 10%. 

 

3.1 Pure HPMC  
 
3.1.1 Properties of the HPMC 
The physical properties of the HPMC used in this study are listed in Appendix 2. The 
major differences between the three qualities are that 60SH4000 has a higher content of 
methoxy groups, a wider molecular weight distribution and a lower cloud point 
compared to the two 90SH4000 
qualities.  
 
3.1.2 Flow behaviour 
The flow curves for HPMC at a 
concentration of 2% (w/w) show 
similar viscosity for 90SH4000SR 
and 90SH4000 during the whole 
measuring interval (Figure 11). 
However, the viscosity for 
60SH4000 is significantly higher at 
low shear rates. All three qualities 
exhibit shear-thinning behaviour 
as expected (Dow Chemical 
Company 2002). 60SH4000 shows 
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Figure 11. Flow curves for 2% (w/w) HPMC 
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more shear-thinning behaviour than the two 90SH4000-qualities, i.e. the ratio between 
the viscosities at 0.01 and 0.9 s-1 is higher (Appendix 5). This could possibly be an effect 
of its slightly higher Mw and polydispersity index (Mw/Mn) (Appendix 2).  

At concentrations between 4 and 6 % (w/w), no significant differences in viscosity 
are seen between the three qualities of HPMC at high shear rates (see figures in 
Appendix 9). At low shear, however, the viscosity of 60SH4000 is slightly lower than 
those of the two 90SH4000 qualities at the highest concentration, 6%.  
 
3.1.3 Viscoelastic properties 
Oscillating measurements were performed mainly on the two 90SH4000-qualities. The 
values of the frequencies where G’ and G’’ cross each other are listed in Appendix 6. 
The lower the crossing frequency is, the stronger is the gelling character of the system. 
At 6% (w/w), no difference in gel strength could be seen between 90SH4000SR and 
90SH4000 (Figure 12). However, at lower concentrations 90SH4000SR displays higher 
gel strength than 90SH4000. At 4.8% (w/w), 60SH4000 has the strongest gelling 
character (Appendix 6).  

 
3.1.4 Texture analysis 
Due to lack of time, texture analysis was 
only performed on 90SH4000SR and 
90SH4000 based tablets after 6 h 
dissolution on a rotating disc. The probe 
penetrates the tablet until the resistance is 
11.768 N, which is taken as a 
representative for the resistance of the dry 
glassy core of HPMC (Anna Löventorn, 
oral communication). Values of the total 
height of the tablet, the core thickness and 
the thickness of the gel layer are found in 
Appendix 7. Listed are also the force 
needed to penetrate the tablet to 2 and 3 
mm respectively.  
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outermost 3 mm of HPMC tablets measured with 
texture analysis 
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To examine the gel layer, the force needed to penetrate the outermost 3 mm of the 
tablet is plotted. There are only small differences between 90SH4000SR and 90SH4000 
formulations, but with 90SH4000SR showing a slightly stronger gel character (Figure 
13). The gel thickness and core height are also similar for the two qualities. This 
corresponds with the results from the oscillating rheological measurements, which 
indicate that 90SH4000SR solutions have a slightly stronger gelling character, at least at 
low concentrations.  
 
3.1.5 Dissolution tests 
The dissolution profiles for pure HPMC based tablets are shown in Figure 14. The 
values for T50 (time for 50% release of HPMC) and R50 (ratio between T50 at 50 rpm and 
T50 at 100 rpm) are found in Appendix 8.  

The dissolution of 60SH4000 tablets is much slower than that of 90SH4000SR and 
90SH4000 at both 50 and 100 rpm. This indicates that the outer gel layer can have a 
lower polymer concentration and still not be eroded by the shearing forces. Thus, the 
60SH4000 gel is stronger than that of the 90SH4000 qualities as was indicated by the 
oscillating measurements at 4.8% as well.  

At 50 rpm, the release of 90SH4000SR is slower than that of 90SH4000, but at 100 
rpm their release profiles are almost identical. This corresponds well to rheological 
results giving the same flow behaviour and similar gel strength at a concentration of 
6%. At lower concentrations (4.8%), oscillating rheological measurements show a 
slightly stronger gel character for 90SH4000SR than for 90SH4000, which may 
correspond to the slower release rate of polymer at 50 rpm found for this quality. At 
lower stirring rates (lower hydrodynamic forces), the polymer concentration in the gel 
layer/dissolution media interface should be lower than at high stirring rates. Hence, it 
is possible that the HPMC concentration approaches the point where a stronger gel 
character was observed for 90SH4000SR (i.e. 4.8%). All three qualities have relatively 
similar R50 values (Appendix 8). 90SH4000SR is only slightly more sensitive to changes 
in stirring rate. 
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Figure 14. The dissolution profile for HPMC tablets at (a) 50 rpm and  (b) 100 rpm paddle speed 
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3.2 HPMC with mannitol addition 
Solutions and tablets were made with three different proportions of HPMC and 
mannitol: 7:3, 1:1 and 3:7. The solutions were made with a total dry weight of 4% and 
6%.  
 
3.2.1 Flow behaviour 
The flow behaviour of 60SH4000 
in 4% dry weight solutions 
containing both HPMC and 
mannitol is shown in Figure 15. 
Figures for other concentrations 
and HPMC qualities are found in 
Appendix 10.  

The addition of mannitol 
decreases the viscosity in samples 
with constant dry weight in the 
interval 4-6%, regardless of HPMC 
quality or total concentration. For 
systems with 50% mannitol, the 
decrease in viscosity is up to a 
factor 10 (Appendix 5). The shear 
thinning behaviour (the ratio 
η(0.01)/η(0.9)) of HPMC also 
increases with mannitol addition, 
most significantly for 60SH4000 
(Figure 15 and Appendix 5). This means that 60SH4000 is slightly more sensitive to 
addition of easy soluble substances than the two 90SH4000 qualities regarding shear 
thinning behaviour.  
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In the two component systems, the three HPMC qualities differ from each other in the 
same way as for the pure HPMC system at the same HPMC concentration. 60SH4000 
has higher viscosity at low shear rates and exhibits more shear thinning behaviour than 
90SH4000SR and 90SH4000 (Figure 16 and Figure 11 ). 

In Figure 17, the concentration of HPMC 90SH4000SR is fixed to 2% for all curves 
and varying amounts of mannitol is added. The viscosity is about the same for all 
samples, independent of the concentration of mannitol. However, at higher mannitol 
additions, the viscosities in solutions with mannitol are slightly higher than in 
solutions without additives at the same HPMC concentration (see also Appendix 5). To 
conclude, one may say that mannitol addition mainly dilutes the sample at low 
additions. 
 
3.2.2 Viscoelastic properties 
The gel strength at 6% and 9% dry weight with varying mannitol content was 
examined. The addition of mannitol results in a weaker gel compared to solutions with 
only HPMC with the same dry weight (Figure 18). For pure HPMC systems at 4.8%, 
90SH4000 had weaker gel strength than 90SH4000SR, but no indication of such 
difference may be seen in the HPMC/mannitol systems (Appendix 6).  

If systems with constant concentration of HPMC regardless of mannitol addition 
are compared, it can be seen that the gelling character is almost the same at the same 
HPMC concentration (Figure 18 and Appendix 6). The mannitol addition just dilutes 
the system and does not contribute to any changes in the gel character.  
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3.2.3 Texture analysis 
The texture analysis of tablets with 
equal concentration of HPMC 
90SH4000SR or 90SH4000 and 
mannitol shows no difference in gel 
strength between the two HPMC 
90SH4000 qualities (Figure 19). This 
corresponds well to the results from 
the oscillating measurements (see 
Figure 18). It is also in accordance 
with the viscosity measurements 
(Appendix 5). The gel thickness and 
core height also seem to be similar for 
90SH4000 and 90SH4000SR, with 
reservation for the measurements not 
being perfectly reproducible 
(Appendix 7).  

The total height of the mannitol 
containing tablets is slightly higher 
than for pure HPMC tablets (see 
Appendix 7). The gel thickness is much higher, and the core is very small. This is due 
to the high hydrophilicity of mannitol compared to HPMC, which makes water 
penetration deeper into the tablet easier. Similar observations have been made by 
Jamzad et al. (Jamzad, Tutunji and Fassihi 2005). 

The gel strength is much lower for the tablets containing mannitol compared to 
tablets with HPMC only. The force needed to penetrate the tablets is 10-20 times higher 
for pure HPMC than for 1:1 HPMC:mannitol systems (Appendix 7). The viscosities for 
these mixtures are also about 10 times lower than the viscosity of the pure HPMC 
system at the same dry weight. This shows that the dilution effect by mannitol 
addition, as probed by rheological studies, give some kind of dilution effect also in the 
swelled tablet gel layer as probed by TA. 

 
3.2.4 Dissolution tests 
The release rates of HPMC from tablets with and without mannitol addition are shown 
in Figure 20. The data are normalised to 100% released HPMC. Additional data for T50 
and R50 are found in Appendix 8. 

It is obvious that addition of mannitol increases the release rate of HPMC, 
displayed as % released HPMC, of all qualities examined and at both stirring rates. A 
higher stirring rate results in a higher dissolution rate as was seen for pure HPMC 
(section 3.1.4). The release rate for 60SH4000 is much slower than that of the two 
90SH4000-qualities as was also observed for the pure HPMC tablets. The R50 values 
were similar for the three qualities of pure HPMC, but with mannitol addition the R50 
seems to increase the most for 60SH4000. This indicates that 60SH4000 gets more 
sensitive to hydrodynamic forces when a highly soluble compound is incorporated in 
the tablet than does 90SH4000SR and 90SH4000. This is in accordance with the results 
from the viscosity measurements, which showed more shear thinning behaviour upon 
mannitol addition for 60SH4000 at 4% dry weight (see Appendix 5). The R50 value for 
90SH4000SR is almost the same for all the formulations compared. It seems to be the 
HPMC quality that is the least affected by the addition of mannitol regarding 
sensibility to hydrodynamic forces. 
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Figure 20. The d issolution profiles of 90SH40004000 from tablets containing 0%, 50% or 70% 
mannitol 
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These conclusions are supported by the fact that the dissolution rate and the 
inverse of the T50 value for 60SH4000 increases much more with increasing mannitol 
content than it does for 90SH4000SR and 90SH4000. When comparing the extreme 
cases low paddle speed-no mannitol and high paddle speed-70% mannitol, the ratio 
between the corresponding T50 values gives an indication on the robustness of the 
matrix. 60SH4000 has the highest ratio (16) followed by 90SH4000 (8) and 90SH4000SR 
(6). Thus, of the three qualities, 60SH4000 seems to be the least robust to addition of 
highly soluble substances and 60SH4000:mannitol systems are the least robust to 
variations in stirring rate. 

If the release of HPMC is not normalised but visualised in absolute values, i.e. the 
amount of HPMC released related to the weight of the tablet (wHPMC/wtot*100%), some 
interesting observations can be made. The absolute release rates of HPMC from the 
tablets are identical for pure HPMC, 1:1 mannitol and 3:7 mannitol at both stirring 
rates. A similar behaviour is observed by Gao et al for HPMC:lactose formulations 
(Gao et al 1996). For 90SH4000SR (Figure 21 and Appendix 11) and 90SH4000 
(Appendix 11) the HPMC release rate clearly reaches a single value for each HPMC 
quality and hydrodynamic condition.  

For 60SH4000 however, this single value is not obtained for all compositions. The 
absolute HPMC release rate is significantly higher for tablets with 70% mannitol 
compared to systems containing less mannitol, both at 50 and 100 rpm. The system 
could possibly be on its way to collapse. Possible changes in the cloud point for 
60SH4000 after mannitol addition may explain this behaviour. However, this was not 
determined due to lack of time.  

Mannitol probably makes water penetration deeper into the tablet easier due to its 
high solubility. Addition of other highly soluble compounds (PEG 6000) to HPMC has 
previously shown to give a deeper water penetration (Abrahmsen-Alami 2005). Since 
mannitol does not contribute to the gelling character of the sample, the concentration 
of HPMC strives to remain constant in the outermost gel layer. This concentration is 

Figure 21. Release rates of 90SH4000SR 
from tablets with and without mannitol 
addition at 100 rpm stirring rate 
presented as percentage of total tablet 
weight  
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determined by external hydrodynamic forces. To maintain this concentration, 
mannitol-containing tablets will erode and vanish faster than tablets without mannitol. 
Through simultaneous HPMC, lactose and an easily soluble drug release studies, Gao 
et al. have shown that the matrix gradually transforms to a gel which manly consist of 
HPMC (Gao et al 1996). 

 

3.3 HPMC with HMHEC addition 
 
3.3.1 Flow behaviour 
Flow curves for pure HMHEC at different concentrations are shown in Figure 22a. At 
low concentrations (2%), HMHEC displays a more pronounced Newtonian plateau 
than does HPMC (Figure 22b). The viscosity is lower as well. As the concentration 
increases, the relations become the opposite; HMHEC has higher viscosity at low shear 
but a more shear thinning behaviour than HPMC. This is due to the fact that the 
hydrophobic groups of HMHEC may interact at low shear rates, but that those bonds 
are broken at higher shear rates. At low HMHEC concentration the hydrophobic 
groups do not interact sufficiently to cause significant increase in viscosity. The 
polymer concentration where the viscosity vs. concentration curves crosses for 
HMHEC and HPMC is in the range near 3% polymer.  

 
 

Figure 22. (a) Flow curves for HMHEC in different concentrations. (b) Flow curves for 6% and 3% 
HPMC 90SH4000 and for HMHEC in the same concentrations 
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The formulations containing both HPMC and HMHEC exhibit similar flow 
behaviour for the two ratios examined (HPMC:HMEHC 1:1 and 7:3, total dry weight 
6% (w/w)) (Figure 23a). Compared with the pure systems of HPMC and of HMHEC 
with the same dry weight, the low shear viscosities of the mixtures and shear thinning 
behaviour lies between those of the pure polymers at low shear rates. No major 
differences can be seen between the three qualities of HPMC when mixed with 
HMHEC, although 60SH4000 containing formulations displays slightly lower viscosity 
than those with 90SH4000 qualities in most of the shear rate range studied (Figure 23b). 

 
3.3.2 Viscoelastic properties 
The results from the oscillating measurements for 90SH4000 with addition of HMHEC 
are shown in Figure 24. Data for 90SH4000SR are found in Appendix 6.  

As the figure illustrates, addition of HMHEC lowers the crossing frequency for G’ 
and G’’ which means that a viscoelastic solution with a stronger gel character is 
obtained. The more HMHEC that is added the stronger the gelling character becomes, 
and pure HMHEC has the strongest gelling character of the formulations examined in 
this study. No differences in gelling character between HMHEC containing 
formulations with 90SH4000SR and 90SH4000 can be seen. 

 
 

 

Figure 23. (a) Flow curves for 60SH4000 with addition of different amounts of HMHEC and for pure 
60SH4000 and HMHEC (total dry weight 6%) (b) Flow curves for different qualities of HPMC with 50% 
HMHEC addition (total dry weight 6%) 
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3.3.3 Texture analysis 
The results from the texture analysis of tablets with HPMC and HMHEC are shown in 
Figure 25. The values for gel thickness and core heights of the tablets are found in 
Appendix 7.  

The addition of HMHEC results in the formation of a weaker gel around the tablet 
core as compared with the gel layer formed around pure HPMC tablets. The effect is 
more pronounced with higher additions of HMHEC. The outer gel layer is not as weak 
as in tablets with corresponding amounts of mannitol, though (compare Figure 19 in 
3.2.3). 90SH4000 tablets exhibit lower gel strength than tablets with 90SH4000SR, both 
in pure HPMC tablets and in tablets composed of HMHEC and HPMC.  

The core height is much lower for HMHEC containing tablets compared to pure 
HPMC tablets. With 50% content of HMHEC, the tablet core is even smaller than in 
tablets with 50% mannitol (Appendix 7). This is probably due to the relatively high 
hydrophilicity of HMHEC.  
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Figure 24. The results from oscillating measurements on solutions containing 6% (w/w) of HPMC 
90SH4000 or HMHEC or a mixture of these. 
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The rheological and the TA 
results seem to contradict each 
other for this system: Rheology 
indicates a gel strengthening effect 
of HMHEC, but TA indicates that 
the gel layer gets weaker. 
Probably, HMHEC has two effects 
when added to HPMC 
formulations; it is more 
hydrophilic than HPMC and 
therefore draws water deeper and 
faster into the core of the tablet, 
but at the same time it also 
strengthens the polymer network 
in the gel.  

 
3.3.4 Dissolution tests 
The dissolution profiles for 
90SH4000 and 90SH4000SR 
formulations containing HMHEC 
are presented in Figure 26.  

The dissolution rates of HPMC 90SH4000SR and 90SH4000 formulations increase 
when HMHEC is added to the tablet, but the increase in dissolution rate is not as high 
as for mannitol containing matrices though (see T50 values in Appendix 8). For 
90SH4000SR tablets, the addition of 50% HMHEC results in a lowered R50 value  
compared to tablets containing 50% HPMC/50% mannitol. Compared to pure HPMC, 
the R50 increases only slightly for 90SH4000 with HMHEC addition, while it remains 
the same or lowers slightly for 90SH4000SR. These results indicate that the 
HPMC:HMHEC formulations may be slightly more robust to hydrodynamic changes 
than HPMC:mannitol formulations.  

The texture analysis also indicated that the gel strength is lower for tablets with 
HMHEC compared to tablets with pure HPMC. As mentioned above, it seems that 
HMHEC facilitates water penetration deeper into the tablet and thereby makes the 
tablet dissolve faster. However, since HMHEC also has a gel strengthening character 
(see sections 3.3.1 and 3.3.2), the dissolution rate is not as fast as for the mannitol 
containing system. 
 

 
 

Figure 25. Texture analysis of tablets containing HPMC 
or HPMC with addition of HMHEC. The force needed 
to penetrate the outermost 3 mm of the tablet is shown 
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As was done for the HPMC:mannitol systems, the release of HPMC from 
HPMC:HMHEC tablets referred to total tablet weight is plotted in Figure 27. The 
release rate for HPMC in absolute values decreases with increasing HMHEC addition 
as can be seen on the differences in slopes of the straight lines in Figure 27. This 
behaviour differs from that of the HPMC:mannitol systems, which displayed a 
constant release rate of HPMC. This correlates well with the rheological oscillating 
measurements that indicated that HMHEC interacts with HPMC to form a stronger 
gel. This behaviour is observed for both 90SH4000 qualities and at both stirring rates.  
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Figure 26. The dissolution profiles for HPMC with HMHEC addition 
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3.4 HPMC with HMHEC and mannitol addition 
 
3.4.1 Flow behaviour 
The flow curves for 90SH4000SR and 90SH4000 systems containing both HMHEC and 
mannitol are shown in Figure 28. For comparison, the flow curves for pure 3% HPMC 
90SH4000SR and HMHEC, i.e. systems with the same total polymer content, are shown 
as well. No measurements were made on systems containing 3:2 HPMC:HMHEC, 
which otherwise would have been useful for examining the effect of mannitol addition. 
Pure 90SH4000 is not shown, but has similar flow curve as pure 90SH4000SR.  

The viscosities are about the same for both qualities (90SH4000SR and 90SH4000) in 
the three component formulations. At low shear rates, the viscosities for the three 
component systems are 
slightly higher than for 3% 
pure HPMC or 3% pure 
HMHEC, and the shear 
thinning behaviour is more 
pronounced (the ratio 
η(0.01)/η(0.9) listed in 
Appendix 5 is higher).  

Compared to systems 
containing 6% 1:1 
HPMC:mannitol, the 
viscosities at low shear rates 
are about the same. As have 
been seen for two component 
formulations (section 3.3.1 
and Appendix 5), the 
replacement of HPMC with 
HMHEC increases the shear 
thinning behaviour also in 
the three component systems 
(Appendix 5). 
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Figure 27. The release profiles for HPMC from tablets with and without HMHEC addition as percent of 
total tablet weight 
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3.4.2 Viscoelastic properties 
Oscillating measurements have 
been performed on systems with 
total dry weight of 10% 
consisting of 3% HPMC:2% 
HMHEC: 5% mannitol. The 
results for 90SH4000 are 
compared with the ones for 3% 
pure HPMC 90SH4000 (Figure 
29). The crossing frequencies for 
the three component systems are 
found in Appendix 6.  

Measurements were also 
performed on these 
compositions with a total dry 
weight of 6%, but the gel 
strength was in this case too low 
to produce reliable data.  

As can be seen in Figure 29 
and in Appendix 6, the addition 
of HMHEC to a solution 
containing 3% HPMC 90SH4000 
results in a stronger gelling 
behaviour of the solution. This is 
not surprising since the total 
polymer concentration is 
increased. The result is similar 
for 90SH4000SR. No 
measurements have been made 
on HPMC with a concentration 
of 5%, which otherwise would be 
useful for comparison. On the 
other hand, this three component 
system with a total polymer 
concentration of 5% results in a 
solution with stronger gelling 
character than does systems with 
6% pure HPMC (Appendix 6). 
Mannitol addition in solutions 
generally lowers the gelling behaviour. Thus, the addition of HMHEC causes an 
increased gelling character in these formulations.  

 
3.4.3 Texture analysis 
Texture analysis was performed on tablets with 90SH4000SR and 90SH4000 with 
addition of 20% HMHEC and 50% mannitol after 6 h dissolution on a rotating disc. The 
results are found in Figure 30 and in Appendix 7. In the figure, graphs for pure HPMC 
and 50% HPMC/50% mannitol are shown for comparison.  

The force needed to penetrate the outer gel layer of the three component tablets is 
lower than for the HPMC:mannitol formulation, and much lower than for pure HPMC. 
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Figure 29. Results from the oscillating 
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90SH4000SR has a slightly stronger gel than 90SH4000 in the HPMC:glycerylbehenate: 
mannitol system as well as the pure HPMC tablets.  

Data on gel thickness and total tablet height are found in Appendix 7. The 
thickness of the gel layer is significantly higher for the three component systems than 
for pure HPMC tablets, and the total tablet height is about the same or slightly lower 
for pure HPMC. Thus, the core height is very low, which indicates that HMHEC when 
added to a tablet draws water deeper into the core of the tablets. This result 
corresponds well to the results of the 2-component system. 

Compared to 50% HPMC/50% mannitol formulations, 90SH4000 tablets with both 
mannitol and HMHEC has higher gel thickness and total tablet height. The same clear 
conclusion cannot be drawn for 90SH4000SR, partly because those measurements have 
low reproducibility and are therefore not completely reliable.  

No real comparisons with the results from the oscillating measurements can be 
made here due to the fact that no oscillating measurements were performed on systems 
with the same dry weight as the three-component system. It seems though that the 
same qualitative conclusions as was drawn for the HPMC:HMHEC system are valid 
here as well. HMHEC draws water deep into the tablet, but at the same time it 
probably strengthens the polymer network. 

 
3.4.4 Dissolution tests 
The dissolution rates of HPMC from tablets containing 90SH4000, HMHEC and 
mannitol are shown in Figure 31. Also shown are the release profiles of 90SH4000 from 
tablets containing varying concentrations of mannitol. As can be seen, the release rate 
of 90SH4000 increases if 20% HPMC is exchanged for HMHEC. On the other hand, if 
the systems with constant concentration of HPMC (30%) are compared, the addition of 
HMHEC results in a slower release of HPMC compared to systems with only mannitol 
addition. The same result is obtained for both 90SH4000 qualities (see Appendix 8).  

The robustness to hydrodynamic forces as indicated by the R50 values in Figure 31 
is slightly lower for 90SH4000 with high concentrations of HMHEC and/or mannitol 
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than for the 1:1 90SH4000:mannitol system. However, for 90SH4000SR no major 
differences in R50 values are shown for the three systems compared.  

However, if compared to systems with HPMC and HMHEC but without any 
mannitol, the robustness of the three component tablets has decreased slightly for both 
90SH4000SR and 90SH4000 when mannitol is also present. The same result was 
obtained for pure HPMC when mannitol was added.  

3.5 HPMC with glycerylbehenate addition 
 
3.5.1 Flow behaviour 
In Figure 32, the viscosity dependence of HPMC 90SH4000 concentration is illustrated. 
The viscosities at shear rates 0.01 and 0.9 s-1 are shown.  

At high shear rates, glycerylbehenate addition increases the viscosity in systems 
with constant HPMC concentrations slightly, but no additional effect of 
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glycerylbehenate seems to be obtained at higher additions. However, at lower shear 
rates the effect of glycerylbehenate addition is more pronounced. For 60SH4000 
(Appendix 12), an increase in viscosity is obtained also with higher concentrations of 
glycerylbehenate (20%) and intermediate dry weight (ca 5%). This effect cannot be seen 
for 90SH4000SR and 90SH4000 though (Appendix 12). For 90SH4000, the viscosity 
even seems to decrease again at the highest addition (20%).  

As can be seen in Appendix 5 and Appendix 12, the shear thinning behaviour of 
60SH4000 increases with addition of higher amounts of glycerylbehenate, i.e. the 
η(0.01)/η(0.9) increases. The two 90SH4000 qualities are not affected in the same way 
though. This is caused by the strong viscosity increasing effect of glycerylbehenate on 
60SH4000 formulations at low shear rates.  

The viscosity for 
90SH4000SR is significantly 
higher than for 90SH4000 
when high amounts of 
glycerylbehenate (20% of the 
total dry weight) are added 
(Figure 33 and Appendix 13). 
This is the case for both 4 and 
6% dry weight samples.  

At lower glycerylbehenate 
concentrations, this difference 
between the two 90SH4000 
qualities cannot be seen 
(Appendix 13). Note that the 
accuracy of the flow 
measurements in 
glycerylbehenate containing 
solutions is quite good also for 
systems with relatively low 
HPMC concentrations.  

 
 3.5.2 Viscoelastic properties 
The results from the oscillating measurements of 90SH4000SR with glycerylbehenate 
addition compared with pure 90SH4000SR are found in Figure 34. The values for the 
crossing frequencies of G’ and G’’ are found in Appendix 6.  

If systems with total dry weight of 6% are compared, it can be seen that the 
HPMC:glycerylbehenate formulation generates a slightly weaker gel than does the 
pure HPMC system. A comparison between systems with constant HPMC 90SH4000SR 
concentration of 4.8% gives that the gel strength is the same whether or not the 
formulation contains glycerylbehenate (Figure 34). For 90SH4000 on the other hand, 
the network is slightly strengthened when glycerylbehenate is present (Appendix 6). 
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3.6 HPMC with glycerylbehenate and mannitol addition 
 

3.6.1 Flow behaviour 
The flow curves for 90SH4000SR and 90SH4000 solutions containing both 
glycerylbehenate and mannitol (total dry weight 6%) are shown in Figure 35. Due to 
lack of time, no flow measurements were performed on 10% dry weight systems with 
the same composition. 

The viscosity for 90SH4000SR is higher than for 90SH4000 at low shear rates, 
although sometimes not significantly (notice the error bars in the Figure). The 
concentration of glycerylbehenate is quite high compared to the HPMC concentration. 
The higher viscosity for 90SH4000SR was also noted for HPMC:glycerylbehenate 
systems without mannitol (see section 3.5.1).  
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3.6.2 Viscoelastic properties 
Oscillating measurements have been performed on systems with total dry weight of 
10% consisting of 3% HPMC:2% glycerylbehenate: 5% mannitol. These results can be 
compared with the ones for 3% pure HPMC and for 3:7 HPMC:mannitol (total dry 
weight 9%) (Figure 36). The crossing frequencies for the three systems are found in 
Appendix 6.  
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In systems containing 3% HPMC a lower crossing frequency, i.e. a stronger gel 
character, is observed when glycerylbehenate is present. The gelling character of 
90SH4000SR is slightly stronger than that of 90SH4000 for these systems (Appendix 6), 
but the general behaviour is the same. Measurements were also performed on these 
compositions with a total dry weight of 6%, but the gel strength was in this case too 
low to produce reliable data.  

 
3.6.3 Texture analysis 
Texture analysis was performed on HPMC:glycerylbehenate:mannitol tablets. The 
results are found in Figure 37. For comparison, plots on the results for pure HPMC 
tablets and tablets with 50% mannitol are also shown. Data on gel thickness and core 
height of the tablets are found in Appendix 7.  

Although quite small differences, the gel strength of the 90SH4000SR formulation is 
slightly higher than that of 90SH4000 in the three component systems. This correlates 
well with the results from the oscillating measurements. Furthermore, it is obvious that 
the three component tablets have about the same gel strength in the outer gel layer as 
formulations with HPMC and mannitol 1:1.  

This indicates that the glycerylbehenate does in fact strengthen the polymer 
network almost to the same extent as the replacement of the glycerylbehenate with 
HPMC would have done. If glycerylbehenate addition had resulted in a destruction of 
the gel we would have expected the force of penetration to decrease to a much lower 
value. We would have preferred also to be able to compare these three component 
systems with a 30% HPMC/70% mannitol system. However, the time was limited and 
it was judged as very difficult to perform TA measurements on such weak polymer 
systems where the dry core is expected to have disappeared completely.  

The total tablet height and the core height differ between tablets with 
30% HPMC/20% glycerylbehenate/50% mannitol and those with 50% HPMC/50% 
mannitol. The former formulation has lower total height and gel thickness than the 
latter. For the 90SH4000 formulation containing glycerylbehenate and mannitol the 
core height also seems to be larger than in the 1:1 mannitol formulation. This is 
probably caused by the hydrophobicity of glycerylbehenate that makes water 
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penetration into the tablet more difficult. Similar observations have been made by 
Jamzad et al. when incorporating other hydrophobic compounds like dibasic calcium 
phosphate into matrix formulations (Jamzad, Tutunji and Fassihi 2005).  

 
3.6.4 Dissolution testing 
The results from dissolution tests of tablets of 90SH4000 HPMC tablets containing 
glycerylbehenate and mannitol at 50 and 100 rpm are shown in Figure 38. Also shown 
are the release profiles for 90SH4000 with different amounts of mannitol.  

The addition of glycerylbehenate to a formulation with HPMC and mannitol slows 
down the release rate of HPMC if tablets with constant concentration of HPMC are 
compared. On the other hand, if the mannitol concentration is constant, the exchange 
of 20% HPMC to glycerylbehenate results in a slightly faster release rate of HPMC. The 
same results are valid for 60SH4000 and 90SH4000SR (Appendix 8).  

The R50 values for these HPMC:glycerylbehenate and/or mannitol formulations 
indicate that 60SH4000 is more sensitive to changes in hydrodynamic conditions than 
the two 90SH4000 qualities (Appendix 8). The addition of 20% glycerylbehenate to a 
tablet with 30% 60SH4000 makes the formulation more robust compared to when only 
mannitol is added. For 90SH4000SR, no major differences in R50 can be seen between 
the corresponding formulations. 90SH4000 is more sensitive to changes in 
hydrodynamic forces when the HPMC concentration is below 50%, independently of 
whether the rest of the tablet contains of pure mannitol or glycerylbehenate and 
mannitol.  
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Figure 38. The release profiles of HPMC 90SH4000 from tablets with glycerylbehenate and /or 
mannitol addition 
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4. Summary and conclusions 
Mannitol addition to hydrophilic matrices based on HPMC has a pure diluting effect. 
This conclusion is based on rheological measurements as well as texture analysis and 
polymer release studies. All methods give consisting results. Mannitol decreases the 
viscosity and makes the system less gel-like when solutions with the same dry weight 
are compared. Furthermore, solutions with a fixed HPMC concentration have 
principally the same rheological behaviour independent of mannitol addition.  

Texture analysis data on swelled tablets show that the penetrating force decreases 
as mannitol is added to the tablet. The decrease is correlated to a corresponding 
decrease in viscosity. TA also shows that water penetrates further into mannitol 
containing formulations.  

Both TA and rheological studies correlate well with release studies, which show a 
faster release when mannitol is added to HPMC tablets. The amount of HPMC 
(grams/time) seems to be constant independent of mannitol addition.  

Regarding the sensibility of the formulations to external hydrodynamic forces it 
may be concluded that the 60SH4000 HPMC quality is the system most sensitive to 
mannitol addition. Both rheological data at different shear rates and release data at 
different stirring rate support this conclusion. HPMC 90SH4000SR is the system that 
seems to be the least sensitive to mannitol addition. 

 
HMHEC has a slightly different effect on HPMC matrix tablets compared to mannitol. 
From rheological data it may concluded that HMHEC strengthens the network 
character of the solutions. However, TA measurements show that this does not result 
in a stronger gel around the tablet formulations. Instead HMHEC containing 
formulations seem to have a lower force of penetration than pure HPMC formulations. 
However, the destructive effect is not as strong as for mannitol.  

This is probably an effect of the fact that HMHEC is relatively more hydrophilic 
than HPMC and therefore allow a deeper penetration of water into the formulation as 
shown by TA. Hence, two effects seem to work in different directions and the full 
power of the gel strengthening effect as shown in rheological measurements is 
therefore not manifested in the TA studies.  

Release data support this picture. A faster release of HPMC is obtained in the 
formulations containing HMHEC than in those containing HPMC only. However, the 
release is not as fast as in mannitol containing systems. When the HPMC release is 
plotted as grams HPMC released per time the strengthening effect of HMHEC on the 
formulation may be seen. The release rate of HPMC (grams/time) decreases when 
HMHEC is added to the system.  

The sensibility to hydrodynamic forces has not been thoroughly examined for 
60SH4000 with HMHEC addition. For 90SH4000SR, the robustness increases slightly 
with HMHEC addition as observed in dissolution experiments. However, the 
sensibility of HMHEC containing solutions to changes in shear rate is higher than for 
pure HPMC solutions.  

 
The addition of glycerylbehenate to HPMC has different effects compared to HMHEC. 
In viscosity measurements, the glycerylbehenate mainly seems to dilute the sample. 
However, not to the same extent as mannitol. Some contribution to the gelling 
character of the HPMC:glycerylbehenate solution by glycerylbehenate can be seen in 
oscillating measurements, although the effect is much higher with HMHEC addition.  
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In TA, the force of penetration is almost the same for HPMC:glycerylbehenate: 
mannitol as for HPMC:mannitol systems with the same amount of mannitol. The gel 
thickness and tablet swelling is much lower for glycerylbehenate containing 
formulations though, and the dry core in the middle of the tablet is higher, at least for 
90SH4000 containing formulations. Thus, the concentration profile for HPMC is steeper 
in these formulations than in systems with HMHEC or mannitol. By this effect the gel 
layer around the tablet is strengthened. This is probably due to the hydrophobic effect 
of glycerylbehenate that makes water penetration into the formulation more difficult.  

 
The release profiles of HPMC for the three component systems with HPMC, mannitol 
and either HMHEC or glycerylbehenate are quite similar. This fact combined with the 
results presented above makes it possible for us to make some final conclusions. To 
attain the same erosion behaviour for a formulation, there are different ways to go. 
Addition of a hydrophobically modified but more hydrophilic polymer like HMHEC 
can strengthen the gel at the same time as it allows more water to penetrate deeper into 
the tablet. This may be useful for formulations containing drugs with low solubility. 
The other way is to permit less water to penetrate the formulation, a behaviour 
achieved with the addition of glycerylbehenate. The release of highly soluble drugs 
could be better controlled using this approach.  
 
The correlation between rheological behaviour and release profiles of HPMC is 
sometimes good but poor in other cases. Some kind of relationship has been observed 
though, and that makes further studies interesting and also necessary to be able to 
make definite conclusions. The polymer concentration in the outer gel layer during 
dissolution must be determined in order to be able to perform rheological 
measurements of solutions at an appropriate polymer content.  
 

5. Future work 
Future work in this area would be to evaluate the 60SH4000 quality properly. Due to 
lack of time, many experiments were only performed on the 90SH4000 qualities in this 
study. Some interesting features of 60SH4000 were not evaluated properly, for example 
the tendency to a higher sensitivity to addition of highly soluble substances.  

From the oscillating rheological measurements, the complex viscosity could be 
evaluated and compared with the viscosity acquired with flow measurements. The 
texture analysis method may be optimised in several aspects. The penetration speed 
and the type of probe should be evaluated, and the force representing the dry core 
could be further investigated.  

In addition, it would be interesting to complete this study with the effect of other 
commonly used additives and with polymers with different rheological solution 
behaviour.  

Furthermore, it would be interesting to evaluate these systems with more in-vivo 
relevant in vitro methods such as the rotating beaker (Abrahamson et al 2005) and 
USP3. Finally, it would be interesting to test these formulation concepts on some 
relevant active pharmaceutical ingredient.  
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APPENDICES 

Appendix 1. 
 
 
Chemicals 
 Batch Producer 
Na2HPO4*2 H2O A581146 445 Merck KGaA, Darmstadt, 

Germany 
NaH2PO4*H2O K33 672 780 441 Merck KGaA, Darmstadt, 

Germany 
60SH4000 206318 Shin-Etsu Chemical Co. Ltd, 

Tokyo, Japan 
90SH4000SR 207524 Shin-Etsu Chemical Co. Ltd, 

Tokyo, Japan 
90SH4000 210511 Shin-Etsu Chemical Co. Ltd, 

Tokyo, Japan 
Mannitol E111K Roquette Frères S.A, Lestrèm, 

Frankrike  
Glycerylbehenate 
Comprimol 

23973 Gattefossé, Saint Priest, France 

HMHEC Natrosol Plus 
330 CS  

NT3J3312 Hercules Incorporated, 
Wilmington, USA  

NaN3   BDH Laboratory supplies, 
Poole, England 

Acetone 58015 Scharlau Chemie, Barcelona, 
Spain 
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Appendix 2. 
 
 
Properties of HPMC and HMHEC 
 

Quality 
 

Mw (g/mol) 
 

CP (°C) 
 

Mw/Mn 

 
Particle size 

(µµµµm) 
DS

 
MS

 
metyhoxy  

(%)  
hydroxypropoxy 

(%) 

60SH4000 3.6*105 49.3 4.2 65 2.00 0.28 32.7 11.7 
90SH40000SR 3.3*105 56.2 3.4 71 1.54 0.27 26.0 11.5 
90SH4000  3.4*105 60.6 3.3 106 1.51 0.29 25.6 12.2 
         
HMHEC 
 
 

9-10*105 

 

 

No CP in  
range  

10-100°C  

124 
 
 

3.5
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Appendix 3. 
 
 
The formulations evaluated and experiments performed in this work. 
 

  Rheology Dissolution test Texture analysis Cloud point 
  flow curve G'/G''   

HPMC    
2%  x  x  
3%  x 90 x 90   
4%  x    

4.2% x 90 x 90   
4.8% x x  
6%  x x 90  x 90 x 90 

      
HPMC/mannitol    
4% 67/33 x   

 50/50 x   
 33/67 x   
      
     

6% 67/33 x x 90 x 50   
 50/50 x x 90 x x 90 x 90 

 33/67 x x 90 x  x 90 

      
9 % 33/67  x 90   

      
HPMC/glycerylbehenate   
4% 90/10 x    

 80/20 x    
      

6% 90/10 x    
 80/20 x x 90   
       

HPMC/HMHEC    
6% 67/33 x 90 x 90 x 90 x 90 x 90 

6% 50/50 x 90 x 90 x 90 x 90 x 90 

      
HMHEC     
2%  x x    
4%  x x    
6%  x x    

       
HPMC/glycerylbehenate/mannitol 
6% 30/20/50 x 90 x 90 x x 90  
9% 30/20/50 x 90 x 90    

       
HPMC/HMHEC/mannitol  
6% 30/20/50 x 90 x 90 x 90 x 90 x 90 

9% 30/20/50      

 
x 90 = only 90SH4000SR and 90SH4000 was examined 
x 50 = only 50 rpm 
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Appendix 4. 
 

 
Cloud point measurements   
   
 CP (°C) 96% CP (°C) 50% 
HPMC   
90SHSR 54.65±0.47 63.50±0.17 
90SH  60.84±0.07 64.91±0.10 
   
HPMC:mannitol 7:3   
90SHSR 55.27±0.39 63.37±0.17 
90SH  60.79±0.26 64.87±0.11 
   
HPMC:mannitol 1:1   
90SHSR 54.81±0.95 63.25±0.14 
90SH  60.95±0.02 64.66±0.14 
   
HPMC:mannitol 3:7   
90SHSR 55.74±0.17 63.03±0.11 
90SH  60.2±0 64.18±0.04 
   
HPMC:HMHEC 7:3   
90SHSR 56.01±0.51 63.17±0.16 
90SH  60.39±0.08 64.44±0.03 

   
HPMC:HMHEC 1:1   
90SHSR 55.90±0.17 63.37±0.06 
90SH  59.46±0.31 64.24±0.03 

   
HPMC:HMHEC:mannitol 3:2:5  
90SHSR 55.66±0.86 62.81±0.16 
90SH  59.65±0.02 63.85±0.07 
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Appendix 5. 
 
 

Flow measurements     
     
 shear rate (s-1) HPMC HPMC HPMC 
  2% 3% 4% 
     
  η (mPa*s) η (mPa*s) η (mPa*s) 
    
60SH4000 0.01 24600  63900 
 0.9 3635  32650 
 6.77 1.96
 
90SH4000SR 0.01 9600 23700 69400 
 0.9 2717 13000 37300 
 3.53 1.82 1.86
 
90SH4000 0.01 13550 20667 63300 
 0.9 3030 12367 37650 
 4.47 1.67 1.68
 
 shear rate (s-1) HPMC HPMC HPMC 
  4.20% 4.80% 6% 
     
  η (mPa*s) η (mPa*s) η (mPa*s) 
     
60SH4000 0.01  117000 296000 
 0.9  67800 163500 
 1.73 1.81
 
90SH4000SR 0.01 80100 127000 366000 
 0.9 56650 73100 172500 
 1.41 1.74 2.12
 
90SH4000 0.01 71767 114000 377000 
 0.9 41700 71150 182500 
 1.72 1.60 2.07



 46

 
 shear rate (s-1) 7:3 mannitol 1:1 mannitol 3:7 mannitol 
  4% 4% 4% 
     
  η (mPa*s) η (mPa*s) η (mPa*s) 
    
60SH4000 0.01 36650 22450 12930 
 0.9 9195 3650 755 
 3.99 6.15 17.13
     
90SH4000SR 0.01 16350 11185 4270 
 0.9 8826 3215 723 
 1.85 3.48 5.91
 
90SH4000 0.01 16600 9630 7470 
 0.9 8775 3220 990 
 1.89 2.99 7.55
 
 shear rate (s-1) 7:3 mannitol 1:1 mannitol 3:7 mannitol 
  6% 6% 6% 
     
  η (mPa*s) η (mPa*s) η (mPa*s) 
     
60SH4000 0.01 82150 36200 22850 
 0.9 42400 16450 4715 
 1.94 2.20 4.85
 
90SH4000SR 0.01 77750 29250 19150 
 0.9 44000 16250 4205 
 1.77 1.80 4.55
 
90SH4000 0.01 79250 29750 9675 
 0.9 50400 16550 3180 
 1.57 1.80 3.04
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 shear rate (s-1) 1:1 HMHEC 7:3 HMHEC 
3:2 HMHEC: 
5 mannitol 

  6% 6% 6% 
     
  η (mPa*s) η (mPa*s) η (mPa*s) 
     
60SH4000 0.01 401500 375000  
 0.9 109500 121500  
 3.67 3.09
 
90SH4000SR 0.01 419000 432000 29033 
 0.9 147500 162500 12067 
 2.84 2.66 2.41
 
90SH4000 0.01 421500 449714 34900 
 0.9 147000 171429 13550 
 2.87 2.62 2.58
 
 shear rate (s-1) HMHEC HMHEC HMHEC 
  1.80% 2% 3% 
     
  η (mPa*s) η (mPa*s) η (mPa*s) 
     
HMHEC 0.01  3990 25900 
 0.9 2182.5 3565 14850 
  0.00 1.12 1.74
 
     
 shear rate (s-1) HMHEC HMHEC  
  4% 6% 
     
  η (mPa*s) η (mPa*s)  
     
HMHEC 0.01 110000 704500  
 0.9 45100 174000  
 2.44 4.05
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 shear rate (s-1) 9:1 GB 4:1 GB 9:1 GB 
  4% 4% 6% 
     
  η (mPa*s) η (mPa*s) η (mPa*s) 
     
60SH4000 0.01 68200 76950 218500 
 0.9 31950 17950 122000 
 2.13 4.29 1.79
 
90SH4000SR 0.01 78800 58350 322000 
 0.9 38450 31236 157000 
 2.05 1.87 2.05
 
90SH4000 0.01 77600 40700 299500 
 0.9 40200 22100 156000 
 1.93 1.84 1.92
     
     

 shear rate (s-1) 4:1 GB 
3:2 GB: 

5 mannitol  
  6%   
     
  η (mPa*s) η (mPa*s)  
     
60SH4000 0.01 248500   
 0.9 83800  
 2.97  
   
90SH4000SR 0.01 222500 19350  
 0.9 110000 2865  
 2.02 6.75 
  
90SH4000 0.01 169500 13020  
 0.9 94050 2510  
  1.80 5.19 
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Appendix 6. 
 
 

Oscillating measurements   
   
 Total dry weight Crossing frequency
HPMC  f(Hz) 
60SH 4.80% 3.7 
   
90SHSR 6% 2.3 
 4.80% 4.6 
 4.20% 6.4 
 3% 15 
   
90SH  6% 2.3 
 4.80% 5.4 
 4.20% 8.4 
 3% 19 
   
HPMC:mannitol 7:3   
90SHSR 6% 7 
90SH  6% 7 
   
HPMC:mannitol 1:1   
90SHSR 6% 24.2 
90SH  6% 19.1 
   
HPMC:mannitol 3:7   
90SHSR 9% 12 
90SH  9% 16 
   
HMHEC 6% 0.07 
   
HPMC:HMHEC 7:3   
90SHSR 6% 0.89 
90SH  6% 0.89 

   
   
HPMC:HMHEC 1:1   
90SHSR 6% 0.55 
90SH  6% 0.55 
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 Total dry weight Crossing frequency
  
HPMC:HMHEC:mannitol 3:2:5  
90SHSR 10% 0.8 
90SH  10% 0.9 
   
HPMC:Glycerylbehenate 4:1  
90SHSR 6% 4.6 
90SH  6% 4.6 
   
HPMC:Glycerylbehenate:mannitol 3:2:5 
90SHSR 10% 5.9 
90SH  10% 10 
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Appendix 7. 
 
 

Texture analysis       
        
        
Formulation HPMC quality    force force 
  total height gel thickness core height  2 mm 3 mm 
  (mm) (mm) (mm)  (N) (N) 
pure HPMC        
 90SH4000SR 7.429 4.756 2.673  0.896 2.554 
  7.813 4.858 2.955  0.833 2.315 
        
 90SH4000 7.474 4.668 2.806  0.883 2.503 
  8.189 5.815 2.374  0.712 1.867 
        
7:3 HMHEC        
 90SH4000SR 7.311 5.593 1.718  0.694 1.812 
  7.318 5.423 1.895  0.639 1.786 
  7.799 5.816 1.983  0.383 1.000 
        
 90SH4000 8.093 7.228 0.865  0.544 1.125 
  7.514 5.993 1.521  0.521 1.143 
  7.633 6.749 0.884  0.528 1.187 
  7.741 6.723 1.018  0.431 1.137 
        
1:1 HMEHC        
 90SH4000SR 7.689 >7.289 <0.4  0.397 0.814 
  7.230 >6.830 <0.4  0.321 0.735 
        
 90SH4000 8.443 >8.043 <0.4  0.256 0.494 
  8.379 >7.979 <0.4  0.222 0.435 
       
3:2 HMHEC:5 mannitol       
 90SH4000SR 7.852 >7.452 <0.4  0.065 0.101 
  8.418 >8.018 <0.4  0.035 0.051 
  7.603 7.175 0.428  0.049 0.087 
  7.406 6.783 0.623  0.060 0.087 
        
 90SH4000 8.848 >8.448 <0.4  0.024 0.035 
  9.180 >8.780 <0.4  0.023 0.032 
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Formulation HPMC quality    force force 
  total height gel thickness core height  2 mm 3 mm 
  (mm) (mm) (mm)  (N) (N) 
3:2 GB:5 mannitol       
 90SH4000SR 6.252 4.834 1.418  0.075 0.126 
  7.188 >6.788 <0.4  0.057 0.078 
  6.659 6.137 0.522  0.105 0.178 
  6.137 4.275 1.862  0.093 0.152 
        
 90SH4000 6.279 4.222 2.057  0.093 0.153 
  6.278 4.265 2.013  0.088 0.146 
        
1:1 mannitol        
 90SH4000SR 8.159 >7.759 <0.4  0.122 0.175 
  7.877 6.251 1.626  0.112 0.163 
        
 90SH4000 7.928 6.929 0.999  0.125 0.171 
  7.886 6.879 1.007  0.115 0.158 
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Appendix 8. 
 

Dissolution experiments  
   
 T50 (h) R50 
   
 (50 rpm/100rpm) T50 (50 rpm)/T50 (100 rpm) 
HPMC   
60SH 82/57 1.4 
90SHSR 32/20 1.6 
90SH  25/19 1.3 
   
HPMC:mannitol 7:3   
60SH 65/x  
90SHSR 26/x  
90SH  19/x  
   
HPMC:mannitol 1:1   
60SH 48/27 1.8 
90SHSR 18/10 1.8 
90SH  12/8.5 1.4 
   
HPMC:mannitol 3:7   
60SH 12/5 2.4 
90SHSR 8.5/5 1.7 
90SH  5/3 1.7 
   
HPMC:HMHEC 7:3   
90SHSR 23/16 1.4 
90SH  21/16 1.3 

   
HPMC:HMHEC 1:1   
90SHSR 19/14 1.4 
90SH  18/12 1.5 

   
HPMC:HMHEC:mannitol 3:2:5  
90SHSR 10/6 1.7 
90SH  8.5/5 1.7 

   
HPMC:Glycerylbehenate:mannitol 3:2:5  
60SH 32/16 2 
90SHSR 13/8 1.6 
90SH  10.5/6 1.8 
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Flow curves for HPMC.
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Flow curves of HPMC with mannitol addition.  
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Appendix 11. 
 
 

HPMC release from USP cell
Pure HPMC (90SH4000) and  Mannitol addition
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Appendix 12. 
 
 
 
 

The viscosity of HPMC 90SH4000SR at different 
concentrations and with different additions 
of glycerylbehenate at defined shear rates
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Appendix 13. 
 
Flow curves for HPMC with addition of glycerylbehenate.  
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