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1 Introduction 

The most common and convenient way of administering an active pharmaceutical 

ingredient (API) is through the oral route. However, drug absorption from the human 

gastrointestinal tract (GIT) is a highly complex process, since absorption depends on the 

physicochemical properties of the API and on the gastrointestinal physiology. A thorough 

understanding of the interaction between body and drug is very important, because it 

allows the successful development of a drug and selecting the right choice for a drug 

delivery system. When the drug is administered via the oral route as a solid dosage form, 

drug release and dissolution have a considerable effect on the pharmacokinetic and 

pharmacodynamic profile. These factors are particularly important for modified release 

dosage forms [1]. 

The rationale behind the development of oral modified release (MR) formulations is 

based on clinical needs, while integrating physiological, pharmacokinetic and 

pharmacodynamics considerations. An MR dosage form can either increase or decrease 

the release rate of the drug compound for a prolonged period, compared to the 

immediate release dosage form. There are several types of MR formulation, based on 

their release characteristics, such as extended, sustained, prolonged, controlled, 

delayed, and pulsatile release formulation. The focus of this thesis is the monolithic 

extended release (ER) dosage form, which will be discussed in more detail. The main 

purpose of extended release formulations is maintaining the drug plasma concentrations 

within the therapeutic window, thereby preventing sub-therapeutic and toxic levels. 

Extended release formulations have several advantages over immediate release dosage 

forms. Firstly, they could lower the dosage strength and the frequency of administration 

of drugs with a short half-life, thereby potentially improving the patient’s compliance. 

Secondly, ER dosage forms can mask the taste, protect acid-labile drugs such as proton 

pump inhibitors in the stomach, and prevent local irritation in the stomach from active 

ingredients, for instance anti-inflammatory drugs. Thirdly, ER formulations can be used 

for drug targeting to a specific segment of the GIT to improve the oral bioavailability by 

avoiding specific gut wall metabolism, or to treat certain bowel diseases locally (colon-

targeted drug delivery systems). Many drug substances have also been reformulated as 

modified release formulations for life cycle management [1-3].  
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1.1 Hydrophilic HPMC-based swellable gel matrix tablets 

 

Hydrophilic gel matrix tablets are one of the most commonly used monolithic extended 

release dosage forms. Matrix systems generally consist of a dissolved or dispersed drug 

within a swelling or slowly eroding polymer matrix. The research into the field of drug 

release from hydrophilic matrix tablets started in early 1960s, with a patent from 

Christenson and Dale [4]. Numerous swellable polymers and polymer combinations are 

nowadays available as matrix formers. To achieve an extended drug release profile, 

several polysaccharides, gums, cellulose derivatives, and synthetic polymers such as 

poly (ethylene oxide) are used for the matrix formation. The physicochemical properties 

of the water-swellable polymer and the additives such as drug or excipient affect the 

drug release rate from the matrix. Hypromellose (hydroxypropyl methylcellulose, HPMC) 

is the most common water-swellable polymer used for the formulation of hydrophilic gel 

matrix tablets.  

The drug release from HPMC-based hydrophilic gel matrix tablets is a complex process, 

and despite the extensive research that has been done in this field, it is still not fully 

understood. When a HPMC-based matrix tablet is exposed to aqueous media, the 

polymer on the outer surface of the matrix swells and forms a barrier gel layer that 

controls the water and mass transport through the matrix. The most important 

consequences of swelling are the increase in length of the diffusion pathway and the 

subsequent decrease of the release rate. In this case, the drug release is controlled 

either by diffusion through the gel layer, or by the erosion of the matrix. Depending on 

the formulation composition and in particular the drug or additive solubility, one of these 

release mechanisms may dominate [5]. Based on the drug or additive solubility, two 

scenarios can be anticipated. If the drug is primarily released through diffusion (for highly 

water-soluble compounds), the drug or the additive release rate is typically faster than 

polymer release. If the drug release is primarily controlled by matrix erosion, then the 

release rate of the drug is similar or slower than the polymer release.  

Aqueous media can penetrate through the pores of the tablet and hydrate the outer layer 

of the matrix. Therefore, sufficient porosity is necessary to maintain the balance between 

matrix hydration, polymer swelling, and entanglement, thus preventing a rapid 

disintegration of the matrix [6]. The glass transition temperature (Tg) of a polymer is an 

important parameter in terms of extended release formulations. Below Tg the HPMC is in 

a glassy state and the mobility of the polymer chains is very low, resulting in extremely 

small diffusion rates. In contrast, above Tg, the HPMC is in a rubbery state and the 
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molecular mobility is increased substantially, resulting in relatively high mass transfer 

rates. In this case, water acts as a solvent and plasticizer, thus reducing the glass 

transition temperature of the HPMC. As a consequence, the surface of the matrix glassy 

HPMC is converted to rubbery HPMC, thereby forming a concentrated polymer, a 

viscous layer also known as gel layer (Figure 1.1).  

 

 

Figure 1.1 Schematic representation of the layers of a hydrated hydrophilic swellable gel matrix 
tablet. Clarifications of the figure denote: a) glassy polymer core, b) infiltration layer, 
c) solid swollen layer, d) gel layer, and e) unstirred liquid layer and well-stirred bulk 
medium. Modified from [9, 10] © 2012, with permission from Elsevier and Science & 
Business Media, respectively. 

 

Several imaging techniques are employed to investigate the several layers of hydrated 

gel matrix, namely photographic, ultrasound, and magnetic resonance imaging (MRI). 

The description provided here is based on recent research using MRI, by the application 

of different spin relaxation times for water, gel, and solid core. The outcome of this study 

was in accordance with the previous results. The innermost layer is a dry core; here the 

polymers have minimum molecular mobility. This layer has free volume in various 

channels and has holes of molecular dimensions. It is followed by a partially hydrated 

region, the infiltration layer (b), in which solvent molecules can penetrate and fill empty 

spaces. The next layer is the solid swollen layer (c), which has a polymer solvent system 
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in the glassy state. This is followed by the gel layer, which is characterized by the 

presence of polymers in rubbery state. The outermost liquid layer consists of loosely 

distributed polymeric chains. At the liquid layer, chain entanglement becomes weak and 

the polymer network (matrix) can no longer hold the polymer chains together. 

Consequently, the polymer chains disentangle individually or in the form of 

agglomerates, due to external shear forces. The polymer concentration at this erosion 

front is defined as the polymer disentanglement concentration (dis). Accordingly, the 

critical disentanglement concentration is the polymer concentration below which polymer 

chains cannot withstand the shear forces surrounding the gel and detach off the matrix. 

Thus, they traverse the erosion front toward the bulk solution [8, 9]. 

A rapid gel formation around the matrix is also critical for the formation of a release rate-

controlling barrier and to prevent the wetting of the matrix core. In a high ionic/sugar 

concentration, the hydration rate of the polymer is suppressed, resulting in a decreased 

release rate. After a critical ionic concentration of the medium, the rate-controlling gel 

layer cannot be formed rapidly, resulting in an increased release rate [11, 12]. 

The general drug release mechanism from HPMC-based hydrophilic matrices greatly 

depends on the composition and design of the system. Diffusion, swelling and erosion 

are the most important rate-controlling mechanisms of HPMC-based hydrophilic 

matrices. However, there is no universal drug release mechanism applicable to all kinds 

of HPMC-based systems. Several empirical and semi-empirical mathematical models 

have been proposed for drug delivery from HPMC-based systems. Typically, for the 

mathematical modeling of drug release from HPMC-based systems, one must identify 

the predominant transport phenomenon for the investigated matrix and neglect the other 

processes, otherwise the mathematical model becomes too complex for facile use [13]. 

Erosion has been shown as the predominant drug release mechanism for robust 

hydrophilic gel matrix systems with high concentrations of poorly water-soluble drugs. 

The dissolution of hydrophilic gel matrix tablets has been studied extensively in the 

pharmaceutical literature. The focus of most of these studies is drug release profiles from 

the tablets. However, in a few studies the polymer release was also measured [14-16]. 

These studies have investigated the mechanistic modeling of the drug release and the 

effects of the polymer’s molecular weight and polydispersity on matrix dissolution. 

Quantitative evaluation of the polymer erosion from the HPMC-based hydrophilic gel 

matrices has been mostly measured using gravimetric [17, 18] and size exclusion 

chromatographic (SEC) techniques [7, 8, 16, 19-22]. While gravimetric techniques do not 

require special analytical equipment, they are time-consuming and laborious, requiring 
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multiple tablets for a single measurement. Size exclusion chromatography in 

combination with various detector systems provides a good accuracy and reproducibility 

for polymer concentration determination.  

Size exclusion chromatography, also known as gel permeation chromatography, is an 

analytical procedure that separates molecules according to their hydrodynamic volume in 

a given solution at a specific temperature, as shown in Figure 1.2 [23]. The size exclusion 

column is packed with non-absorbing, porous particles, typically with different pore sizes, 

which is also referred to as a mixed bed column. SEC separations are always performed 

using isocratic conditions. Since the SEC separation mechanism does not involve 

interaction between the solute and the stationary phase, resolution is largely controlled 

by the available column pore volume. Smaller molecules can penetrate and/or diffuse 

through the pores and elute at a later time or elution volume. In contrast, molecules with 

a larger hydrodynamic volume cannot diffuse through the small pores and elute through 

the interstitial or void volume of the column. These molecules elute from the column in 

order of decreasing molecular size. In other words, the largest molecule elutes first and 

the smallest molecule elutes last.  

 

 

Figure 1.2 Schematic representation of the size exclusion chromatography and separation 
principal © John Wiley & Sons 

Several detector systems can be used for SEC analyses of HPMC. The concentration 

sensitive detectors include, but are not limited to, differential refractive index (RI), 

viscosity, infrared (IR) and evaporative light scattering (ELSD) detectors. The light 
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scattering detectors measure the molar mass of each eluting component directly, and 

various configurations of light scattering detection exist, such as MALS (multi-angle light 

scattering), LALS (low angle light scattering), RALS (right angle light scattering), referring 

to angle at which the scattered light intensity is being measured relative to the incident 

beam. The concentration dependent RI detector system is discussed in more detail in 

section 2.3.2.  
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1.2 Factors affecting HPMC release from hydrophilic gel matrix 

tablets 

 

Several factors affect the polymer swelling and polymer release/erosion from HPMC-

based hydrophilic gel matrix tablets. These are the amount, solubility and particle size of 

the additives, as well as the amount, molecular weight distribution, degree of 

substitution, viscosity, and particle size of the HPMC used. Moreover, different 

formulation factors such as the drug / polymer ratio, porosity, proportion, combination of 

the different HPMC viscosity grades, and matrix dimensions are also critical for HPMC 

release. The type of dissolution medium, its ionic strength, hydrodynamics, and 

temperature also affect the HPMC release from the hydrophilic matrix tablet.  

The effect of parameters such as the particle size of polymer and additives, degree of 

substitution of HPMC and porosity of matrices were not within the scope of the present 

thesis and will therefore not be discussed any further.  

The average molecular weight of the HPMC affects the swelling and the release rate of 

drug and polymer from the matrix. A direct relationship between the viscosity grade 

(average molecular weight) of the HPMC and gel thickness of the hydrated matrix tablet 

has been reported by Gao et al. [24]. For similarly substituted HPMC, the gel thickness 

increases with increasing average molecular weight. It has been shown that the gel layer 

thickness and the swelling rate are dependent on the molecular size and concentration 

of the HPMC in the formulation. For instance, the gel layer thickness of tablets containing 

low viscosity grade HPMC K100LV (≈ 100 mPas, 2% solution) was significantly smaller 

than of tablets containing high viscosity grade K4M (≈ 4000 mPas, 2% solution). 

However, the formulations containing higher viscosity grades HPMC (K4M, K15M, and 

K100M) showed similar gel thickness and swelling rate [24, 25].  

Ju and coworkers modeled the polymer release under sink conditions, based on critical 

polymer concentration. The model starts in the phenomenological mass transfer 

equation:  

 

ⅆ𝒎

ⅆ𝒕
|
𝒈𝒆𝒍_𝒔𝒖𝒓𝒇𝒂𝒄𝒆

= 𝒌𝑨𝝆ⅆ𝒊𝒔       Equation 1 
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where, dis is the critical disentanglement concentration on the gel surface of the matrix, 

A is the area over which the mass transfer occurs, and k is the phenomenological rate 

constant, describing the rate at which the water penetrates into the gel and dilutes the 

HPMC down to the critical polymer disentanglement concentration [8]. Körner and 

coworkers further verified this equation and showed that it is valid for matrix tablets 

containing mixtures of low and high molecular weight grades of different types of 

polymers, such as poly (ethylene oxide), dextran, and HPMC [16]. In this study, the 

critical disentanglement concentration is estimated from overlap concentration, which is 

inversely proportional to the intrinsic viscosity [η]. The intrinsic viscosity is a measure of 

the ability of a solvent to swell the polymer chains [26]. It was concluded that the average 

intrinsic viscosity a polymer mixture can be used to estimate the release rate of the 

polymer from hydrophilic matrix [16]. However, there is not much literature available on 

the release rate of the HPMC from hydrophilic matrices containing a mixture of different 

viscosity grades of HPMC. Nevertheless, the combination of similarly substituted, but 

different viscosity grades of HPMC is recommended by the polymer suppliers to modify 

the dissolution profiles. Mixtures of different high and low viscosity grade HPMC result in 

a high polydispersity index, which is a measure of the molecular weight distribution. It 

has been shown that the swelling process and the release rate are not affected by the 

molecular polydispersity. Moreover, fractionation between long and short polymer chains 

during the release was not observed. Thus, in comparison to single viscosity grade 

HPMC, the mixture of different viscosity grade HPMC provides higher flexibility for tuning 

the erosion rate of hydrophilic matrix tablets during the formulation development [14, 15, 

27].  

The effect of the molecular size of the polymer on the release rate has also been 

extensively reported in the literature. Reynolds and coworkers showed an inverse power 

law relationship between erosion rate and number, based on the average molecular 

weight (Mn) for HPMC-based matrices [18]. Several authors have associated the critical 

disentanglement concentration with the molecular weight of the polymer [8, 16, 18, 24]. 

Moreover, the critical disentanglement concentration is also related to the swelling rate 

and extent of polymer. The swelling behavior also depends on the average molecular 

weight of the polymer, which is related to the void volume. At the critical polymer 

concentration, the void volume for longer polymer chains is larger than for shorter 

chains. Thus, more solvent is required to fill the voids in case of the longer chains in 

order to reach the critical disentanglement concentration. Consequently, a lower critical 

disentanglement concentration for a polymer of higher molecular weight can be observed 

[8, 16, 28].  
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Apart from formulation factors, other factors such as ionic strength and hydrodynamics of 

the dissolution medium have been shown to influence the release rate of the polymer 

from the hydrophilic matrix tablet. Bajwa and coworkers [11] showed that the medium 

ionic composition can influence the erosion rate from hydrophilic matrices, despite 

HPMC being a non-ionic polymer. The increasing salt (NaCl) concentration of the 

dissolution medium progressively suppresses the growth of the gel layer of HPMC 

hydrophilic matrices. Beyond a critical concentration, the HPMC particles are not able to 

coalesce into a gel layer, although a considerable polymer swelling can be observed by 

using real-time confocal fluorescence imaging. The failure of gel layer formation results 

in an accelerated HPMC release. Similar results were obtained for HPMC hydrophilic 

matrices in citrate buffer and dietary sugars [29, 30]. A synergistic effect on the 

suppression of HPMC hydration was demonstrated for the combination of sugars and 

salts in the dissolution medium. It was shown that the salts in a meal can significantly 

reduce the critical concentration for sugars to prevent forming a rate-limiting gel layer 

[12]. Similarly, in the fat rich dissolution medium (Intralipid®, 30% fat), a slower caffeine 

release from HPMC (K4M) matrices was observed. This slower release can be attributed 

to the removal of the aqueous portion of the emulsion by the hydrating matrix, causing 

coalescence and deposition of a fat layer on the surface. Thus, the surface area of the 

matrix available for the drug release is reduced [31].  

The effects of high concentrations of sugars, ions, and fat on the erosion behavior of 

hydrophilic matrices are of interest, because they can aid to predict the formulation 

behavior in the fed state. However, the effect of the ionic concentration on the erosion 

rate has been shown to be less prominent in higher molecular weight polymer than in 

lower molecular weight polymer [18].  

It has been shown that the release of poorly water soluble compounds proceeds at the 

same rate as the matrix erosion of a hydrated, hydrophilic matrix. The decisive factor for 

the rate of matrix erosion is the critical polymer disentanglement concentration at the 

surface of the matrix. Nonetheless, it has also been shown that the amount of polymer 

inside the matrix also affects the release rate from the matrix. In a recent study, HPMC 

matrices containing highly and poorly water soluble additives, the swelling (measured by 

MRI imaging) and the erosion rate (measured by HPMC release) were investigated 

simultaneously. It was found that highly soluble compounds were released from the 

matrices early by diffusion. In contrast, the poorly water-soluble additives stayed inside 

the matrix and could therefore contribute to the viscosity of the matrix at the interface 

between hydrogel and dissolution medium. This effect can also physically alter the 

structure and mechanical properties of the diffusion layer at the fringe of the matrix. The 
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disentanglement concentration of the matrix is not only dependent on the physical 

property of the polymer, but also on its total composition [6]. 
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1.3 In vivo investigation of HPMC-based hydrophilic gel matrices 

 

The factors described in the previous section that are known to affect the erosion rate 

are not only relevant in vitro, but also play a considerable role in the efficiency of 

hydrophilic matrices in vivo. Eventually, they can have an effect on the pharmacokinetics 

of the active ingredients in the human body. The active ingredient must be dissolved in 

gastrointestinal fluid prior to absorption. Therefore, drug release and dissolution are 

important steps in oral drug delivery. The dissolution characteristics obtained by 

standard in vitro test setups such as USP dissolution apparatus II are often used to 

predict or discriminate between different modified release formulations. The dosage form 

is typically subjected to large volumes of the dissolution medium under continuous 

stirring. The resulting hydrodynamics are often questionable and the position and 

orientation of the dosage form in the dissolution vessel may also have an impact on the 

dissolution rate [32-34]. Simple in vitro setups such as the USP dissolution apparatus II 

do not represent the complex gastrointestinal physiology. During GI transit, the gut 

environment can change rapidly with respect to fluid distribution and hydrodynamics 

caused by peristalsis [35].  

It is well known that the gastrointestinal physiology plays a vital role in the drug release 

from hydrophilic matrix tablets. Several physiological factors could affect the release rate 

of drugs from hydrophilic matrix tablets, including pH values, osmolality, composition, 

volume, and the local availability of fluid, as well as the transit time of the dosage form, 

gastrointestinal motility, and related hydrodynamics. The ingestion of food substantially 

changes the gastrointestinal physiology, in particular in the upper gastrointestinal tract. 

Physiological aspects such as gastric emptying, mixing pattern, shear stress, and the 

nature and amount of secretion can be changed considerably in the postprandial 

stomach. These parameters are highly relevant for the in vivo disposition of the 

hydrophilic gel matrix tablets. The influence of altered physiological aspects in the 

postprandial stomach on pharmacokinetic parameters has mostly been investigated by 

using the high fat and high caloric standard breakfast recommended by the U.S. Food 

and Drug Administration (FDA). This meal has approximately 150, 250, and 500-

600 kilocalories from proteins, carbohydrates, and fat, respectively. According to the 

FDA guidance for food effect bioavailability and fed bioequivalence studies, the dosage 

form is administered 30 minutes after the beginning of meal intake. For fasted state 

administration, the dosage form should be administered after an overnight fast of at least 

10 hours [36]. A positive food effect on absorption, which means increased oral 

bioavailability in the fed state, can be associated with the increased solubility of the drug 
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compound. However, negative food effects have been associated with the interference of 

the food with absorption of hydrophilic compounds with a narrow absorption window [37].  

One of the major objectives in the field of pharmaceutical research is to understand the 

complex interaction between the dosage form and the gastrointestinal physiology and its 

influence on pharmacokinetic parameters. Several techniques have been developed to 

monitor the dosage form performance in the gastrointestinal tract without affecting the 

normal physiology. These techniques are known as non-invasive imaging techniques. 

Currently, the most frequently used techniques for in vivo imaging are radionuclide-

based imaging techniques, magnetic tracking techniques, and magnetic resonance 

imaging. The merits and limitations of these most non-invasive in vivo imaging 

techniques are described in a recent review article by Weitschies and Wilson [38].  

Several studies using non-invasive imaging techniques have been published that 

demonstrate the influence of the composition of formulations and food effect on the in 

vivo disposition of HPMC matrix tablets. Abrahamsson and co-workers were the first to 

publish the quantitative erosion rate of HPMC matrix tablets containing felodipine under 

fasted and postprandial conditions. They concluded that the absorption rate of felodipine 

could be related to the erosion of the HPMC matrix tablets. It was also shown that the 

gastric emptying time was significantly slower in fed state compared to fasted 

administration. However, food did not significantly affect the tablet erosion [39]. In 

another study, three different hydrophilic matrix formulations containing felodipine were 

investigated for the correlation between in vitro release and in vivo absorption. A good 

correlation was observed between in vitro and in vivo release for all formulations tested 

[40].  

For hydrophilic matrix tablets containing nifedipine, a significant increase of Cmax and 

AUC was observed under postprandial compared to fasted conditions. This increase in 

bioavailability was attributed to  the elevated tablet erosion rate [41]. For the HPMC-

based modified release formulation of an α1-adrenoreceptor antagonist, higher Cmax 

values and higher inter-subject variability of Cmax was observed in fed state compared to 

fasted state. Further investigation involving a combined approach of γ-scintigraphy and 

pharmacokinetics lead to the conclusion that higher Cmax values were related to the 

faster erosion rate of the tablets in fed state. In seven out of nine subjects, complete 

tablet disintegration was described [42]. Ghimire and coworkers investigated the effect of 

polymer concentration on the in vivo erosion rate of HPMC-based hydrophilic matrix 

tablets containing high amounts (> 40% w/w) of water-soluble additives (lactose). The 

formulations containing HPMC (100 mPa.s) concentrations lower than the percolation 
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threshold (20% w/w) performed poorly, and exhibited faster in vivo erosion than the 

formulations containing HPMC concentrations above the percolation threshold (40% 

w/w). However, the food effect was not investigated in this study [17]. By use of the 

combined approach of pharmacokinetics and γ-scintigraphy, the so-called 

pharmacoscintigraphy, Lobo and co-workers screened and optimized the release rate of 

HPMC-based matrices containing different concentration of Methocel K100LV 

(100 mPa.s). Therefore, they compared erosion and pharmacokinetic data of the test 

formulations with  the reference formulation [43].  

It was shown that increased plasma peak concentrations of felodipine from HPMC-based 

hydrophilic gel matrix tablets in postprandial administration do not necessarily result in 

dose dumping caused by formulation failure. Weitschies and co-workers attributed this to 

the longer gastric residence of the tablets and the poor mixing of gastric content in the 

fundus, which resulted in delayed drug absorption and the occurrence of late, but high 

plasma peak concentrations. [44].  
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1.4 Objectives 

 

This study investigated four different hydroxypropyl methylcellulose (HPMC) based 

hydrophilic matrix formulations developed by AstraZeneca R&D, Sweden, for in vitro and 

in vivo erosion behavior. Three formulations contained a fixed amount of HPMC (40%) 

with varying proportions of two HPMC grades with different molecular weights (Methocel 

K100LV and K4M), and a fourth formulation contained a lower amount of HPMC of lower 

molecular weight (20%). The HPMC content of 40% in the hydrophilic matrices is 

reported as above the percolation threshold, which enables rapid formation of a uniform 

gel, while 20% of HPMC is considered below the percolation threshold in the hydrophilic 

matrices. Formulations F1, F2 and F3 contained 23%, 10%, and 0% of Methocel K4M, 

respectively, while formulation F4 contained 20% of Methocel K100LV. Calcium 

hydrogen phosphate dihydrate (a poorly water-soluble compound) was used as the filling 

excipient, since studies have shown that the HPMC dissolution behavior of such gel 

matrix formulations is less sensitive to the HPMC percolation threshold than a 

corresponding formulation with a water-soluble additive [7].  

The main aim of this study was to understand the effect of formulation composition, 

especially molecular weight and concentration of HPMC, on the erosion behavior of the 

tablets in vitro as well as in vivo. The in vitro characterization involves HPMC release 

rates and profiles from tablets in different dissolution media and rotation speeds. The in 

vivo investigations involve the development of erosion profiles and anatomical 

localization of the tablets in the gastrointestinal tract (GIT). Gastric emptying time (GET), 

small intestinal transit time (SITT), colon arrival time (CAT) and end of detection time 

(the predefined end point when the magnetic moment of the tablet reached below 15% of 

the initial value) were also evaluated. Furthermore, for formulations F3 and F4, the 

influence of the presence of food in the upper gastrointestinal tract on the in vivo 

degradation profiles and gastrointestinal transit was also investigated.  

From the obtained data, the following questions are discussed in the present thesis. Do 

the in vitro dissolution profiles and the in vivo erosion rates of the formulations 

significantly differ from each other? Does the pH of the dissolution medium affect the 

erosion rate of the formulations? What are the effects of the dietary intake on the erosion 

rate and gastrointestinal transit times of the investigated formulations? Is there a 

correlation between the GET or SITT and the erosion rate of the formulations? Are 

simple in vitro dissolution methods in USP apparatus II at 50 rpm in PB pH 6.8 and 

SGFsp pH 1.2 able to predict the in vivo HPMC release behavior?  
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2 Materials and Methods 

2.1 Materials 

Several chemicals were used for tablet preparation and for the analysis of the tablets. In 

this section, the most important excipients used for tablet preparation are described. 

2.1.1 Hydroxypropylmethylcellulose (HPMC) 

 

Hydroxypropylmethylcellulose/hypromellose is an amorphous, non-ionic, semisynthetic 

cellulose ether. The United States Pharmacopeia (USP) defines hypromellose as a partly 

O-methylated and O-(2-hydroxypropylated) cellulose. HPMC is available in various 

grades based on varying viscosity and degree of substitution. The USP specifies the 

substitution type of HPMC, by appending a four digit number to the nonproprietary name. 

The first two digits refer to the approximate percentage content of the methoxy group (-

OCH3). The second two digits refer to the approximate percentage content of the 

hydroxypropoxy group (-OCH2CH(OH)CH3), calculated for dried product. Hypromellose 

types based on substitution are given in Table 2.1. The degree of substitution affects 

properties like hydrophilicity, solubility, and thermoplasticity. The effect of heterogeneity 

in degree of substitution, between different batches of 2208 type HPMC on polymer 

release from hydrophilic matrix tablets is also reported in literature [21, 25, 45]. 

Table 2.1 Hypromellose type base on substitution [45]. 

Substitution type 
Percentage of methoxy 

substitution (%) 

Percentage of hydroxypropoxy 

substitution (%) 

1828 16.5 to 20.0 23.0 to 32.0 

2208 19.0 to 24.0 4.0 to 12.0 

2906 27.0 to 30.0 4.0 to 7.5 

2910 28.0 to 30.0 7.0 to 12.0 

 

The molecular size also has a great impact on the physicochemical properties of HPMC. 

Thus, by changing the degree of polymerization (DP), desired physicochemical 

properties like viscosity can be achieved. Molecular weight can be characterized by 

parameters such as the number average molecular weight (Mn), the weight average 

molecular weight (Mw), and the polydispersity (Mw/Mn). Depending on the molecular size, 

pharmaceutical grades of HPMC may be distinguished by appending a number indicative 

of the apparent viscosity, in mPas, of a 2% w/w aqueous solution at 20 °C.  
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In the work present thesis, two different viscosity grades of HPMC 2208 type, Methocel 

K4M Premium, and K100LV Premium, (DowWollf, USA) were used for preparation of the 

tablets. AstraZeneca R&D Sweden, has provided physicochemical properties of the 

polymer batches used for tablet preparation. These are given in Table 2.2. The provided 

molecular mass of HPMC was measured by size exclusion chromatography (SEC) 

coupled with multiangle light scattering (MALS) and a refractive index detector and the 

degree of substitution was measured by nuclear magnetic resonance (NMR). 

Table 2.2 Molecular weight and degree of substitution of HPMC batches used for formulations 
preparation. 

HPMC grade Mw (x10
4
 g/mol) Methoxy (%) Hydroxypropoxy (%) 

Methocel K4M 30.3 22.8 11.8 

Methocel K100LV 12.8 23.0 11.3 

 

2.1.2 Calcium hydrogen phosphate dihydrate (DiTab)  

 

Calcium hydrogen phosphate dihydrate is widely used in pharmaceutical industry as a 

direct compression excipient. Its coarse grade has good compaction behavior and flow 

properties. Typically, a lubricant is required for formulations containing high amount of 

calcium hydrogen phosphate dihydrate, due to its abrasive nature. It is a poorly water-

soluble excipient and has a solubility of approximately 0.05 mg/mL in phosphate buffer 

pH 6.8. However, the solubility of calcium hydrogen phosphate dihydrate is significantly 

higher in dilute acids as compared to phosphate buffer [7, 46, 47]. In the present thesis, 

a coarse-grade calcium hydrogen phosphate dihydrate, (DI-TAB®, Innophos, USA) was 

used for the preparation of the tablets. 

2.1.3 Magnetite 

 

Magnetite (black iron oxide) is a naturally occurring magnetic material. It contains both 

divalent and trivalent iron and its formula is written as Fe3+[Fe2+ Fe3+]O4. The magnetite 

crystal structure consists of two different cationic sites, tetrahedral (occupied by Fe3+) 

and octahedral (occupied by Fe2+Fe3+), thus forming two interpenetrating magnetic 

sublattices. The spins of both sites are antiparallel and their magnitudes are different, 

causing the ferromagnetic property of magnetite. The Curie temperature of magnetite is 

578 °C [48]. 

Magnetite/E172 is used in cosmetics, foods, and pharmaceutical applications as 

colorants. The iron oxides are not included in any pharmacopeias, but the Joint (FAO & 
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WHO) Expert committee on Food Additives (JECFA) has issued specifications for iron 

oxide. Magnetite is insoluble in water and the committee has specified the acceptable 

daily intake (ADI) up to 0.05 mg/kg body weight per day. The use of iron oxide colorants 

is limited in some countries, such as in United States of America, to a maximum 

ingestion of 5 mg of elemental iron per day [46, 49]. In the present thesis, approximately 

5 mg of black iron oxide (Sicovit Schwarz 80E172, BASF, Germany) per tablet were 

used for magnetic labeling. 
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2.2 Formulations compositions 

 

Four different formulations without active pharmaceutical ingredients were prepared via 

direct compression by AstraZeneca R&D, Sweden. The compositions of the formulations 

are given in Table 2.3. The formulations were composed of either 40% w/w mixture of the 

two HPMC-grades, containing Methocel K4M Premium and K100LV Premium in different 

ratios, (DowWolf, USA) or of 40% or 20% w/w Methocel K100LV Premium, alone. 

Further excipients were calcium hydrogen phosphate dihydrate (DiTab®, Innophos, 

USA), sodium stearyl fumarate (Pruv®, Moehs, Spain) and black iron oxide (Sicovit 

Schwarz 80E172, BASF, Germany). Round, biconvex tablets were compressed to 

dimensions of approximately 10 mm x 3.7 mm and an average weight of about of 

350 mg. The minimum tablet tensile strength was approximately 60 N.  

Table 2.3 Composition of hydrophilic matrix tablets.  

Component (%w/w) F1 F2 F3 F4 

HPMC (Methocel K4M) 23.0 10.0 - - 

HPMC (Methocel K100LV)  17.0 30.0 40.0 20.0 

calcium hydrogen phosphate 

dihydrate (DiTab) 
57.6 57.6 57.6 77.6 

black iron oxide  1.4 1.4 1.4 1.4 

sodium stearyl fumarate  1.0 1.0 1.0 1.0 
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2.3 Methods 

2.3.1 Magnetization of the tablets 

The tablets containing black iron oxide were magnetized using a magnetization 

apparatus as depicted in Figure 2.1. 

The magnetization apparatus simply consists of two strong permanent magnets 

(Implotex Ltd., Germany). Each magnet is attached with the screw thread, so that the 

distance between the magnets can be increased slowly and consequently the magnetic 

field can be reduced gradually. This setup was designed to prevent negative impact on 

orientation of magnetite particles due to abrupt change in magnetic field. The tablets 

were magnetized along their short axis in a homogenous magnetic field of approximately 

one Tesla for about 2 minutes. This resulted in a stable dipole moment of tablets of 

approximately 20 µAm².  

  

 

Figure 2.1 Schematic representation and photograph of the magnetization apparatus. 

 

2.3.2 In vitro HPMC release characterization 

The formulations were evaluated for their erosion characteristics by using a conventional 

dissolution apparatus. The standard dissolution apparatuses are described in United 

States Pharmacopeia (USP). The apparatus used in this work was the USP dissolution 

apparatus II (paddle apparatus), in which a paddle is used to stir the dissolution media in 

a temperature controlled dissolution vessel at a given stirring rate. The specifications of 

the apparatus are given in the USP general chapter on “dissolution” [50]. In this work, a 

modified method was employed, where the tablets were placed in a stationary basket. 

The details of this stationary basket are given in the USP monograph on felodipine 

extended-release tablets. In the stationary basket apparatus, problems related to 

conventional apparatus like sticking or floating of tablets in dissolution vessel can be 

avoided and all the sides of the tablets are hydrated. Since the hydrodynamic conditions 

Magnets Tablet holder 
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to which the tablets are exposed are similar, the release rates are regarded as more 

reproducible [40, 51].  

In the present work, the in vitro HPMC release studies were performed with the method 

described above in a paddle apparatus (Hanson SR8 Plus Dissolution Test Station, 

Hanson Research Corporation, USA) equipped with a stationary tablet basket 

(2.5 x 2.5 x 1 cm with mesh size of 2.5 x 2.5 mm), as shown in Figure 2.2. 

The stationary basket was positioned 2.5 cm away from the shaft and 1 cm from the 

blade of the paddle. A lid was placed on the basket to prevent floating of tablets during 

the experiments. All the formulations were tested in triplicate, at 37 °C and at various 

stirring rates. 500 mL of simulated gastric fluid without pepsin pH 1.2 SGFsp and 

phosphate buffer USP pH 6.8 were used as dissolution medium. The tablets were placed 

in the stationary basket with the long axis perpendicular to the direction of the flow of the 

medium. Aliquots of 1 mL were withdrawn using an automatic fraction collector (VK8000, 

Varian, Inc., USA) at different predetermined times.  

 

 

 

Figure 2.2 Schematic representations (left) and photograph (right) of in vitro HPMC release setup 
© 2012 United States Pharmacopeial convention, used with permission. 
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Size exclusion chromatography-multiangle light scattering and refractive index 

(SEC-MALS/RI) detector  

The dissolution sample is injected to the size exclusion column along with the mobile 

phase and the solute components are separated according to its hydrodynamic volume. 

The separated column effluent passes through a series of detectors to measure the 

polymer concentration in the samples. In the work presented in this thesis, two detectors 

were used; multiangle light scattering (MALS) detector and differential refractive index 

(RI) detector. The MALS detector measured light scattering intensity at 18 different 

angles. From this information molar mass and radius of gyration could be calculated. 

Whereas molecular weight and polymer conformation were not investigated in the 

present study, the polymer concentration in the dissolution medium over time was 

determined. It was crucial for the proper functioning of the data acquisition software to 

couple the MALS detector before the concentration sensitive RI detector. The only 

disadvantage of coupling the MALS detector ahead of the refractive index detector was 

that the path from separating column to concentration sensitive RI detector was relatively 

longer. This longer path could have potentially affected the separation of polymer and 

buffer peak. 

The RI detector measured the difference between the refractive index of the mobile 

phase and the mixture of the mobile phase and sample. This detector system is based 

on the deflection principle of refractometry, where a monochromatic light passes through 

a split cell. This split cell consisted of two compartments, sample section (mobile phase-

sample mixture), and reference section (mobile phase). The deflection of a light beam 

changed with the composition of the sample with respect to the mobile phase. For 

quantitative measurements, a refractive index increment (dn/dc) was typically calculated 

for the polymer, where n was refractive index and c was concentration. The specific 

refractive index increment was defined as the amount the refractive index varied for a 

given increment in concentration, and it is expressed in mL/g.  

The dissolution samples contained iron oxide particles, which could be visually detected 

in the sample vials. These suspended fine particles could damage the size exclusion 

column by clogging its pores. In order to sediment iron oxide particles, the samples were 

placed on a strong electromagnet (magnetic stirrer) for about 5 minutes before they were 

placed in the sample injector. Afterwards, agglomerates of iron oxide particles could be 

observed visually at the bottom of the vials. For better separation of polymer and buffer 

peaks, different flow rates, types of columns and column temperatures were tested to 

obtain the optimal measuring parameters.  
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The experimental setup of size exclusion chromatography coupled with detectors is 

shown in schematic and photograph in Figure 2.3 and Figure 2.4 respectively. The column 

used in size exclusion chromatography was TSK gel GMPWXL, 7.8 mm ID * 30.0 cm, 

with a mean particle size of 13 μm (TOSOH corporation, Japan) and was kept in a 

column oven at 35 °C. This column is packed with porous polymethacrylate particles 

which had a pore size range of about <100 Å-1000 Å. It has a wide separation range up 

to 8X106 Dalton. The refractometer was an Optilab rEX (Wyatt Technology, Santa 

Barbara, CA, USA) at 35 °C, and the MALS detector was a DAWN® EOSTM (Wyatt 

Technology, Santa Barbara, CA, USA). The analyses were performed at a flow rate of 

0.5 mL/min. The refractive index increment (dn/dc) of 0.136 mL/g was used for 

quantitative calculations. The mobile phase consisted of 10 mM sodium chloride (NaCl) 

with 0.02% sodium azide (NaN3) dissolved in purified water and the volume of the 

injected sample was 100 µL. The software used for data processing was Astra 5.3 

(Wyatt Technology, Santa Barbara, CA, USA). The obtained chromatographs were 

analyzed and the baseline as well as the peak width were placed manually in the 

chromatograph. In case of non-flat baseline, the samples were reanalyzed for longer 

duration.  

The total amount of released polymer at each time was determined as: 

 

%𝑹𝒆𝒍𝒆𝒂𝒔𝒆ⅆ = [
𝒄𝒏 (𝑽𝟎− 𝑽𝒔(𝒏−𝟏))+ 𝑽𝒔  ∑ 𝒄𝒏

𝒏−𝟏
𝒏=𝟎

𝒙
] . 𝟏𝟎𝟎   Equation 2 

 

where cn is the concentration in the sample n, V0 is the initial volume in the beaker, Vs is 

the sample volume, x is the total amount of polymer in the dry tablet. The recovery of 

polymer from the SEC-MALS/RI analysis was between 88-98% (also for standard 

polymer solutions prepared by dissolving HPMC powder in dissolution media, data not 

shown). Therefore, the release results were normalized to 100%. The volume correction 

error was less than 5% for the longest dissolution experiment. Therefore, the results 

were not corrected for volume loss due to evaporation.  
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Figure 2.3 Schematic representation of the SEC-MALS/RI apparatus. DG: degasser; PD: pulse 
dampener; MALS: multi angle light scattering; RI: refractive index; dotted line 
represents column oven; thin line corresponds to plumbing connections; thick line 
represents electronic connections. (modified from [52], © 2009, John Wiley and Sons 
,used with permission).  

 

 

 

Figure 2.4 The photograph of the size exclusion chromatography coupled with multiangle light 
scattering (MALS) and refractive index (RI) detector setup. 
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2.3.3 In vitro HPMC release data analysis 

 

The HPMC release-time profiles were constructed using Microsoft excel 2010 and the in 

vitro mean erosion rate (%/h) for each formulation was calculated for mean HPMC 

release up to ≈ 70% (n = 3), by linear regression. The linear correlation coefficient (r²) 

was ≥ 0.99 for all four formulations.  

The mean HPMC release profiles of formulations were compared using model 

independent mathematical approach. Moore and Flanner first proposed this 

mathematical approach to compare the dissolution profile using two factors, f1 (difference 

factor), and f2 (similarity factor). These are defined by equation 3, and 4 respectively [53]. 

Moreover, this method is recommended in the FDA guidelines for dissolution profile 

comparison in the area of post-approval changes and biowaivers [54].  

 

𝒇𝟏 = {
[∑ |𝑹𝒕−𝑻𝒕|

𝒏
𝒕=𝟏

∑ 𝑹𝒕
𝒏
𝒕=𝟏

} . 𝟏𝟎𝟎       Equation 3 

 

𝒇𝟐 = 𝟓𝟎. 𝐥𝐨𝐠 {[𝟏 +
𝟏

𝒏
∑ (𝑹𝒕 − 𝑻𝒕)²

𝒏
𝒕=𝟏 ]−𝟎.𝟓. 𝟏𝟎𝟎}   Equation 4 

 

where Rt and Tt are the cumulative percentage HPMC dissolved at same time point t, for 

compared dissolution profiles and n is the number of sampling points investigated. The 

factor f1 is proportional to the average difference between the two dissolution profiles, 

whereas factor f2 is inversely proportional to the average squared difference between the 

two dissolution profiles, with emphasis on the larger difference among all the time-points 

[55]. The f2 value represents a logarithmic transformation of the sum of squared error. 

The value of f2 factor could be between 0 and 100; the later value corresponds to the 

identical dissolution profiles and the earlier value corresponds to the maximum 

dissimilarity between two dissolution profiles. The FDA recommends a maximum 

allowable difference between two average dissolution profiles is 10%; which corresponds 

to the minimum f2 value of 50. Similarly, the values up to 15 (0-15) of the difference 

factor f1 ensures the sameness or equivalence of the two dissolution curves. 

Furthermore, the FDA suggests that the compared dissolution profiles should be created 

form the mean values of at least 12 units each, with identical sampling times, and a 

maximum percent coefficient of variation at the earlier time points of not more than 20% 
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and at other time points not more than 10%. Only one measurement should be 

considered after 85 % dissolution of both the products [54].  

In the present work, the f1 and f2 values were calculated according to the FDA guidelines 

using Microsoft excel 2010. However, the mean dissolution profiles were constructed 

from mean values of only 3 units rather than stated 12 units. The f1 and f2 values were 

evaluated for different formulations under similar dissolution conditions and for the same 

formulation in different dissolution medium. The f1 and f2 values are evaluated to 

estimate, whether or not the dissolution profiles are significantly non-similar to each 

other. 

2.3.4 Magnetic moment dissolution studies 

 

To establish a correlation function between the in vitro release of HPMC (erosion) and 

the decrease of magnetic dipole moment, the formulations were tested in a modified 

dissolution apparatus. In preliminary experiments, a previously developed magnetic 

moment dissolution tester was used to the measure in vitro magnetic moment of the 

tablets during dissolution [56].  

The originally proposed setup had some limitations, especially regarding the ingress of 

water to the magnetometer electronics. In order to overcome the associated problems, a 

modified magnetic moment dissolution tester was constructed. Instead of submerging 

the apparatus in water bath, the dissolution was performed in a heating water-jacketed 

glass beaker of about 1 L. This dissolution vessel was placed on a rectangular block 

made of non-magnetic material. The magnetometer was placed approximately 1mm 

under the dissolution vessel, in this rectangular block. The position of the magnetometer 

was fixed so that it laid directly under the magnetic tablet in the dissolution vessel. The 

base of the dissolution vessel was sandpapered to minimize the distance between the 

tablet and the sensor. The stirrer was made of non-magnetic material (polyvinylchloride). 

The outer end of the stirrer contained a basket that held the magnetically labeled tablet. 

A schematic representation and the photograph of the magnetic moment dissolution 

tester are shown in Figure 2.5. 

However, this modified setup also has different shortcomings compared to the previously 

described setup. The distance between the magnetometer and the tablet was increased 

and consequently, the signal to noise ratio was reduced. Due to the absence of 

mechanical support for the axis of the stirrer in the dissolution vessel, wobbling of the 
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stirrer occurred more frequently and the distance between the tablet and magnetometer 

could not be maintained to remain constant.  

A magnetoresistive magnetometer (HMR 2300, Honeywell Inc., USA) was used in this 

modified magnetic moment dissolution tester (MMDT). The triaxial magnetoresistive 

magnetometer could detect the strength and the direction of an incident magnetic field. 

For measurement of the x-, y-, and z- vector components, three sensors of 

magnetoresistive magnetometer were oriented in orthogonal directions. The data 

administration was controlled via RS232 serial data interface. The magnetic dipole 

moment in x-, y-, and z- coordinates were continuously recorded at a data acquisition 

rate of 20 samples per second. The magnetized tablet was fixed in the stirrer basket by 

two elastic thread nets. The stirrer was then attached to a conventional dissolution tester 

(Erweka GT, Germany), and further placed in the jacketed glass beaker. The stirrer was 

fixed in such a way that the tablet laid directly above the orthogonal sensors of the 

magnetometer. The dissolution vessel was then filled with the dissolution medium and 

the motor was started. The magnetic moment of the tablet was continuously recorded 

over time. The experiments were performed at 37±0.5 °C with a stirring rate of 20 and 

50 rpm in 800 mL of simulated gastric fluid USP (without pepsin) pH 1.2 and phosphate 

buffer USP pH 6.8 for each formulation. Aliquots of 5 mL each were withdrawn after 0.5, 

1.5, 2.5, 3.5, 4.5, 6, 8, 12, and 24 hours and immediately replaced by 5 mL of fresh 

medium. Higher volume of dissolution medium was used in MMDT experiment, 

compared to the in vitro dissolution in USP apparatus II, because the former was 

performed later and the problems with HPMC analytics were identified. Therefore, to 

achieve better accuracy the in vitro HPMC release experiments in USP apparatus II were 

performed in lower dissolution medium of 500 mL. 

In the preliminary experiments, it was found that increasing the stirring rate had a 

negative impact on the signal strength of the magnetic moment. Therefore, for the 

magnetic moment measurements at 50 rpm, the stirring rate was reduced to 20 rpm for 

5 minutes when the samples were withdrawn at predefined time points. Subsequently, 

the rotation speed was increased again to 50 rpm. The samples were analyzed for 

HPMC release by SEC-MALS/RI, as described above.  
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Figure 2.5 Schematic representation (left) of magnetic moment dissolution tester [56], with 
permission from Elsevier and photograph (right) of magnetic moment dissolution tester 
where 1 is magnetically marked tablet, 2 is magnetometer, and 3 is non-magnetic 
stirrer. 

 

Data evaluation 

The data were saved in the ASCII format which were imported to the program Axum 5.0 

(MathSoft, Inc.). The data were then evaluated using a provided individually written 

program (Table 8.1). The absolute value of the magnetic moment |B| was calculated 

from the recorded individual magnetic moment components Bx, By, Bz as follows: 

 

|𝑩| =  √𝑩𝒙
𝟐 + 𝑩𝒚

𝟐 + 𝑩𝒛
𝟐       Equation 5 

 

For each rotation, when the tablet was closest to the sensors a peak (Bpeak) in the 

magnetic moment was observed. This Bpeak was extracted from the recorded data and 

corrected against the background magnetic signal. The background magnetic signal 

originated from the earth’s magnetic field and the electric components of the dissolution 

tester. At a data acquisition frequency of 20Hz, each dissolution experiment resulted in 

many individual components of magnetic moment. For instance, a typical 24-hour 

experiment resulted in approximately 28800 data points for each vector component. 

Therefore, a mean of corrected Bpeak values was calculated for every minute. To extract 

the magnetic moment values at the time of sampling a different program (Table 8.2) was 

use. These extracted data was further evaluated using another program (Table 8.3) as 

explained above and the mean value of Bpeak for every minute was calculated. 
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Figure 2.6 Data evaluation; recorded magnetic signal (left) and extracted Bpeak (right). 

 

2.3.5 In vivo investigation 

 

2.3.5.1 Magnetic marker monitoring 

To investigate the erosion behavior and the transit of the magnetically marked 

formulations in the gastrointestinal tract, the magnetic marker monitoring (MMM) 

technique with biomagnetic superconducting quantum interference devices (SQUIDs) 

was used. MMM with SQUIDs allowed the tracking of the magnetically labelled solid 

dosage form in all three coordinates with very high temporal (milliseconds) and spatial 

(millimeters) resolution. Biomagnetic SQUIDs are very sensitive magnetic sensors 

typically operated in Dewar flasks filled with liquid helium. They provide very low levels of 

noise, of only a few fT/Sqrt (Hz) [38, 57].  

For the work presented in this thesis, a magnetometer system with a configuration of 

304 SQUID sensors was used for MMM. The system was housed in a Dewar flask with a 

flat bottom and an inner diameter of 250 mm. The Physikalisch-Technische 

Bundesanstalt (PTB) in Berlin developed this sensor system for biomagnetic 

measurements. [58]. The SQUID sensors are extremely sensitive and the magnetically 

marked tablets used in this study had low magnetic dipole moments of about 20 µAm². 

To avoid disturbances due to the earth’s magnetic field and other surrounding magnetic 

noises, the in vivo MMM measurements were performed in a magnetically shielded room 

(BMSR-2) at PTB Berlin. [59].  
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The localization, orientation, and magnetic moment of the magnetically marked tablets 

were measured in real time using this SQUID system. The magnetic field (B) generated 

by the magnetically marked tablet can be described as:  

 

�⃗⃗� (�⃗⃗⃗� , �⃗� ) =
µ𝟎

𝟒𝝅 |�⃗� |𝟓
[𝟑 (�⃗�  .  �⃗⃗⃗� ). �⃗� − |�⃗� |𝟐 |�⃗⃗⃗� |]    Equation 6 

 

where, 𝐵 ⃗⃗  ⃗ the magnetic field, µ0 the magnetic field constant in vacuum, �⃗⃗�   the magnetic 

moment, and 𝑟  is the position of the magnetic dipole. The measured magnetic field was 

used to calculate location and magnetic moment of the magnetic dipole by fitting in 

Equation 6.  

The data obtained from SQUID sensor system was imported and corrected for real time 

and vector coordinates by the use of a provided program (Table 8.4). The tablet’s 

anatomical position (localization) coordinates and magnetic moment were obtained by an 

inverse field calculation from the measured data. To measure the exact position of the 

magnetically marked tablets in the gastrointestinal tract, a reference point was required. 

The jugulum of the volunteers was taken as the reference point. The x- axis is pointed 

towards the left; the y- axis towards the cranium and the z-axis vertically upwards from 

the back of the volunteer. The gastric emptying and colon arrival time were determined 

graphically by visual control of the tablet localization in x-y and z-y plans with respect to 

time. The small intestinal transit time was measured as a difference between the colon 

arrival time (CAT) and gastric emptying time (GET). Moreover, the comparison of normal 

anatomy and motility patterns, such as the C shape movement through the duodenum in 

the x-y plane with tablet localization provides further insights [44, 57, 60].  
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Figure 2.7 Coordinate system for in vivo localization [44], with permission from Elsevier.  

 

2.3.5.2 Clinical study protocol 

The study was a single center, open-label, cross-over study with six single dose 

administrations under fasting and postprandial conditions. Each administration was 

separated from the previous one by a washout period of at least 24 hours after the last 

MMM measurement. Five healthy caucasian male volunteers with an average age of 

31.4 years (range 27 – 34 years) participated in the study. Their mean body mass index 

(BMI) was 25.2 kg/m² (standard deviation (SD) 1.35 kg/m²), their average height 

181.8 cm (SD 6.18 cm), and average weight 83.6 kg (SD 9.38 kg). All the volunteers 

were examined for ferromagnetic implants or any other ferromagnetic disturbances prior 

to the study. None of the volunteers was on a special diet, or had undergone abdominal 

surgery, was taking any medication, or had a history of disease affecting gastrointestinal 

motility. The study protocol was approved by the ethics committee at the state medical 

association of Thüringen (Ethikkommission der Landesärztekammer Thüringen).  

The volunteers received formulation F1 and F2 under fasting condition, and F3 and F4 

under fasting as well as postprandial conditions. The volunteers, standing in upright 

position, swallowed one magnetized tablet along with 240 mL of non-carbonated water 

(room temperature) either after an overnight fast of at least 10 hours (fasting condition) 

or 30 minutes after a standardized high-fat, high caloric meal (postprandial condition), 

containing approximately 150 calories from protein, 250 calories from carbohydrate, and 

500-600 calories from fat (standard FDA breakfast). The precise composition of the test 

meals was identical for each administration. Immediately after administration of the 

magnetized tablet, the volunteer was placed under the biomagnetic measurement device 

that was operated in a magnetically shielded chamber. The recordings of the tablet 
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position in all three coordinates and magnetic moment strength of the tablets were 

performed for 10 minutes every half-hour. Small 5 minute recordings were performed 

prior to meal breaks at 4 hours (lunch), 6 hours (snack), and 10 hours (dinner), post 

administration. The fluid intake was standardized over 10 hours post administration, in 

the following way on each study day: From 0 until 1 hour after administration, no fluid 

intake was allowed; from 1 h until 10 h, 150 mL of non-carbonated water was given 

every hour. After this time interval, the fluid intake was ad libitum. During the breaks 

between magnetic recordings, the posture of volunteers was not controlled. Magnetic 

recordings were performed until the net magnetization was below 15% of the initial 

value, but not longer than 14 hours after the intake of the tablet. In case the net 

magnetization was not below 15% of the initial value in the evening of study day 1, an 

additional measurement was performed in the morning of study day 2 (approx. 24 hours 

post administration).  

2.3.5.3 In vivo erosion data evaluation  

 

The in vivo HPMC release HPMC or erosion from the formulations in the in vivo 

investigation was calculated from the recorded magnetic moment data, using the 

correlation function determined in the in vitro dissolution studies, i.e. between the change 

(decrease) of the mean magnetic moment and the release of HPMC (erosion). The mean 

magnetic moment was obtained for each measurement sequence (of approximately 10 

minutes). The HPMC release between the measurement was calculated by fast Fourier 

transform (FFT) filter smoothing, an integral smoothing function of software Origin 6.1 

(OriginLab Corporation, USA), between the mean evaluated release values over time. 

Briefly, the FFT filter smoothing is accomplished by removing Fourier components with 

frequencies higher than a certain cutoff frequency. The cutoff frequency was calculated 

by the equation 1/n∆t, where n is the input parameter (in this case n=5) and ∆t the time 

step.  

When gastric emptying or colon arrival occurred during the break, the average of last 

value in the previous organ and the first value in the new organ were used for the 

calculation of the GET or CAT. In vivo erosion (HPMC release) profile was plotted for 

each formulation in every volunteer. t20 and t50, which are the times when 20% and 50% 

of the HPMC had been released, respectively, were evaluated. The total in vivo erosion 

rate (%/h) for each tablet administration was calculated by dividing the total amount of 

HPMC released by its respective transit time. Similarly, the in vivo erosion rate (%/h) was 

also calculated for the individual’s anatomical region (stomach, small intestine, and large 

intestine). The regional erosion rate could only be determined when there was a 
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minimum of two measurement sequences in the GI region (approximately two times 

10 minutes recording with a 20 minutes break). When the duodenal passage was 

observed during the recording, the data in the stomach and small intestine were split 

from a single measurement sequence and a separate mean was calculated for each 

anatomical localization.  

All the statistical tests for the in vivo HPMC release data were performed using OriginPro 

8.5 (OriginLab Corporation, USA). The in vivo erosion rate and the gastrointestinal transit 

time of the tablets under fasting conditions were assessed for statistical significance 

using repeated-measures one-way analysis of variance (ANOVA) with Sidak posthoc 

correction. The in vivo erosion rates for individual formulations administered under 

fasting conditions were compared with postprandial administrations using the student’s t-

test. The differences were considered statistically significant at a level of confidence of 

95% (p < 0.05).  

Quantitative assessment of tablet motility was performed by calculation of the tablet 

velocity from the measured x-, y-, and z- vector coordinates over time. The x-, y-, and z- 

vector coordinates were evaluated from the recorded data as described in the 

localization procedure for magnetic marker monitoring as described in the section 

2.3.5.1. The distance travelled by the tablet (l) was calculated using the equation 7 and 

the respective velocity (v) was calculated using the equation 8. In vivo tablet progression 

and velocity was calculated using a provided individually written program in Axum 5.0 

(Table 8.5). The mean velocities were calculated for every 25 data points from the raw 

data, resulting in a velocity data point every second.  

 

𝚫𝒍𝒊 = √[(𝚫𝒙𝒊)
𝟐 + (𝚫𝐲𝒊)

𝟐 + (𝚫𝒛𝒊)
𝟐]𝟐

     Equation 7 

 

𝝂 =  
[∑ 𝚫𝒍𝒊

𝒏
𝒊=𝟏 ]

[∑ 𝚫𝒕𝒊
𝒏
𝒊=𝟏 ]

        Equation 8 
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2.3.6 In vitro-in vivo correlation  

 

The in vitro-in vivo correlation (IVIVC) was assessed by plotting the point-to-point 

relationship between the percent of HPMC release in vivo, which is calculated form 

magnetic moment data, against the percent of HPMC release in vitro for the same time 

points. The in vitro-in vivo correlation plots and linear regression for individual volunteer 

were evaluated using Microsoft excel 2010. The IVIVC for each tested formulation and 

intake conditions considering all the HPMC release data points from different volunteers 

and in vitro HPMC release was assessed through linear regression using GraphPad 

Prism 5.01. These linear regressions were evaluated for in vitro HPMC release in both 

SGFsp pH 1.2 and PB pH 6.8 at 50 rpm. Additionally, for formulation F3 and F4 intake 

under fed state, an IVIVC was calculated also for in vitro HPMC release in PB at 

100 rpm.  

In order to provide a quantitative measure of the predictability of the level A IVIVC, the 

absolute mean percent prediction error (PE) of the correlation was evaluated along with 

the standard deviation(s) for each correlation. The PE was estimated by the following 

equations:  

 

𝑷𝑬 (%) =
(𝒐𝒃𝒔𝒆𝒓𝒗𝒆ⅆ 𝒊𝒏 𝒗𝒊𝒗𝒐 𝑯𝑷𝑴𝑪 𝒓𝒆𝒍𝒆𝒂𝒔𝒆− 𝒆𝒔𝒕𝒊𝒎𝒂𝒕𝒆ⅆ 𝒊𝒏 𝒗𝒊𝒕𝒓𝒐 𝑯𝑷𝑴𝑪 𝒓𝒆𝒍𝒆𝒂𝒔𝒆).𝟏𝟎𝟎

𝒆𝒔𝒕𝒊𝒎𝒂𝒕𝒆ⅆ 𝒊𝒏 𝒗𝒊𝒕𝒓𝒐 𝑯𝑷𝑴𝑪 𝒓𝒆𝒍𝒆𝒂𝒔𝒆
   Equation 9 

 

PE is the absolute mean percent prediction error of all five volunteers for each 

formulation, dietary state and specific dissolution conditions.  
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3 Results  

3.1 In vitro HPMC release 

The HPMC release from all the formulations, F1, F2, F3, and F4 were investigated in the 

USP paddle apparatus equipped with a stationary basket. The formulations F1, F2 and 

F3 consisted of 40% (w/w) of HPMC, while F4 contained only 20% (w/w) of HPMC. The 

HPMC concentrations were measured at several predefined time points using size 

exclusion chromatography-multiangle light scattering and refractive index (SEC-

MALS/RI) detector (SEC-MALS/RI). The recovery of polymers from the SEC column 

varied with the different viscosity grades of the HPMC. To prevent an artificial effect due 

to the analytical method and since all tablets had completely dissolved at the end of the 

experiment, the last sample was considered as total (100%) HPMC release. The 

measured HPMC release data were then normalized to the last data point. The release 

profiles of all the formulations in simulated gastric fluid without pepsin SGFsp pH 1.2 and 

phosphate buffer pH 6.8 at 50 rpm showed a linear erosion profile, as shown in Figure 3.1 

and Figure 3.2 respectively. The mean HPMC release profile for each formulation was 

representative of individual tablets. The in vitro erosion experiments were planned and 

performed at AstraZeneca R&D Mölndal; due to limited availability of tablets as well as 

time constraints, the effect of the stirring rate was not systematically evaluated for all 

formulations. 

 

Figure 3.1 In vitro mean cumulative HPMC release (range) with respect to time for all four 
formulations (n = 3), determined in vitro in simulated gastric fluid (without pepsin) 

pH 1.2 at 50 rpm. 
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Figure 3.2 In vitro mean cumulative HPMC release (range) with respect to time for all four 
formulations (n = 3), determined in vitro in phosphate buffer pH 6.8 at 50 rpm. 

 

Effect of formulation composition on the in vitro erosion behavior 

The effect of formulation composition on the in vitro HPMC release was observed for 

both dissolution media. To assess the non-similarity between the HPMC release for 

different formulations, the dissolution profiles were compared using a simple model 

independent method recommended by FDA. Two factors f1 (difference factor) and 

similarity factor f2 (similarity factor) were calculated as described in section 2.3.3. The 

dissolution profiles for different formulations were compared in the same dissolution 

medium with stirring rate of 50 rpm. The f2 value represents a logarithmic transformation 

of the sum of squared error. The FDA recommends f1 values of up to 15 (0–15) and f2 

values greater than 50 (50–100) to ensure sameness or equivalence of the two curves. 

An f2 value of 50 represents a 10% difference between two dissolution profiles. [53, 54, 

61]. All the compared formulations had f1 values higher than 20 and f2 values lower than 

50. The comparison of formulations F1 against F2, F2 against F3, and F3 against F4 in 

SGFsp pH 1.2 and PB pH 6.8 are shown in Table 3.1 and Table 3.2, respectively. The 

comparison between other possible formulation combinations at 50 rpm stirring speed 

was not performed due to different sampling regimes. The statistical analysis confirmed 

that the erosion profiles were non-similar to each other in both dissolution media at a 

stirring rate of 50 rpm.  
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Table 3.1 f1 and f2 values of the dissolution profiles for formulations in SGFsp pH 1.2 at stirring 

speed of 50 rpm. 

Formulations Sampling points f2 values f1 values 

F1 vs. F2 8.0 38.6 31.1 

F2 vs. F3 5.0 38.8 35.2 

F3 vs. F4 8.0 24.0 70.5 

 

Table 3.2 f1 and f2 values of the dissolution profiles for formulations in phosphate buffer pH 6.8 at 

stirring speed of 50 rpm. 

Formulations Sampling points f2 values f1 values 

F1 vs. F2 9.0 49.5 24.0 

F2 vs. F3 6.0 37.9 47.3 

F3 vs. F4 10.0 44.1 28.2 

All formulations in both release media showed a linear erosion profile until at least 70% 

of the HPMC release, which was then followed by a decreased erosion rate. The in vitro 

mean erosion rate (%/h) for each formulation was calculated by linear regression for a 

mean HPMC release of up to ~ 70%. The erosion rates of the tested formulations are 

given in Table 3.3. The quantitative evaluation of the erosion profiles of the tablets were 

performed by calculating the time required for 20% (t20%) and 50% (t50%) HPMC release 

for each formulation and in both testing media, as presented in Table 3.4. F1, the 

formulation containing the largest amount of high viscosity grade HPMC (23% w/w, 

Methocel K4M), showed the slowest HPMC release. This was followed by F2 (10% w/w, 

Methocel K4M), F3 (40% w/w, Methocel K100LV) was the next fastest HPMC release, 

while F4 (20% w/w, Methocel K100LV) showed the fastest HPMC release in phosphate 

buffer at 50 rpm stirring rate. The formulations exhibited the same ranking order in 

erosion behavior in both release media. Thus, an effect of the formulation composition 

on the release profile could be clearly confirmed. The higher the molecular weight and 

the larger the weight fraction of the HPMC in the formulations, the slower was the 

erosion rate. 
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Table 3.3 In vitro mean erosion rates of the formulations in SGFsp pH 1.2 and PB pH 6.8. 

 
Mean erosion rate (%/hour) 

Formulation  SGFsp pH 1.2 Phosphate buffer pH 6.8 

F1, 50 rpm 6.7 4.7 

F1, 100 rpm - 7.0 

F1, 150 rpm 13.0 10.0 

F2, 50 rpm 10.0 6.7 

F2, 100 rpm 14.0 - 

F3, 50 rpm 14.4 11.7 

F3, 100 rpm - 16.0 

F3, 150 rpm 28.0 20.0 

F4, 50 rpm 31.9 18.6 

F4, 100 rpm - 26.0 

(‘-’ means ‘not determined’) 

 
 
Table 3.4 In vitro t20% and t50% values of formulations in pH 1.2 and pH 6.8. 

Formulation 

SGFsp pH 1.2 Phosphate buffer pH 6.8 

t20% (h) t50% (h) t20% (h) t50% (h) 

F1, 50 rpm 3.0 7.3 4.2 10.5 

F1, 100 rpm - - 2.4 6 

F1, 150 rpm 1.5 3.8 1.9 4.6 

F2, 50 rpm 1.8 4.8 2.8 7.0 

F2, 100 rpm 1.2 3.1 - - 

F3, 50 rpm 1.5 3.3 2.2 4.2 

F3, 100 rpm - - 1.1 2.9 

F3, 150 rpm >1.0 1.9 >1.0 2.2 

F4, 50 rpm >1.0 1.5 1.0 2.7 

F4, 100 rpm - - >1.0 1.6 

(‘-’ means ‘not determined’) 
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Effect of dissolution medium on erosion behavior 

All the investigated formulations showed a pH dependent release of HPMC; in SGFsp 

pH 1.2, the erosion was faster than in phosphate buffer pH 6.8. Moreover, the time for 

complete dissolution of all formulations was longer in the phosphate buffer than in the 

SGFsp pH1.2. The erosion rate, as well as t20% and t50% values, increased significantly in 

pH 1.2, which indicated that the dissolution medium did not only affect the initial 

hydration of the polymer, but in fact the whole erosion process. f1 and f2 factors were 

calculated to assess the similarity between dissolution profiles of the same formulations 

in different dissolution media at a stirring speed of 50 rpm. For all investigated cases, the 

f1 values were higher than 25 and f2 values were lower than 41 (Table 3.5). Thus, the 

erosion profiles for all formulations in SGFsp pH 1.2 and phosphate buffer pH 6.8 

differed significantly at 50 rpm. 

 

Table 3.5 f1 and f2 values for the dissolution profiles of the same formulation in phosphate buffer 

pH 6.8 and SGFsp pH 1.2 at stirring speed of 50 rpm. 

Formulations Sampling points f2 values f1 values 

F1 (PB) vs. F1 (SGF) 8.0 38.8 30.7 

F2 (PB) vs. F2 (SGF) 8.0 33.1 31.6 

F3 (PB) vs. F3 (SGF) 9.0 40.2 26.9 

F4 (PB) vs. F4 (SGF) 9.0 26.4 36.2 

 

Effect of stirring rate on erosion behavior 

As can be clearly observed from the erosion profiles in Figure 3.3 and Figure 3.4, the 

stirring rate affected the erosion rate of the tablets. In both dissolution media, the rate of 

polymer dissolution increased steadily with increased stirring rate. Moreover, regarding 

the erosion profiles of all formulations, no abrupt HPMC release was observed, not even 

for the formulations with an HPMC concentration below the percolation threshold (F4). 

None of the formulations exhibited a burst release in either of the release media and for 

all tested stirring rates. Hence, it was suggested that the formulations were sufficiently 

robust. A systematic investigation of the effect of stirring speed on erosion rate was not 

performed due to limited access to the analytical tool (SEC). 
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Figure 3.3 In vitro mean cumulative HPMC release (range) with respect to time for all four 
formulations (n = 3), determined in vitro in SGFsp pH 1.2 at various stirring rates. 

 

 

Figure 3.4 In vitro mean cumulative HPMC release (range) with respect to time for all four 
formulations (n = 3), determined in vitro in phosphate buffer pH 6.8 at various stirring 
rates. 
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Effect of osmolality on total dissolution time 

In order to investigate the effect of osmolality on erosion rate, in vitro HPMC release 

studies were performed in phosphate buffer pH 6.8 containing 0.38 M sucrose, at stirring 

rates of 50 and 150 rpm. The osmolality was 232 mOsm/kg for SGFsp pH 1.2, 98 

mOsm/kg for phosphate buffer pH 6.8, and 583 mOsm/kg for phosphate buffer pH 6.8 

with 0.38 M sucrose, respectively. A concentration of 0.38 M sucrose was chosen, 

because a median gastric osmolality value of 559 mOsm/kg was reported in the literature 

for the gastric fluid present 30 minutes after meal intake [62]. Due to time constraints, the 

dissolution samples were not analyzed for HPMC concentration. However, during the 

dissolution investigations, the tablets were observed to erode slowly in the highly osmotic 

dissolution medium. At a stirring rate of 50 rpm, the tablets of formulation F1 did not 

completely dissolve, even after 112 h of dissolution experiment. However, at a stirring 

rate of 150 rpm, F1 tablets dissolved completely after 48 h. Similarly, for formulation F3, 

complete dissolution of the tablets took 82 h at 50 rpm and 48 h at 150 rpm, respectively. 

Therefore, the dissolution of the HPMC matrices appeared to be retarded by the 

presence of a high concentration of sucrose in the dissolution medium. However, such 

high sugar concentrations could be present in the upper gastrointestinal tract only after 

consumption of sugar-rich foods or beverages.  
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3.2 In vitro correlation between magnetic moment and HPMC release 

To establish a correlation between the changes in magnetic moment and the polymer 

release, erosion studies were performed in a magnetic moment dissolution tester 

(MMDT). The formulations were tested in MMDT by applying SGFsp pH 1.2 and 

phosphate buffer pH 6.8 at stirring rates of 20 rpm and 50 rpm. Before any magnetic 

measurement was performed, the tablets were magnetized along the short axis with the 

aid of an external magnetic field. The ferromagnetic iron oxide (magnetite) particles were 

aligned in the direction of applied magnetic field, resulting in a stable remnant dipole 

moment. The type and amount of magnetite, as well as the magnetization method, were 

same for all tablets, thus resulting in a similar dipole moment of approximately 20 µAm². 

This remnant magnetic moment is much less than the applied external magnetic flux 

density of approximately one Tesla. Therefore, it can be assumed that all the iron oxide 

particles are aligned until saturation [56].  

The magnetic moment (MM) was measured continuously over time and the samples 

were taken at predetermined time intervals for HPMC analysis. The changes in the 

normalized inversed magnetic moment and the normalized HPMC release for all tested 

tablets in different media and stirring rates are given in the Appendix (Figure 8.1-Figure 

8.4). Despite the difficulties regarding the magnetic moment measurements and the 

HPMC analytics, a stable correlation between the changes in magnetic moment (B) and 

the HPMC release (r) as shown in Figure 3.5 could be established for all formulations 

under the applied test conditions. 

 

Figure 3.5 Correlation between the normalized release of HPMC and the normalized inversed 
decrease of magnetic moment as determined in vitro in the modified dissolution tester 
(r² = 0.92, n = 37). 
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The correlation between the change in magnetic moment B and the amount of HPMC 

release r in the medium was as follows: 

 

𝒓

𝒓𝟎
= 𝟎. 𝟕𝟔 (𝟏 −

𝑩

𝑩𝟎
)
𝟐
+ 𝟎. 𝟎𝟒 (𝟏 −

𝑩

𝑩𝟎
)    Equation 10 

 

A second order polynomial fit function described the correlation between the normalized 

in vitro release of the HPMC and the inversed normalized decrease of MM for all tested 

formulations. It can be clearly seen from Figure 3.5 that the tablets showed minimal or no 

release of HPMC until 15-20% decrease of magnetic moment, which was followed by a 

polynomial relationship until 80% of HPMC release. This correlation function was further 

used for the calculation of the HPMC release from the magnetic marker monitoring data 

acquired during the in vivo studies. Therefore, the maximum in vivo HPMC release that 

could be calculated by using this correlation was 80%. 
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3.3 In vivo studies 

 

3.3.1 In vivo erosion-time profiles 

The in vivo HPMC release/erosion (%) was calculated using the correlation function from 

the recorded in vivo magnetic moment data given in Equation 10. A mean value was 

calculated for each measurement sequence of approximately 10min. These mean values 

were normalized afterwards. The HPMC release between two sequences was estimated 

using fast Fourier transform (FFT) smoothing as described in section 2.3.5.3. The in vivo 

HPMC release-time profiles for formulation F1-F4 under fasting conditions are shown in 

Figure 3.6-Figure 3.9. The calculated in vivo HPMC release profiles were found to be 

dependent on the formulation composition. The in vivo tablet erosion profiles followed 

the same ranking order between the formulations as was shown for the in vitro HPMC 

release studies in Figure 3.2.  

Due to the large inter-subject variability, it was not possible to calculate a mean erosion 

profile for each formulation and administration condition. Unlike the in vitro HPMC 

release profiles, in vivo erosion profiles were not always linear and thus, different erosion 

rates could be observed in different gastrointestinal segments. The differences between 

the erosion profiles for each formulation in the various volunteers were comparatively low 

during the first two hours after tablet administration. Particularly in the colon, the inter-

subject variability in the in vivo erosion profiles was notably higher than in other 

gastrointestinal segments. However, in some volunteers, a phase of minimal release was 

observed in the colon. For all tablet administrations, a noteworthy delay in the onset of 

the in vivo tablet degradation was not observed. 
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Figure 3.6 Calculated HPMC release over time and anatomical location of the formulation F1 
when administered under fasting conditions in all the volunteers.  

 

 

Figure 3.7 Calculated HPMC release over time and anatomical location of the F2 when 
administered under fasting conditions in all the volunteers.  

 

For all volunteers receiving formulation F1, recordings over a period of at least 12 h were 

required until the end of detection was observed. Before the tablets entered the large 

intestine, the in vivo HPMC release was almost linear. In volunteer 1, the end of 
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detection was not observed within 14 h of recording time after tablet administration. 

Nonetheless, it was that erosion was complete after 24 h post administration. Such slow 

erosion was not observed in any other volunteer, nor with any other formulation. 

Moreover, in the same volunteer, a phase of minimal release was observed in the 

transverse colon in the period from 10 h to 14 h post administration.  

In the volunteers, which received formulation F2, recordings were required over a period 

of at least 7 h until the end of detection could be observed. As for F1, in all volunteers 

the calculated HPMC release rate was relatively linear before the tablet reached the 

colon. In volunteer one, 6 to 8 h after administration a phase of minimal release was 

observed in the ascending colon. In volunteer 5, the same phenomenon was observed 6-

7 h after administration, while the formulation was mostly located in the ascending colon.  

 

 

Figure 3.8 Calculated HPMC release over time and anatomical location of the F3 when 
administered under fasting conditions in all the volunteers.  

In all volunteers receiving formulation F3, at least 4.5 hours of recording were required 

until the end of detection was observed. The calculated HPMC release rate was 

relatively linear, in all volunteers with the exception of volunteer 5, where a phase of 

no/minimal release was observed from seven to 10 hours post administration in the 

ascending colon.  
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Figure 3.9 Calculated HPMC release over time and anatomical location of the F4 when 
administered under fasting conditions in all the volunteers.  

 

In all volunteers receiving formulation F4, at least six hours of recording were required 

until the end of detection was observed. The calculated HPMC release rate for 

formulation F4 was relatively linear in all volunteers, compared to the release profiles of 

other formulations. 

The quantitative evaluation of the erosion profiles in the form of t20% and t50% (i.e., the 

times required for 20% and 50% of the calculated HPMC release, respectively) were 

evaluated. The t20% values of different formulations and administrations are given in Table 

3.6. The mean t20% for formulation F1 were significantly longer than for formulations F2, 

F3, and F4, if administered under fasting conditions (P < 0.0001, repeated-measures 

one-way ANOVA with Bonferroni posthoc correction). This indicated that the initial 

erosion rates of formulations F2-F4 were similar under fasted conditions, but faster than 

formulation F1.  
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Table 3.6 t20% for all investigated formulation in each individual volunteer  

Volunteer No. 1 2 3 4 5 Mean (SD) 

F1, fasting 5.3 3.1 5.2 3.8 4.5 4.4 (0.9) 

F2, fasting 3.1 2.1 2.6 2.5 3.4 2.7 (0.5) 

F3, fasting 2.5 2.1 2.2 2.5 2.4 2.3 (0.2) 

F4, fasting 2.5 1.6 2.5 2.0 2.0 2.1 (0.4) 

F3, postprandial 1.5 2.7 2.1 1.9 1.1 1.9 (0.6) 

F4, postprandial 0.8 1.2 1.1 1.2 0.9 1.0 (0.2) 

 

The t50% for different formulations administered under fasting conditions are plotted in 

Figure 3.10. The t50% values of formulation F1 was significantly higher from formulation F3 

and F4. Moreover, the t50% values of formulation F2 was also significantly different from 

formulation F4. However, the inter-subject variability was much higher in terms of the t50% 

values compared to the t20% values. Again these results indicate that the formulation 

composition have significant impact on the in vivo erosion profiles. 

 

 

Figure 3.10 Box plot of in vivo t50% for different formulations administered under fasting conditions. 
The box represents 50% of the data, the line inside the box represents the median. 
Additionally, the whiskers represent 5 and 95 percentile of the values. * P < 0.001, 
# P 0.001, + P 0.040, one-way ANOVA with Bonferroni posthoc correction. 
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The end of detection time, that is the predefined end point when the magnetic moment of 

the tablet reached below 15% of the initial value are plotted in Figure 3.11 for different 

formulations administered under fasting conditions. The end of detection time, that is a 

was found to be dependent on formulation composition. The end of detection time for 

formulation F1 was significantly higher than F3 and F4. The differences between any 

other formulations combinations were statistically insignificant. 

 

 

Figure 3.11 Box plot of end of detection time for different formulations administered under fasting 
conditions. The box represents 50% of the data, the line inside the box represents the 
median. Additionally, the whiskers represent 5 and 95 percentile of the values. 
* P < 0.001, + P 0.001, # <  0.05 one-way ANOVA with Bonferroni posthoc correction. 

 

The calculated in vivo HPMC erosion profiles of formulations F3 and F4 obtained after 

the tablet administration under postprandial conditions are given in Figure 3.12 and Figure 

3.13 respectively. The calculated HPMC release was faster after administrations in fed 

state in comparison to fasted state. Moreover, gastric emptying was delayed in the 

postprandial state. For formulation F3, the release profiles were relatively linear for all 

volunteers. The end of detection occurred in the distal stomach or the small intestine, 

with the exception of volunteer 4, in which the formulation F3 reached the ascending 

colon before the end of detection. In volunteer 2, a delay in the onset of HPMC release 

was observed. 
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Figure 3.12 Calculated HPMC release over time and anatomical location of the F3 when 
administered after 30min of standard FDA breakfast. 

 

 

Figure 3.13 Calculated HPMC release over time and anatomical location of the F4 when 
administered after 30min of standard FDA breakfast.  

 

A pair wise comparison between the t50% values for Formulation F3 when administered 

under fasting and fed conditions shows that the difference between them is statistically 
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formulation F4, the difference between the t50% values are statistically significant for 

fasting administrations compared to the postprandial administrations.  

 

 

Figure 3.14 Box plot of in vivo t50% for formulation F3 and F4 administered under fasting as well as 
postprandial conditions. The box represents 50% of the data, the line inside the box 
represents the median. Additionally, the whiskers represent 5 and 95 percentile of the 
values. * P 0.012, Mann Whitney test. 

 

 

Figure 3.15 Box plot of end of detection time point for formulation F3 and F4 administered under 
fasting as well as postprandial conditions. The box represents 50% of the data, the 
line inside the box represents the median. Additionally, the whiskers represent 5 and 
95 percentile of the values. * P 0.008, Mann Whitney test. 
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Similarly, the end of detection time was significantly different for formulation F4 but not 

for F3 when administered under fasting conditions compared to the postprandial 

administration (Figure 3.15). This could be again attributed to the high inter-individual 

variability for formulation F3 when administered under fasting conditions. 

 

3.3.2  Overall and localized in vivo erosion rates 

The in vivo erosion rates (%/h) were calculated in each volunteer for each investigated 

formulation. Although the erosion profiles of the formulations were not always linear, 

especially in fasting state, a linear HPMC release was assumed to normalize the profiles 

for quantitative comparison. Therefore, the erosion rate was calculated by dividing the 

amount of HPMC released (in %) to the time required to reach the end of the detection 

time. In vivo erosion rates were also evaluated in gastrointestinal segments, stomach, 

small intestine, and large intestine. In some cases, it was not possible to calculate a 

reliable erosion rate due to short gastric residence time. Even a small change of the 

tablet erosion that occurred in a short time span resulted in an unrealistically high 

erosion rate. Therefore, for reliable erosion rate calculation, at least two measured 

measurement sequences were used.  

 

Figure 3.16 Box plot of erosion rate for different formulations administered under fasting 
conditions. The box represents 50% of the data, the line inside the box represents the 
median. Additionally, the whiskers represent 5 and 95 percentile of the values. 
* P < 0.001, # P 0.002, + P 0.003, repeated-measures one-way ANOVA with Sidak 
posthoc correction. 
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The inter-subject variability for the gastrointestinal erosion rate was relatively low as can 

be seen from relative standard deviation values of 9-29%. The difference in the overall 

erosion rate after fasted state administration was statistically significant between 

formulations F1 and F3, F1 and F4 as well as F2 and F4 (Figure 3.16). These results 

indicated that the amount of high viscosity grade HPMC used in the formulations F1 

(23%) and F2 (10%) did not significantly affect the in vivo erosion rate. Moreover, the 

formulation F3 (0%) of high viscosity grade HPMC also did not exhibit significant 

changes in the in vivo erosion rate compared to formulation F2.  

The in vivo erosion rates were significantly different for formulation F3 when the fasted 

and fed state administrations were compared. Similarly, the erosion rates calculated in 

fasting state administrations compared to postprandial administrations were significantly 

different for formulation F4 (Figure 3.17). This indicates that presence of food in the 

stomach, significantly affects the in vivo erosion rates of the investigated hydrophilic 

matrices. 

 

Figure 3.17 Box plot of erosion rate for formulation F3 and F4 administered under fasting as well 
as postprandial conditions. The box represents 50% of the data, the line inside the 
box represents the median. Additionally, the whiskers represent 5 and 95 percentile 
of the values. * P 0.008, + P 0.008, Mann Whitney test. 

 

The in vivo erosion rate within the different gastrointestinal segments of the subjects is 

shown in Table 3.7. As mentioned above, for fasting administration, erosion rate in the 

stomach could not be calculated in most of the volunteers. In the small intestine, the 

average erosion rate was faster for all formulations as compared to the large intestine. 

However, these differences were statistically not significant. 
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Table 3.7 In vivo erosion rates (%/h) within different anatomical localizations. 

Volunteer 1 2 3 4 5 Mean (SD) 

F1, fasting 

Stomach 4.9 - - - - - 

Small intestine 3.5 5.3 4.7 4.8 4.5 4.5 (0.7) 

Large intestine 2.7 3 5.2 4.2 3.8 3.8 (1) 

F2, fasting 

Stomach - - 7.4 - - - 

Small intestine 5.9 9.5 9.1 4.9 4.4 6.7 (2.4) 

Large intestine 1.7 3.9 7.0 - 8.3 5.2 (3) 

F3, fasting 

Stomach 7.6 - - 7.5 - - 

Small intestine 5.8 10.9 8.8 14.7 7.1 9.4 (3.5) 

Large intestine 5.3 - 7.1 4.7 3.5 5.2 (1.5) 

F4, fasting 

Stomach - 11.5 - 6.1 - - 

Small intestine 8.8 11.7 10.5 12.9 8.5 10.5 (1.9) 

Large intestine - 8.1 16 5 10.2 9.8 (4.6) 

F 3, postprandial 

Stomach 13.7 9.4 11.4 - 19.8 13.6(4.5) 

Proximal 14.1 5.7 4.3 - - 8(5.3) 

Distal 9.2 13 14.6 - - 12.3(2.7) 

Small intestine 3.8 13.4 19.2 12.2 10.5 11.8(5.6) 

Large intestine - - - 14.5 - - 

F4, postprandial 
      

Stomach 31 19 21.9 11.2 27.2 22.1(7.6) 

Proximal - - 7.6 - 9.9 - 

Distal 31 21.9 27.5 - 32.2 28.1 (4.6) 

Small intestine - - 23.4 25.8 - - 

SD: Standard deviation 
- : erosion rate could not be calculated due to short residence time 
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Small intestine erosion rates, these were shown to be independent from the intake 

conditions for formulation F3. However, in case of postprandial administration, the 

erosion rate in the colon could not be calculated in most of the volunteers owing to the 

early end of detection due to faster erosion in postprandial stomach. 

For formulation F3, under fed conditions, the erosion rate was quite similar in different 

volunteers and was not affected by the gastric emptying time. Nevertheless, it could be 

shown that the erosion rate was typically higher in distal stomach compared to proximal. 

Moreover, this phenomenon was more prominent for F4 rather than F3. 

 

3.3.3 In vivo gastrointestinal transit times 

Gastric emptying time (GET), colon arrival time (CAT), small intestine transit time (SITT, 

calculated as the difference between CAT and GET) were evaluated from the localization 

data. If administered under fasting conditions, all formulations in all volunteers were 

emptied from the stomach within the range 2-116 min. The mean gastric emptying times 

of the four formulations (F1 to F4) for fasting conditions were 40 min, 36 min, 45 min, 

and 38 min, respectively. If administered under fed conditions, formulation F3 was 

typically emptied from the stomach before reaching the end of detection with a mean 

gastric emptying time of 157 min (36-260 min) in all volunteers. The gastric emptying 

time was prolonged in the postprandial state as compared to the fasting administration. 

In case of formulation F4, the end of detection occurred already within the stomach in 

three out of five volunteers. High inter-subject variability was observed for gastric 

emptying time (75-110% RSD). Moreover, high intra-individual variability of gastric 

emptying time (59-110% RSD) was observed if the formulations were administered 

under fasting conditions. In 15 out of 30 administered tablets, gastric emptying was 

observed during a sequence of magnetic recording. The observed times required for 

duodenal passage were in the range from 10 seconds to 8 minutes with a median of 

90 seconds for both administration conditions.  

The gastric emptying time was significantly increased when the formulations were 

administered 30 minutes after the high caloric breakfast (Figure 3.18). The presence of 

the food had a significant impact on the amount of erosion in the stomach and location of 

the total erosion in the GI tract. All formulations exhibited a consistent HPMC release 

without any sign of rapid disintegration under both, fasting and postprandial.  

It must be noted that gastrointestinal transit times were highly variable, with the 

exception of colon arrival time, which could be detected in 19 out of 30 cases. In 14 out 
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of these 19 cases, the colon arrival time was approximately 260 minutes post 

administration and thus, approximately 20 minutes after lunch was served.  

 

 

Figure 3.18 Box plot of gastric emptying (GE) under fasting and fed conditions as well as small 
intestine transit time (SITT) for all the investigated tablets administrations. The box 
represents 50% of the data, the line inside the box represents the median. 
Additionally, the whiskers represent 10 and 90 percentile of the values. The circle 
represents the outliners. * P 0.03, + P < 0.001, Kruskal-Wallis test with Dunn posthoc 
correction. 

 

An overview of the localization of tablets determined by magnetic marker monitoring 

(MMM) using the SQUID sensor system for all the investigated formulations and 

administration conditions are shown in Figure 3.19-Figure 3.24. The blocks represent the 

recorded magnetic moment measurement sequences and the blank space represents 

the breaks between the measurement sequences. The meals were served to the 

volunteers at 240 minutes (lunch), 360 minutes (snack) and 600 minutes (dinner) after 

administration of the magnetically labeled tablets. Just before the meal break, a short 

measurement sequence of approximately 5 minutes was performed.  

 

GE fasting GE fed SITT

0

2

4

6

8

10

*

+

(n = 20) (n = 7) (n = 19)

ti
m

e
 (

h
)



 Results 
 

57 
 

 

Figure 3.19 Overview of the study plan and localization of the tablet in the gastrointestinal tract in 
all 5 volunteers for formulation F1 administered under fasting conditions.  

        : Proximal stomach (Fundus),    :    : Distal stomach (Corpus/Antrum),         : Duodenum,  

        : Jejunum and ileum,         : Terminal ileum,        : Ascending colon,         : Transverse colon, 

        : Descending colon. 

 

In case of formulation F1, the tablets exhibit longest transit times among all the 

investigated formulations. The longest transit time was observed in the large intestine 

among different gastrointestinal segments. In volunteer 1, the end of detection was not 

observed within 14 hours post administration of the study day 1. Therefore, an additional 

measurement was performed in the morning of study day 2 (approximately 24 h post 

tablet administration).  
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Figure 3.20 Overview of the study plan and localization of the tablet in the gastrointestinal tract in 
all 5 volunteers for formulation F2 administered under fasting conditions.  

        : Proximal stomach (Fundus),    :    : Distal stomach (Corpus/Antrum),         : Duodenum,  

        : Jejunum and ileum,         : Terminal ileum,         : Ascending colon,         : Transverse colon, 

        : Descending colon,     :    : Poor data quality. 

 

In case of formulation F2, the tablets exhibit similar transit times as formulation F1, with a 

few exceptions. In volunteer 3, the localization of the tablets in gastrointestinal tract could 

not be determined for last three measurement sequences due to poor data quality.  

In case of formulation F3, the tablets exhibit shorter transit times as formulation F2. In 

volunteer 2, the end of detection was observed in the terminal ileum, but in all other 

volunteers it was observed in ascending or transverse colon. Moreover, in three out of 

five volunteers the tablets stayed in the large intestine for a significant duration.  
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Figure 3.21 Overview of the study plan and localization of the tablet in the gastrointestinal tract in 
all 5 volunteers for formulation F3 administered under fasting conditions.  

        : Proximal stomach (Fundus),    :    : Distal stomach (Corpus/Antrum),         : Duodenum,  

        : Jejunum and ileum,         : Terminal ileum,         : Ascending colon,         : Transverse colon, 

        : Descending colon. 

 

In case of formulation F4, the tablets exhibit shorter transit times compared to other 

investigated formulation under fasting conditions. The formulations stayed for at least 

50% of their total transit in the upper gastrointestinal tract that is stomach and small 

intestine. 
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Figure 3.22 Overview of the study plan and localization of the tablet in the gastrointestinal tract in 
all 5 volunteers for formulation F4 administered under fasting conditions.  

        : Proximal stomach (Fundus),    :    : Distal stomach (Corpus/Antrum),         : Duodenum,  

        : Jejunum and ileum,         : Terminal ileum,         : Ascending colon,        : Transverse colon, 

        : Descending colon. 

 

In case of formulation F3, administered under postprandial conditions, the tablets exhibit 

shorter transit times compared to fasting administrations. The gastric residence time was 

significantly increased. In volunteer 3 and 4 the tablets exhibit end of detection point in 

large intestine.  

Similarly, for formulation F3, administered under postprandial conditions, the tablets 

stayed mostly in distal stomach and proximal small intestine. The end of detection under 

fed conditions was significantly higher than administrations in fasting conditions.  
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Figure 3.23 Overview of the study plan and localization of the tablet in the gastrointestinal tract in 
all 5 volunteers for formulation F3 administered 30 min after standard FDA breakfast.  

        : Proximal stomach (Fundus),    :    : Distal stomach (Corpus/Antrum),         : Duodenum,  

        : Jejunum and ileum,         : Terminal ileum,         : Ascending colon,        : Transverse colon, 

        : Descending colon. 

 

Figure 3.24 Overview of the study plan and localization of the tablet in the gastrointestinal tract in 
all 5 volunteers for formulation F4 administered 30min after standard FDA breakfast.  

        : Proximal stomach (Fundus),    :    : Distal stomach (Corpus/Antrum),         : Duodenum,  

        : Jejunum and ileum,         : Terminal ileum,         : Ascending colon,         : Transverse colon, 

        : Descending colon. 
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3.3.4 Gastrointestinal motility 

 

The quantitative evaluation of the tablet motility was investigated by calculating the 

velocity from the measured x, y, and z vector coordinates over time. Thus, the velocity 

and distance covered by the magnetically marked tablet characterized the intraluminal 

movement of the tablet as well as the motility of the gastrointestinal tract. The mean 

velocities were calculated for every 25 data points from the raw data, resulting in a 

velocity data point every second. This value of 25 data points for the mean velocities was 

chosen based on trial and error. Initially the velocity profiles were calculated for each 

data point from raw data. The resulting velocity profiles have shown relatively high 

velocity values in the large intestine, especially in the last few measurement sequences. 

This could be due to high error observed in localization with respect to the decreasing 

magnetic moment. Therefore, the peak velocity values during gastric emptying could not 

be distinguished clearly in the velocity profiles. Afterwards, a value of 100 data points for 

mean velocity calculation was also attempted. Finally, the value of 25 data points was 

chosen for mean velocity calculations. 

The details of the velocity data evaluations are described in the section 2.3.5.3. The 

velocity profiles along with the gastrointestinal localization for individual volunteers for 

formulation F1, F2, F3, and F4 under fasting administration are shown in Figure 3.25, 

Figure 3.26, Figure 3.27 and Figure 3.28 respectively. Individual velocity profiles along with 

the corresponding gastrointestinal localization of formulation F3, and F4 administered 

under postprandial conditions are shown in Figure 3.29 and Figure 3.30. For 1 out of 30 

administrations, the velocity profiles could not be evaluated in volunteer 3 for formulation 

F2, under fasting conditions since different sampling rates were observed in different 

measurement sequences; resulting in non-comparable velocity values. 
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Figure 3.25 Velocity profiles of formulation F1 when administered under fasting conditions in 

different volunteers. The dashed line represents gastric emptying, and the solid line 
represents the colon arrival of the tablet.  
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Figure 3.26 Velocity profiles of formulation F2 when administered under fasting conditions in 
different volunteers. The dashed line represents gastric emptying, and the solid line 
represents the colon arrival of the tablet.  
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Figure 3.27 Velocity profiles of formulation F3 when administered under fasting conditions in 
different volunteers. The dashed line represents gastric emptying, and the solid line 
represents the colon arrival of the tablet.  
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Figure 3.28 Velocity profiles of formulation F4 when administered under fasting conditions in 

different volunteers. The dashed line represents gastric emptying, and the solid line 
represents the colon arrival of the tablet.  
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Figure 3.29 Velocity profiles of formulation F3 when administered under postprandial conditions in 

different volunteers. The grey area represents the proximal stomach, dashed line 
represents gastric emptying, and the solid line represents the colon arrival of the 
tablet. 
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Figure 3.30 Velocity profiles of formulation F4 when administered under postprandial conditions in 

different volunteers. The grey area represents the proximal stomach, dashed line 
represents gastric emptying, and the solid line represents the colon arrival of the 
tablet. 
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3.4 In vitro-in vivo correlation 

 

Figure 3.31-Figure 3.34 depict the in vitro HPMC release in phosphate buffer pH 6.8 at a 

stirring rate of 50 rpm plotted against the calculated HPMC release in vivo for 

formulations F1-F4 respectively when administered under fasting condition. The type of 

dissolution medium affected the quantitative in vitro-in vivo relationship, since the in vitro 

erosion rates were shown to be pH-dependent (see Table 3.3). However, a similar rank 

order and the linear regression coefficient were observed in SGFsp pH 1.2 and 

phosphate buffer pH 6.8. The correlation between the cumulative in vitro HPMC release 

(given in %) in SGFsp pH 1.2 at 50 rpm and the in vivo HPMC release under fasting 

conditions in different volunteers are presented in Figure 8.5. Since it was not feasible to 

interpret all data points in all volunteers, only typical patterns of the formulations in 

different volunteers are described below.  

 

Figure 3.31 Cumulative percentage of HPMC release in vitro in phosphate buffer pH 6.8 at 
50 rpm, plotted against the cumulative percentage of calculated HPMC release for 
formulation F1 administered under fasting conditions to five volunteers.  

 

A good linear (point-to-point) correlation between the in vitro HPMC release at 50 rpm in 

phosphate buffer and the in vivo HPMC release was observed for all formulations in the 

individual volunteers for both administration conditions. These correlations had a 

minimum linear regression coefficient (r²) value of 0.91. The in vitro-in vivo linear 

regression coefficients, slopes, and intercepts for individual volunteers and all 
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formulations in SGFsp pH 1.2 and PB pH 6.8 at 50 rpm are given in Table 8.7 and Table 

8.8, respectively.  

 

 

Figure 3.32 Cumulative percentage of HPMC release in vitro in phosphate buffer pH 6.8 at 
50 rpm, plotted against the cumulative percentage of calculated HPMC release for F2 
administered under fasting conditions to five volunteers.  

 

For administration of formulation F1 in fasted state, in volunteer 1 a minimum r² value of 

0.94 was found. For 3 out of 5 volunteers, who received formulation F1, the in vivo 

HPMC release in the upper GI tract (stomach and small intestine) was typically higher 

than the estimated in vitro HPMC release in phosphate buffer, followed by a similar or 

slower release in the colon, with few exceptions for volunteers 2 and 4. For formulation 

F2 administered under fasting conditions, a minimum r² value of 0.96 was observed for 

volunteer 1. It must be noted that the inter-subject variability was highest for this 

formulation under fasting administration. In contrast to formulations F1, for formulations 

F3 and F4 in all volunteers under fasting conditions, the in vivo HPMC release was lower 

than the estimated in vitro HPMC release.  
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Figure 3.33 Cumulative percentage of HPMC release in vitro in phosphate buffer pH 6.8 at 
50 rpm, plotted against the cumulative percentage of calculated HPMC release for 
formulation F3 administered under fasting conditions to five volunteers.  

 

 

Figure 3.34 Cumulative percentage of HPMC release in vitro in phosphate buffer pH 6.8 at 
50 rpm, plotted against the cumulative percentage of calculated HPMC release for 
formulation F4 administered under fasting conditions to five volunteers.  
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Figure 3.35 Cumulative percentage of HPMC release in vitro in phosphate buffer pH 6.8 at 
50 rpm, plotted against the cumulative percentage of calculated HPMC release for 
formulation F3 administered under postprandial conditions to five volunteers.  

 

 

Figure 3.36 Cumulative percentage of HPMC release in vitro in phosphate buffer pH 6.8 at 
50 rpm, plotted against the cumulative percentage of calculated HPMC release for F4 
administered under postprandial conditions to five volunteers.  
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Figure 3.35 and Figure 3.36 presents the cumulative HPMC release (given in %) measured 

in vitro in phosphate buffer pH 6.8 at 50 rpm, plotted against the cumulative HPMC 

release (given in %) for the formulations F3 and F4 administered under postprandial 

conditions to five volunteers respectively.  

The in vitro-in vivo linear regression coefficients, slopes, and intercepts for formulations 

F3 and F4 measured for individual volunteer are given in Table 8.9 and Table 8.10, 

respectively. For fed state administration, the correlation between the in vivo HPMC 

release and the in vitro HPMC release in PB at a stirring rate of 100 rpm was also 

evaluated. The slopes, linear regression coefficients, and intercepts in individual 

volunteers for the conditions mentioned above are given in Table 8.11. For formulation 

F3 administered under postprandial conditions, a minimum r² value of 0.98 was found in 

volunteer 2. The variability between the different volunteers was relatively high. In 

volunteers 1, 4, and 5, the in vivo erosion rate was typically higher than the in vitro 

HPMC release rate. However, in volunteers 2 and 3 the in vitro HPMC release was 

typically higher than the in vivo HPMC release. For formulation F4 administered under 

postprandial conditions, a minimum r² value of 0.99 was found in volunteer 1. In all 

volunteers, the in vivo HPMC release was similar to, or higher than, the estimated in vitro 

HPMC release in phosphate buffer. For a comparison between the different formulations, 

a linear regression was plotted including all data points from different volunteers for each 

investigated formulation and both administration condition as shown in Table 3.8. 

 

Table 3.8 Linear regression and slope of in vitro-in vivo correlation for each investigated 
formulations and administration condition, obtained by incorporating all the data points 

from all five volunteers and in vitro dissolution in PB pH 6.8 at 50 rpm.  

Formulation Slope y Intercept r² p-value 

F1 fasting 0.764 ± 0.04337 4.685 ± 1.436 0.9038 < 0.0001 

F2 fasting 0.706 ± 0.05446 6.653 ± 2.069 0.8615 < 0.0001 

F3 fasting 0.712 ± 0.03184 3.057 ± 1.281 0.9277 < 0.0001 

F4 fasting 0.803 ± 0.03752 -7.275 ± 1.886 0.9234 < 0.0001 

F3 postprandial 1.050 ± 0.09497 1.478 ± 2.980 0.7921 < 0.0001 

F4 postprandial 1.220 ± 0.15660 0.148 ± 5.227 0.7517 < 0.0001 
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In order to provide a quantitative measure of the predictability of the point-to-point IVIVC, 

the mean percentage prediction errors (PE%) of the correlations were calculated for 

each formulation and for both tested dissolution media at 50 rpm. In addition, for 

postprandial administration the PE% of the IVIVC for the in vitro HPMC release in 

phosphate buffer at a stirring rate of 100 rpm. The absolute mean percentage prediction 

errors of all the formulations under all test conditions are shown in Figure 3.37.  

 

 
‘*’ means ‘PE% value of 242%, SD 64%’ for formulation F4 in SGFsp pH 1.2 at 50 rpm 

Figure 3.37 The mean absolute prediction error (%) with standard deviation (n=5), for all the 
investigated formulations in both dissolution media and administration conditions. The 
blue bar represents the mean prediction error for SGFsp pH 1.2 at 50 rpm; the red 
and white bars represent the PE% for phosphate buffer pH 6.8 at 50 rpm and 
100 rpm respectively.  

 

As depicted from Figure 3.37, the dissolution medium had a substantial effect on the 

mean prediction error. The ranking order and deviations were not similar in the two 

dissolution media for the formulations investigated. For all formulations and under both 

administration conditions, the lowest mean prediction error was found in phosphate 

buffer at 50 rpm. Figure 3.37 shows that formulations F1, F2 and F3 had similar mean 

prediction errors (< 24%) and low standard deviations (< 12%) in the phosphate buffer at 

50 rpm for fasting administration. However, for formulation F4 the mean prediction error 

in fasted state was relatively high, while this formulation also displayed the highest 
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a mean percentage prediction error of 242% ± 63% was observed after fasting 

administration. Such a high mean percentage prediction error value was not observed for 

any other formulation under either administration condition. For postprandial 

administration of formulation F4, the mean prediction error was below 20% in phosphate 

buffer pH 6.8 and the standard deviation was relatively high. For both formulations 

administered postprandially, the mean predication error values were substantially higher 

in SGFsp at 50 rpm and phosphate buffer at 100 rpm, than in the phosphate buffer at 

50 rpm. 
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4 Discussion 

4.1 Effect of formulation composition on in vitro HPMC release 

 

The formulations investigated in this study differed mainly in their HPMC viscosity grade, 

molecular weight polydispersity, and HPMC-DiTab ratios. Formulations F1 and F2 

contained different proportions of the Methocel K4M and Methocel K100LV mixtures, 

while formulations F3 and F4 contained a high (40% w/w) and a low (20% w/w) amount 

of HPMC, respectively. These amounts of HPMC in the formulations were selected 

based on the percolation threshold in the HPMC-based matrix tablets, which typically 

amounts to 20-30% of the polymer [7, 63]. Physical mixtures of the commercially 

available HPMC viscosity grades resulted in different weight average molecular weights 

(Mw), number average molecular weights (Mn) and polydispersity indices (PI), the latter 

being a measure of the width of the molecular weight distribution [16]. A previous study 

investigated similar formulations comprising 15-100% HPMC (100 mPas), with the 

remaining of the composition being DiTab. The DiTab was released at the same rate or, 

at some time-points, slower than the HPMC release, irrespective of the amount of 

polymer in the composition. These results indicate that erosion is the dominant release 

mechanism for HPMC matrix formulations containing poorly water-soluble compounds 

[7, 22]. Thus, for the formulations used in the present work, the contribution from 

diffusion in the additive release was assumed to be negligible, and erosion was taken to 

be the main release mechanism, which was measured by the HPMC release in the 

dissolution medium. In other words, the polymer chain disentanglement determines the 

overall dissolution kinetics [10].  

The HPMC release profiles of the different formulations in the same dissolution media 

and stirring rates were compared using f1 (difference) and f2 (similarity) factors according 

to the FDA guidelines [54]. All formulations were significantly non-similar to each other, 

which means that the difference between two dissolution profiles was more than 10%. 

The f factors calculation is a simple method for comparing dissolution profiles and is 

easy to interpret, since only one value is obtained to describe the similarity between two 

dissolution profiles. However, f factors are dependent on the number of data points 

compared and on the last point of dissolution (> 85% dissolution). Alternatively, ANOVA-

based or model-dependent methods can be used to compare dissolution profiles. 

ANOVA-based methods and model-dependent methods are more discriminative than the 

f factors, but are difficult to apply and interpret [55, 61]. For the purpose of the present 
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work, f factors calculation was sufficient and a further detailed analysis of the dissolution 

profile was deemed unnecessary.  

Formulations F1, F2, and F3 could be ranked in a decreasing order based on their 

average molecular weight or the intrinsic viscosity of the HPMC [8]. All formulations 

showed an almost linear release profile for the majority of the time, which was followed 

by a decreased erosion rate. The in vitro HPMC release rates decreased substantially 

with increase in average molecular weight of the HPMC in both tested dissolution media 

(pH 1.2 and pH 6.8). The t50% values of the formulations also increased substantially with 

increasing polymer average molecular weight. In phosphate buffer pH 6.8, they 

amounted to 10.5 h for F1, 7 h for F2 and 4.2 h for F3. Thus, our results show that by 

mixing different weight fractions of commercially available HPMC viscosity grades, a 

desirable rate and duration of the in vitro release can be achieved.  

A strong relationship between the average molecular weight and polymer release has 

already been reported in the literature. Reynolds and co-workers showed an inverse 

relationship between the polymer erosion rate and the polymer number average 

molecular weight (Mn) [18]. Körner and co-workers investigated the polymer release 

rates from tablets containing mixtures of high and low molecular weight grades HPMC in 

different ratios. They established an inverse relationship between the polymer release 

rates and intrinsic viscosity of the polymer mixture, irrespective of its polydispersity. The 

intrinsic viscosity is a measure of the polymer chains swelling in a given solvent. It 

typically increases with increasing mean molecular weight of the polymer. Moreover, the 

intrinsic viscosity of the polymer samples is directly proportional to the critical 

disentanglement concentration, which is difficult to measure directly [16]. As discussed in 

section 1.2, the vital factor concerning the matrix erosion rate is the critical polymer 

disentanglement concentration. However, data on the average molecular weight or 

intrinsic viscosity of the polymer mixture (K4M and K100LV) used for the preparation of 

formulations F1 and F2 were not available, and neither were data on the intrinsic 

viscosity of K100LV. Thus, a quantitative relationship between the release rate and 

molecular weight or intrinsic viscosity could not be established. Formulations containing 

higher amounts of high viscosity grade HPMC (K4M) create thicker gel layers than 

formulations containing K100LV, resulting in slower erosion rates. The thickness of the 

gel layer depends on the void volume between the polymer chains. For the longer chains 

of Methocel K4M, the distance between two junction points is greater than for the shorter 

chains of Methocel K100LV, leading to a larger void volume. Thus, more solvent is 

required to fill the voids created by the longer chains in order to reach the critical 
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disentanglement concentration (dis), leading to a lower critical disentanglement 

concentration for a polymer of higher molecular weight [8, 24].  

Formulation F4 contained half of the amount of HPMC (20% K100LV) compared to the 

other formulations. Polymer weight fraction is an important parameter in the mechanical 

integrity and the ability of gel matrices to perform prolonged release. Although the HPMC 

weight fractions were below the percolation threshold, the formulations exhibited almost 

linear and sustained releases in both dissolution media. Tajarobi and co-workers have 

shown that formulations with low HPMC weight fractions have a slightly higher tablet 

porosity, which could result in a faster transport of water into the matrix at the initial 

stages of tablet dissolution [7]. However, the porosity effect is of minor importance for 

swellable gel matrix tablets, which contain high amounts of poorly water-soluble 

compounds. The main reason for the higher erosion rate of formulation F4 compared to 

F3 could be the increased water transport in the matrix. The amount of insoluble 

additives might have affected the structure and the mechanical properties of the diffusion 

layer of the polymer at the erosion front of the matrix. Thus, the disentanglement 

concentration of the swellable gel matrix was not only dependent on the physicochemical 

properties of the polymer, but also on the overall composition of the formulation [6]. 

Effect of dissolution medium pH on in vitro erosion 

All formulations exhibited substantially faster erosion rates in SGFsp pH 1.2 than in 

phosphate buffer pH 6.8. At a 50 rpm stirring rate, the increase of the in vitro erosion rate 

in SGFsp pH 1.2 compared to PB pH 6.8 was highest for formulation F4 (1.7 times 

increase). Surprisingly, rather than formulation F1, formulation F3 showed the lowest 

increase of the in vitro erosion rate (1.2 times increase) in SGFsp pH 1.2 than in PB 

pH 6.8. The increase of erosion rate in SGFsp pH 1.2 could be due to solubility, osmotic, 

and charge effects. The increase in dissolution rate of the active ingredient from gel 

matrix tablets is often attributed to a higher solubility of the active substance in the same 

dissolution media [64, 65]. The quantitative solubility of DiTab in SGFsp pH 1.2 could not 

be found in the literature. However, Schmidt and Herzog reported that the DiTab is 

“soluble” in 0.1 M HCl solution, with data provided by the excipient supplier. The 

solubility of DiTab in phosphate buffer pH 6.8 is 0.05 mg/mL [7, 47]. With respect to the 

long duration of the in vitro dissolution experiments, the solubility of DiTab may have an 

impact on the erosion rate of the formulations. If we consider the increase in solubility of 

DiTab in SGF pH 1.2, it is likely this will further lead to an increase in the osmotic 

pressure gradient and, consequently, an increased water transport [66]. Reynolds and 

co-workers showed that the HPMC dissolution rate is slower in the presence of a 
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phosphate buffer compared to a HCl solution or deionized medium for pure HPMC 

matrices. They further discussed that since the chloride ions do not compete for water of 

hydration to the extent that phosphate ions do, the polymer erosion is faster in the 

SGFsp compared to phosphate buffer. This is consistent with the lower ranking order of 

chloride ions in the lyotropic series [10, 67].  

Effect of agitation rate on erosion 

In Figure 3.3 and Figure 3.4, it can be clearly seen that the erosion profile curves are 

shallow at lower rotation speeds and steeper at higher rotation speeds. The effect of 

stirring rate on the HPMC-based hydrophilic gel matrix tablets is well known from the 

literature [18, 68, 69]. An increase in agitation rate causes an increase in the rate of 

disentanglement of polymer chains from the gel layer of the matrix and, consequently, an 

increase in mass transfer at the matrix surface [18]. However, the effect of agitation rate 

on the erosion rate was not systematically investigated in this study. For the in vitro 

experiments, all formulations showed swelling without any sign of disintegration. None of 

the formulations exhibited a burst release in either of the release media and for all tested 

stirring rates, indicating that the formulations were robust under high shear conditions.  

In vitro correlation between magnetic moment and HPMC release 

To calculate the amount of HPMC release in vivo from the measured magnetic moment 

(MM) of the formulations, a correlation between the decreasing magnetic moment and 

HPMC release was determined in vitro. In the tablets containing iron oxide, particles 

were aligned randomly within the matrix, which resulted in a negligible dipole moment 

(Figure 4.1a). Magnetization under external magnetic field resulted in an orientation of the 

magnetite particles in one direction (Figure 4.1b).  

This initial decrease of MM could be attributed to the hydration and subsequent swelling 

of the tablets when exposed to the dissolution medium. The swelling of the polymers 

could have caused the disarrangement of the aligned magnetic iron oxide particles, 

resulting in a decrease in MM without erosion of the tablet. After an MM decrease of 

20%, the relationship between the magnetic moment and HPMC release was still not 

linear, indicating that the decrease in MM was due to erosion as well as diffusion. For the 

maximum value of 80% HPMC release, a complete loss of the magnetic moment signal 

was observed. At this point, all iron oxide particles had either lost their orientation in the 

magnetic field, or were released from the matrix. Since a residual tablet mass could be 

observed at the moment of complete loss of MM, the latter assumption was discarded. 
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Alternatively, it is also possible that the residue MM was below the detection limit of the 

MMDT.  

The magnetic moment decreased in the HPMC matrix tablets by different mechanisms, 

whereas swelling and erosion of the matrix can be regarded as the main reasons. 

Initially, when the tablet was exposed to the dissolution medium, the polymer chains in 

the outer layer swelled within a few minutes and formed an outer gel layer. The 

alignment of magnetite particles within the swollen matrix was therefore disturbed, which 

lead to a decreased net magnetic moment. However, the dry non-swollen core remained 

unaffected (Figure 4.1c). The results also show that initially there was no or minimal 

HPMC release until 15-20% of the magnetic moment reduction. Since magnetite is 

poorly water soluble, its release rate was expected to be similar to HPMC [7].  

 

 

Figure 4.1 Schematic diagram of the tablets containing magnetite particles with random magnetic 
orientation a). After magnetization, the magnetite particles are aligned in the direction 
of the applied external magnetic field b). Decrease of magnetic moment due to 
hydration and swelling of the tablet c). Further decrease of magnetic moment due to 
release of magnetic particles via erosion and further swelling of the tablet core d). 
Modified from [56] with permission from Elsevier 

 

In the hydrated matrix, a further decrease in magnetic moment occurred due to swelling 

of the core and matrix erosion (Figure 4.1d). With matrix erosion, the magnetic particles 

were released into the dissolution medium. Subsequently, they could move freely and 

thus lost their orientation and failed to contribute to the net magnetic moment. Some 

magnetite particles could also be released during the initial swelling of the tablets. 
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However, this erosion was expected to have a nominal effect on the net magnetic 

moment. In addition, the dissolution of magnetite in the acidic medium SGFsp could also 

have an impact on the magnetic moment, especially for such a long duration of the 

experiments. A faster decrease of magnetic moment was observed in SGFsp pH 1.2 

than in PB pH 6.8. Nonetheless, the HPMC release was also faster, so it was difficult to 

evaluate the effect of pH on the decrease of magnetic moment from these results. 

Moreover, by the end of the experiments, an accumulation of undissolved iron oxide and 

other excipients was observed at the bottom of the dissolution vessel, which was larger 

in the phosphate buffer than in SGFsp (Figure 4.2). 

 

  

 

Figure 4.2 Photograph of pile of excipient after the completion of dissolution experiment in 
phosphate buffer pH 6.8 (left) and in SGFsp pH 1.2 (right). 

 

The correlation between MM and in vitro HPMC release (Figure 3.5) shows that after 

approximately 70-80% of HPMC release, the net magnetic moment was equivalent to the 

background magnetic noise. However, at this point a tablet mass was visually detected, 

as shown in Figure 4.3. There are two possible explanations for this phenomenon. First, 

at this point all the magnetite particles could have lost their magnetic orientation by 

swelling or erosion from the matrix. Second, the remnant magnetic moment could be 

below the background magnetic noise and was not detectable by the magnetoresistive 

magnetometer. Moreover, the temperature could also have affected the magnetic 

moment of the tablet. The ferromagnetic iron oxides exhibited a Curie point much higher 

than 37°C. However, as temperature also affected the swelling of the tablets, it might 

have had an indirect effect on the magnetic moment.  
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Figure 4.3 Photograph of formulation F2 after 24 h of dissolution testing in phosphate buffer 
pH 6.8 at 20 rpm in magnetic moment dissolution tester.  

 

Due to the difficulties regarding the HPMC analytics and magnetic moment 

measurement, the variability of the changes in the magnetic moment data, as well as in 

the polymer release data, was high. Even tablets coming from the same batch could 

have exhibited different changes in magnetic moment and polymer release. Due to the 

poor quality of the data, the results for formulation F4 in SGFsp pH 1.2 were not included 

in the correlation between the magnetic moment and HPMC release. Despite these 

difficulties, a stable correlation was observed between the magnetic moment and HPMC 

release for all tested conditions and formulations. However, our results did not allow for a 

statistical evaluation of these data, nor for determining the effect of agitation rate and 

dissolution medium. Moreover, the magnetic moment dissolution setup did not represent 

the physiological conditions. Therefore, care should be taken while interpreting the 

calculated in vivo HPMC releases. 
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4.2 Effect of formulation composition on in vivo HPMC release 

 

In the previous chapter, it was shown that the in vitro erosion rate of the HPMC-based 

formulations can be tuned by varying the molecular weight and concentration of the 

polymer. However, the applied static in vitro test conditions are not comparable to the 

dynamics of the in vivo conditions. One of the major objectives of this study was to 

investigate the relevance of the in vitro erosion characteristics to the dynamic 

gastrointestinal conditions. Caution was needed while interpreting the calculated in vivo 

HPMC release, since this was calculated from the magnetic moment recordings using a 

predetermined correlation between magnetic moment and HPMC release. Based on the 

results from previous studies investigating comparable tablets, it can be assumed that 

the HPMC release was purely driven by erosion and not by diffusion [7, 22]. However, a 

linear correlation function was not observed, since the decrease of the magnetic signal 

was driven by both erosion and diffusion [44, 56].  

Similar to the in vitro HPMC release rates, the in vivo HPMC release rates were shown 

to depend on the formulation composition. Formulations that contained a larger 

proportion of the high molecular weight HPMC or a higher HPMC concentration exhibited 

relatively lower erosion rates and vice versa. However, due to inter-individual variability 

and the small size of the population group in this study, the differences between the 

erosion rates of the formulations were not significant in all cases.  

For formulations F1 and F2, the mean in vitro erosion rates in phosphate buffer pH 6.8 at 

a stirring rate of 50 rpm and the mean in vivo erosion rates in fasting conditions were 

comparable. By contrast, for formulations F3 and F4, the in vitro erosion rates were 

faster than the mean and the individual in vivo erosion rates. The differences between 

the observed in vitro and in vivo erosion rates could be due to the gel layer thickness, 

which is dependent on the average molecular weight of the HPMC. Nevertheless, the 

employed in vitro test methods were able to predict the rank order of the HPMC tablets 

with respect to the in vivo erosion rates. The in vivo (small intestine) and in vitro erosion 

rates both decreased with increasing amount of high-molecular weight HPMC in tablets 

with 40% HPMC and 58% calcium hydrogen phosphate (Figure 4.4). The data also 

showed that for fasting administrations, the in vivo erosion variability decreased with 

increasing content of high-molecular weight HPMC. These results are consistent with 

those from Roshdy et al., who found that hydrophilic matrices with low gel strength 

exhibit a larger variability between the in vivo theophylline absorption and the in vitro 

release [70]. In contrast, under fasted state conditions, the inter-individual erosion rate 
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variability was lowest for tablets containing 20% low-molecular weight HPMC (F4). The 

reason for this low inter-individual variability could be related to the faster erosion rate. 

Furthermore, the in vivo erosion profiles in the upper GI tract (stomach and small 

intestine) were typically linear. Despite the fact that formulation F4 contained only 20% 

HPMC, the tablets did not exhibit rapid disintegration, and a sustained HPMC release 

was observed under fasting and postprandial conditions.  

 

Figure 4.4 Mean (open circles) and individual (closed circles) small intestine erosion rates and 
mean in vitro erosion rates (open diamonds) for tablets with varying contents of high-
molecular weight HPMC (Methocel K4M) and 58% w/w calcium hydrogen phosphate. 
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4.3 Physiological parameters affecting HPMC release 

 

The gastrointestinal physiology plays a vital role in the in vivo erosion behavior of the 

hydrophilic gel matrix tablets. This section discusses the most relevant physiological 

factors that may affect the erosion characteristics of the hydrophilic matrices. 

Gastrointestinal transit times 

The gastrointestinal transit of a solid dosage form is highly complex and affected by a 

variety of factors, including the size of the dosage form, and intra- and inter-individual 

variability in the gastrointestinal physiology. An extended release tablet is typically 

swallowed and passes the esophagus to the stomach by peristaltic contractions. In 

healthy volunteers, the orogastric transit time, esophageal transport velocity, and rate of 

esophageal retention of the solid dosage form depends on the swallowed volume and 

body position [71]. Esophageal retention of the tablets was not observed in the present 

study, since the tablets were taken in an upright position with 240 mL of water. In fasted 

state, gastric retention and gastric emptying is controlled by the regular interdigestive 

migrating myoelectric complex (MMC) cycles. The interdigestive MMC cycle is usually 

divided into three phases of activity in the fasting stomach, and typically lasts 120-

140 min. MMC Phase I is marked by a period of inactivity, whereas in phase II the 

activity front simultaneously begins in the antrum and the duodenum, producing a series 

of mixing contractions. Phase III, the so-called housekeeper contractions, exhibits strong 

contractions against an open pylorus for 4-6 minutes [72, 73]. In the present study, 

gastric emptying time after fasted state administration was in the range of 2-116 minutes 

and did not depend on the formulation composition. The high intra- and inter-individual 

variability of gastric emptying time in the fasted state is due to the administration of 

tablets during different phases of the MMC. It is known that large, indigestible objects 

similar to the investigated matrix tablets are generally emptied from the stomach in 

phase II or phase III of the MMC [74, 75]. MMC does not only start in the stomach, but at 

several locations along the GI tract, including the esophagus and small intestine. MMC 

cycles that start in the small intestine will not affect the gastric emptying of the tablets, 

which could result in longer gastric retention of the tablets [76]. Moreover, the posture of 

the volunteer also affects the gastric emptying: for instance, radiolabeled meal and pellet 

formulations have been shown to empty more slowly in supine position than in upright 

position [77, 78]. In the present study, the volunteers were in supine position during the 

magnetic measurement, which lasted for approximately 10 minutes every half hour. For 

the remaining time, the volunteer’s body posture was not controlled but most likely 
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upright. The correlation between the body mass index (BMI) and gastrointestinal transit 

times is controversial; some studies show a significant correlation between the gastric 

emptying time of a solid meal and BMI [79, 80], whereas others observe no such effect 

[81]. In the present study, an association between the BMI of the volunteers and the 

gastric emptying time or any other transit times of the tablets could not be found.  

Gastric emptying has been shown to affect the bioavailability and the onset of 

absorption. Gastric emptying can be the rate-limiting step in drug absorption for 

immediate release and extended release dosage forms [44, 74, 82]. A weak inverse 

association between erosion rate and gastric emptying time was observed for all 

formulations administered under fasting conditions (Figure 4.5). The correlation between 

the erosion rates and gastric emptying times for all formulations was statistically not 

significant (n = 20, Spearman correlation coefficient r = -0.17, P = 0.5). However, for 

formulation F1 administered in fasting conditions, this correlation was significant (n = 5, 

Spearman correlation coefficient r = -0.97, P = 0.0048). It is worth mentioning that in all 

volunteers, formulation F1 was located mostly in the distal stomach during the magnetic 

measurement and in volunteer 1, the slowest erosion rate was observed (Figure 3.19). A 

similar correlation between the erosion rate and any of the other transit times could not 

be established.  

 

 

Figure 4.5 Relationship between erosion rate and gastric emptying of formulations F1 (square), 
F2 (circle), F3 (triangle) and F4 (inverted triangle), observed after administration under 
fasting conditions. 
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Meal intake terminates the MMC cycle due to feedback mechanisms in the duodenum 

and fed motility pattern starts. In the present study, the gastric emptying time was 

significantly delayed for tablets administered under postprandial conditions compared to 

fasting administrations (Figure 4.6). For formulation F4 given in fed state, gastric emptying 

could only be observed in two out of five volunteers. This was due to an early end of the 

detection time, which was caused by faster erosion rate in the postprandial stomach. The 

gastric emptying times of both volunteers did not show any association with erosion rate. 

Similarly, for formulation F3 administered in fed state, the gastric emptying time did not 

show any influence on the erosion rate. The observed delay of the tablet gastric 

emptying in the fed state could be attributed to the discriminatory function of the 

stomach, known as gastric sieving, where coarse particles are retained in the stomach 

and only fine suspended particles resembling ground food are emptied into the 

duodenum [83, 84]. Consequently, the gastric emptying time of the tablets was delayed, 

because they were typically emptied following the onset of phase II or III contractions of 

the MMC cycle in fasted state. However, the tablets could also have emptied from the 

fed stomach prior to the onset of interdigestive MMC activity [75, 85].  

 

 

Figure 4.6 Gastric emptying time in individual volunteer observed in postprandial administrations. 
* P 0.018, Mann Whitney test. 
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Regarding the postprandial administration, the tablets typically remained longer in the 

distal stomach than in the proximal stomach. Under postprandial conditions, the 

residence time in the proximal or distal stomach did not have a significant effect on the 

erosion rates. For formulation F3, similar erosion rates were found for both long and 

short proximal or distal stomach residence times in different volunteers (Figure 4.7). 

However, for formulation F4, an increase in erosion rate was observed in two volunteers, 

if the tablets experienced longer residence times in the distal stomach. The longer 

retention of tablets in the distal stomach can again be attributed to the gastric sieving 

action, where larger denser non-buoyant particles are retained in the lower portion of the 

greater curvature, also known as the gastric sinus [86, 87].  

 

 

Figure 4.7 Relationship between erosion rate and residence time of formulations F3 (closed 
triangle) and F4 (closed inverted triangle) in the distal stomach, and formulations F3 
(open triangle) and F4 (open inverted triangle) in the proximal stomach, observed after 
administration under postprandial conditions. 

 

As can be seen from Figure 4.8, the erosion rate in the distal stomach was typically higher 

than in proximal stomach, and the difference between them was also statistically 

significant. The higher erosion rate in the distal stomach can be explained in the light of 

the motility pattern and forces acting in the different regions of the stomach. The 
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mixing, grinding and emptying of chyme occurs simultaneously in the distal stomach, 

with the help of antral contraction waves. The antral contraction waves generally 

commence as shallow indentation at the greater curvature and gradually, the waves 

become stronger and faster as they propagate distally. Just before an antral contraction 

wave reaches the pylorus, the pyloric sphincter constricts and the bulk chyme along with 

large particles, such as tablets or capsules, is retropulsed back into the antrum and 

corpus due to an intragastric pressure gradient. The frequency of the antral contraction 

wave is typically constant around 3 min-1. The forces acting on the gastric content are 

much higher in the distal (antropyloric) region of stomach than in the fundus region, due 

to the continuous mixing action caused by antral contraction waves [88].  

 

 

Figure 4.8 Box plot of the localized erosion rate of formulations F3 and F4 in the proximal 
stomach (n = 5) and distal stomach (n = 7), administered under postprandial 
conditions. * P 0.018, Mann Whitney test.  
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Gastrointestinal motility 

One advantage of magnetic marker monitoring over other imaging techniques is that the 

motility of the magnetically marked tablets in the gastrointestinal tract can be observed 

with high accuracy. The motility data recorded by the SQUID sensor system provides all 

spatial and rotatory degrees of freedom. Moreover, the investigation of the 

gastrointestinal motility pattern by a frequency analysis of the marker rotation has also 

been reported in the literature [92].  

Evaluation of the relationship between the HPMC release and the velocity of the tablet in 

the gastrointestinal tract was difficult. The amount of HPMC release (in %) was 

calculated from the mean magnetic moment for each measurement sequence, using the 

correlation function between the magnetic moment and the amount of HPMC release 

(equation 10). Therefore, the available HPMC release data was the mean value from 

approximately 10 minutes, while the velocity data were available for approximately every 

second. Calculating a mean velocity for each measurement sequence is impractical, 

since a lot of motility information would be lost. Moreover, the HPMC release could not 

be calculated in the same way as the velocity data, due to the high variability in the 

magnetic moment data, as shown in Figure 4.9.  

 

 

Figure 4.9 Changes in magnetic moment (first measurement sequence) for formulation F4 in 
volunteer 1, administered under fasting condition.  
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Figure 4.10 Velocity profiles of formulation F3 in volunteer 3, administered under fasting (top) and 
30 min after a high caloric meal (bottom), along with the respective distance covered and the 
HPMC release. The light grey area represents the proximal stomach; dark grey the distal 
stomach; the dashed line represents gastric emptying; and the solid line the colon arrival of the 
tablet.  
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below 20 mm/sec were observed in most of the volunteers. Intermittent peak velocities 

were observed throughout the gastrointestinal tract between the slow propagations of 

magnetically labeled tablet. The highest velocity peaks were observed during duodenal 

passage in both fasting and postprandial state. As the distance travelled by the tablets is 

similar for fasting and postprandial administrations, this indicates that the distance 

calculated by this method does not represent solely the translational movement of the 

tablet within the GIT.  

The velocity profiles were highly variable, even in the same volunteer and under the 

same prandial state. It was not possible to discriminate between different gastrointestinal 

regions, such as stomach and small intestine, based on the velocity data. Such a 

discriminatory velocity pattern has been reported in a previous study using the magnetic 

tracking system MTS1000 as an imaging device [93]. The higher velocities or velocity 

peaks are not associated with the higher release rates, but rather to the normal 

gastrointestinal physiology, such as the forces applied and the fluid availability in the 

gastrointestinal tract. Similarly, no correlation was found between the velocity and the 

distance travelled. 

 

Food effect on in vivo HPMC release 

The erosion rates of the formulations were significantly higher in the fed state than in the 

fasted state, for both formulations investigated in this study. The physiological aspects 

such as intragastric motility and the forces, volume and nature of the gastric content 

could have potentially affected the erosion rate in the postprandial stomach. In the fed 

state, the stomach filling volume is significantly higher than in the fasted state [91, 94]. 

Thus, it is more likely that the tablets were in contact with gastric juices containing 

enzymes for a longer time compared to the fasting conditions. Gastric pH profiles 

obtained after the intake of a high-caloric meal showed that after an initial increase of 

gastric pH, the pH returns to fasted state levels within one to two hours [95]. 

Consequently, tablets administered under fed conditions were probably exposed to a 

gastric medium that was gradually becoming more acidic. In vitro data for the 

investigated formulations indicated that the erosion rates were expected to increase with 

decreasing gastric pH. Although the small intestinal erosion rates for formulation F3 

under fasting and postprandial conditions were similar, the overall erosion rates were 

significantly different between fasting and postprandial administrations. This indicates 

that the stomach erosion rate was a determining factor. Higher maximum force and 

torque were measured by a telemetric pill (SmartPill) during gastric residence in fed state 
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compared to fasted state [96]. Moreover, the maximum forces and torques were 

observed during the muscular contractions leading to gastric emptying [96].  

Cassilly and co-workers measured pressures waves greater than 200 mbar in the distal 

antrum and the passage through the pyloric sphincter, using a wireless motility capsule 

(SmartPill) [97]. However, the large size of the SmartPill needs to be considered 

(13 mm x 26 mm). A smaller monolithic object may not encounter such high motility 

pressures. Garbacz and coworkers demonstrated that the multiple peaks observed in 

individual plasma concentration profiles for HPMC-based diclofenac extended release 

tablets could be reproduced using the stress test apparatus. These results were in 

contrast to the smooth continuous release profiles observed with a conventional USP II 

method and were related to the high motility pressures applied during gastric emptying 

and ileocaecal passage [98]. In the current study, a sudden decrease of magnetic 

moment indicating a rapid degradation or disintegration of tablets was not observed in 

any of the investigated formulations and administration regimes. This indicates that the 

HPMC-based tablets containing a high proportion of poorly water-soluble additives and 

an adequate amount of HPMC were robust against gastrointestinal stresses. Thus, dose 

dumping due to formulation failure, i.e. rapid disintegration of the dosage form in the 

gastrointestinal tract of such formulations, are highly unlikely. Our results corroborated 

with previous findings by Tajarobi and co-workers, who showed that formulations 

containing poorly water soluble additives were robust even under harsh in vitro 

hydrodynamics. However, similar formulations containing highly water soluble additives 

and HPMC concentrations below the percolation threshold disintegrated in a non-robust 

manner in the in vitro dissolution setup (USP apparatus II in phosphate buffer at 50 and 

125 rpm rotation speeds) [7]. Moreover, Ghmire and co-workers, showed that 

formulations containing 20% of HPMC (100 mPas) and high amounts of water-soluble 

additives exhibited rapid disintegration in vivo when administered under fasting 

conditions [17].  
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4.4 In vitro-in vivo correlation 

 

For bioequivalence studies, typically, a level A in vitro-in vivo correlation (IVIVC) is 

evaluated by plotting a point-to-point relationship between the fraction of the drug 

absorbed in vivo and the in vitro drug dissolution. In this study, the in vivo HPMC release 

data were calculated from the in vivo magnetic recordings, by means of the correlation 

determined in vitro between the magnetic moment decrease and HPMC release. 

However, it must be noted that the in vitro MMDT set-up did not represent the dynamic 

and heterogeneous gastrointestinal milieu. Moreover, the FDA guidelines for 

bioequivalence studies cited drug release from extended release dosage form, and not 

HPMC release. Therefore, interpretations from the derived IVIVC should be handled with 

caution. For all the investigated formulations, a linear, level A (point-to-point) IVIVC could 

be established in the individual volunteers for both intake conditions. These results 

indicate that the developed formulations were robust enough, and in vivo performance 

could be predicted from simple in vitro dissolution testing.  

However, different correlation functions for the same formulation were observed in 

simulated gastric fluid pH 1.2 and phosphate buffer pH 6.8. As discussed above, a faster 

HPMC release was observed in SGFsp pH 1.2 compared to the phosphate buffer. 

However, such a strong pH effect on the erosion rate was not observed in vivo for fasting 

administration. It is well known that solid oral dosage forms are exposed to an abrupt pH 

shift in vivo, when they are transferred from the acidic antrum to the alkaline duodenum 

[99]. A possible explanation for this lack of pH effect on erosion rate in vivo could involve 

the differences between the conditions to which the tablets are exposed in the complex 

dynamic gastrointestinal physiology and in the simple in vitro paddle apparatus. Firstly, 

the in vitro dissolution medium SGF pH 1.2 represented rather the lower end of the 

physiological pH. Moreover, the intragastric pH is variable within the stomach due to 

difference of the parietal cells distribution and motility pattern [100, 101]. Secondly, the 

volume of the dissolution medium and the duration that the tablets were in contact with 

the medium during the in vitro experiments were considerably larger than the volume 

and duration observed in vivo under fasting conditions [91, 102]. Moreover, the volume 

of liquid in the stomach depends on the amount of liquid ingested, the rate and amount 

of secretions, and the rate at which it empties into the small intestine. It has been 

reported that after an administration of 300 mL non-caloric water in fasting conditions, 

the stomach volume falls back close to original volume within 30 minutes [103]. Finally, 

the hydrodynamics and fluid velocities to which the tablets are exposed in the applied 
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dissolution method are significantly higher than those observed under physiological 

conditions, especially under fasting conditions [34, 104].  

The predictability of the in vivo HPMC release for all formulations in fasting as well as 

postprandial administrations was better with phosphate buffer pH 6.8 at 50 rpm in 

comparison to SGFsp pH 1.2 or higher stirring rate in phosphate buffer pH 6.8. 

Therefore, only the IVIVC between the in vivo HPMC release and the in vitro HPMC 

release in phosphate buffer pH 6.8 at 50 rpm will be further discussed here. For the 

comparison between different formulations, an IVIVC function considering all the data 

points from different volunteers was evaluated (Table 3.8). After fasting administration, all 

investigated formulations exhibited slopes between 0.7 - 0.8 for this overall correlation 

function. Slopes of less than 1 indicated slower in vivo HPMC release rates than the 

estimated in vitro HPMC release. In contrast, after postprandial administration, the 

slopes for the overall IVIVC functions were higher than 1, displaying faster in vivo HPMC 

release rates than those estimated by the use of the paddle apparatus. Thus, the in vivo 

HPMC release under fasting conditions was underestimated by the in vitro dissolution 

method and for postprandial conditions, while the HPMC release was overestimated by 

the in vitro dissolution method. For the fed state administration, the overall linear 

correlation coefficient of IVIVC for both tested formulations was poor. Nonetheless, linear 

correlation coefficient values of close to 1 were observed in individual volunteers. The 

high inter-individual variability between the volunteers could be related to the difference 

in the intragastric erosion rates. As discussed in section 4.3, the release rates in the 

postprandial stomach were typically higher in the distal stomach than in the proximal 

stomach (Figure 4.8).  

The effect of gel strength on the mean prediction error of IVIVC for theophylline hydrogel 

tablets has been reported previously for beagle dogs. Formulations with a higher gel 

strength exhibit an acceptable predictability error, while formulations with a weaker gel 

strength exhibit a poor IVIVC [70]. For the formulations investigated in this study, the 

average HPMC molecular weight did not affect the predictability of an IVIVC. 

Formulations F1, F2 and F3 comprised 40% HPMC, either a mixture of viscosity grade 

Methocel K4M and Methocel K100 LV or just Methocel K100 LV, and exhibited a similar 

(< 24%) mean prediction error with a low standard deviation under fasting conditions. 

However, the effect of the HPMC concentration on the predictability of the IVIVC was 

observed. Formulation F4 contained 20% of Methocel K100 LV and exhibited a high 

mean prediction error, due to faster HPMC release rates in vitro compared to in vivo. The 

difference between the in vitro and the in vivo HPMC release could potentially be related 

to the different gel strengths of the hydrophilic matrices. For formulations F1, F2 and F3, 
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the gel layer strength was sufficiently high, and even under harsh in vitro conditions, the 

release rate was similar to the in vivo release rate. In contrast, for formulation F4, a 

higher release rate was observed, which was probably due to the weak gel strength. 

However, when formulation F4 was administered under fed conditions, the in vivo HPMC 

release rate was similar or even faster than the in vitro HPMC release. Here, a mean 

prediction error below 20% was observed.  

The FDA guidance on development, evaluation, and application of IVIVC for extended 

release oral dosage forms states that 12 units of the formulations should be tested for 

assessment of the in vitro dissolution behavior. The mean absolute percent prediction 

error should not exceed 10%, and the prediction error for individual formulations should 

not exceed 15%. The obtained prediction error of 10% to 20% indicates an inconclusive 

predictability and thus illustrates the need for further study using additional data sets. 

[105]. Despite the fact that these guidelines were developed for drug release from 

formulations rather than HPMC release, none of the investigated formulations has 

exhibited an acceptable mean predictability under one of the administration conditions. 

Formulation F4, administered postprandially, exhibited the lowest prediction error of 

approximately 20%. 

A study comparing the in vitro-in vivo correlation of eroding carbomer matrix formulations 

containing a poorly water soluble compound, using different compendial dissolution 

apparatuses  - USP dissolution apparatus II (paddle), III (reciprocating disk), and IV (flow 

through cell) - showed a similar predictability of the in vivo release profiles with all 

different methods [106]. The in vitro dissolution assessment with biorelevant dissolution 

media that reflect the compositions and physicochemical characteristics of the fasted 

stomach and small intestine could result in a better IVIVC than in the phosphate buffer 

pH 6.8. However, the IVIVC largely depends on the physicochemical properties of the 

active substances.  
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5 Conclusion 
 

This study has demonstrated that magnetic marker monitoring (MMM) is a suitable 

method for studying the gastrointestinal transit and the erosion behavior of extended 

release HPMC matrix formulations. The in vitro erosion rate of the HPMC-based 

hydrophilic matrices can be modified by varying the amount of polymers and the 

concentration of different molecular weight of HPMC. Gastrointestinal physiology plays a 

key role in the transit time of the tablets in different segments of the gastrointestinal tract. 

Particularly the presence of food in the upper gastrointestinal tract significantly increases 

the erosion rate of the investigated formulations. A weak correlation between gastric 

emptying time and erosion rate was observed for formulation F1 in fasting conditions. 

However, no such correlation was observed between the gastric emptying or small 

intestinal transit time and erosion rate for any of the other formulations, when 

administered under fasting conditions. Variation in the erosion rate between the different 

segments of the GI tract was also observed. However, due to insufficient data on the 

stomach, the significance of these variations could not be verified. All the investigated 

formulations were robust enough and rapid disintegration of the formulations (i.e. 

formulation failure that can probably cause dose dumping) was not observed, neither 

under fasting nor under postprandial conditions. All the formulations exhibit a level A in 

vitro-in vivo correlation between the in vitro dissolution in phosphate buffer pH 6.8 at 

50 rpm and the in vivo HPMC release for both intake conditions.  
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6 Abstract 
 

HPMC (Hydroxypropylmethylcellulose) based hydrophilic gel matrix tablets are one of 

the most commonly used monolithic extended release dosage forms used in the 

pharmaceutical industry. Drug release from the hydrated HPMC matrix is generally 

controlled by either diffusion or erosion, or a combination of both. Several studies have 

shown that for HPMC-based matrices with a high amount of poorly water-soluble 

additives, erosion is the predominant release mechanism. Erosion rates of these 

formulations vary significantly with changes in the matrix composition. Depending on the 

erosion rate, the drug delivery might occur over a shorter or longer time span and thus to 

different sites of action that are proximal or distal gastrointestinal tract (GIT). Erosion 

rates of HPMC-based matrices can be modulated by changing the amount and 

molecular weight of the HPMC. 

In the present study, four different HPMC-based hydrophilic matrix formulations 

developed by AstraZeneca R&D, Sweden, were investigated for in vitro as well as in vivo 

erosion behavior. Formulations F1, F2, and F3 consist of 40% HPMC, which is a mixture 

of two different HPMC viscosity grades (Methocel K100LV and Methocel K4M). 

Formulations F1, F2, and F3 contained 23%, 10%, and 0% of Methocel K4M, 

respectively, while formulation F4 was composed of 20% Methocel K100LV. Calcium 

hydrogen phosphate dihydrate (a poorly water-soluble compound) was used as the filling 

excipient.  

The in vitro HPMC release from the matrices was investigated using a USP dissolution 

apparatus II equipped with a stationary basket in a phosphate buffer (PB) pH 6.8 and 

simulated gastric fluid without pepsin (SGFsp) pH 1.2 at various rotation speeds. The 

HPMC concentration in the dissolution samples were analyzed using size exclusion 

chromatography coupled with multiangle light scattering and refractive index detectors 

(SEC-MALS/RI). In order to establish a correlation function between the magnetic 

moment and HPMC release, the formulations were tested in a magnetic moment 

dissolution tester (MMDT), a modified in vitro dissolution apparatus equipped with a 

magnetometer. The in vivo gastrointestinal imaging and erosion behavior of the tablets 

were investigated by magnetic marker monitoring (MMM) using a superconducting 

quantum interference devices (SQUIDs) sensor system in five healthy male volunteers at 

Physikalisch-Technische Bundesanstalt (PTB), Berlin. All formulations were 

administered after an overnight fast of at least 10 hours. However, formulations 3 and 4 

were also administered 30 minutes after a standard FDA breakfast. 
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The in vivo HPMC release was calculated using the correlation function from the 

recorded in vivo magnetic moment data. A linear correlation function was not observed, 

since the decrease of the magnetic signal was driven by both erosion and diffusion. The 

in vitro and in vivo erosion-time profiles show that erosion was strongly dependent on the 

composition of the formulation. The formulations containing a larger proportion of high 

molecular weight HPMC, or a higher content of HPMC, exhibited relatively slower 

erosion rates and vice versa. However, unlike in vitro erosion rates, the in vivo erosion 

rates for different formulations did not always significantly differ from each other. In vivo 

erosion rates of the investigated formulations were significantly higher under 

postprandial administration than under fasted state administration. No rapid 

disintegration of any of the formulations (that is, formulation failure that can potentially 

cause dose dumping) was observed. A good linear (point-to-point) correlation between 

the in vitro HPMC release at 50 rpm in PB pH 6.8 and the in vivo HPMC release was 

observed for all formulations in the individual volunteers for both administration 

conditions. The predictability of the in vivo HPMC release for all formulations in fasting as 

well as postprandial administrations was better with phosphate buffer pH 6.8 at 50 rpm in 

comparison to SGFsp pH 1.2 or higher stirring rate in phosphate buffer pH 6.8. 

In postprandial administrations, the gastric emptying time was significantly delayed 

compared to fasting administrations. For postprandial administrations, the localized 

erosion rate in the distal stomach was significantly higher than in the proximal stomach. 

The in vivo HPMC release of the investigated formulations under both intake conditions 

was not dependent on the motility of the tablet in the gastrointestinal tract. The in vivo 

HPMC release for all the investigated formulations when administered under fasting 

conditions was underestimated, while under postprandial conditions, the HPMC release 

was overestimated by the in vitro dissolution method in PB pH 6.8 at 50 rpm.  
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8 Appendix 
 

Table 8.1: Evaluation of the mean magnetic moment for the in vitro experiments 
performed at 20 rpm 

//*********************************************************** 
//*** Input Data from File ********************************* 
// Es wird das letzte angeklickte axd-File geöffnet  
// Folgende Daten werden ausgelesen  
floatcol t, x, y, z;   
 
//*** Output Data in File ********************************** 
// Folgende Daten werden geschrieben 
floatcol B; // Betrag aus x,y,z 
floatcol zeit, B_peak; // Zeit in min 
// Mittelwert des Erdmagnetfeldes über 1 min 
floatcol x_basis, y_basis, z_basis, B_basis; 
// Signal=Feld-Werte bei Passage am Magneten  
floatcol x_signal, y_signal, z_signal, B_signal; 
// Peak=Vektordifferenz aus Signal - Erdfeld 
floatcol x_peak, y_peak, z_peak; 
// Betragsdifferenz aus |Signal|-|Erdfeld| 
floatcol Betragdiff; 
 
//*** Important Parameters ****************************** 
long upm;  //Umdrehungsfrequenz der Apparatur 
 
//*** Internal Parameters ******************************** 
floatcol tganz; 
floatcol Intervall, B_Intervall, Index; 
floatcol x_Intervall, y_Intervall, z_Intervall; 
floatcol B_unten, B_oben;  
floatcol x_sig, y_sig, z_sig; 
float t_max, Peak_unten, Peak_oben; 
long Nges, nt_max, le, upm; 
long i, j, l; 
 
//*** End of Declarations********************************* 
//********************************************************** 
 
//*** Settings ********************************************* 
upm = 20; 
 
//*** Definitions ****************************************** 
N_ges = length(t); 
t_max = max(t); 
nt_max = round(t_max + 0.5);    
tganz = round(t  + 0.5); 
B = sqrt(x*x + y*y + z*z); 
 
//*** Begin of Main Loop ********************************* 
 
for (i = 1; i < nt_max; i++) 
(    
    Intervall = find(tganz == i); 
    B_Intervall = B[Intervall]; 
    x_Intervall = x[Intervall]; 
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    y_Intervall = y[Intervall]; 
    z_Intervall = z[Intervall]; 
    Index=B[Intervall]; 
 
    le = length(B_Intervall); 
    for (j=1; j < le + 1; j++) Index[j] = j; 
    sort2fvec(B_Intervall, Index); 
    x_Intervall=x_Intervall[Index]; 
    y_Intervall=y_Intervall[Index]; 
    z_Intervall=z_Intervall[Index]; 
  
    for (l = 1; l < upm - 1; l++)  
         B_unten[l] = B_Intervall[l]; 
    for (l = le - upm + 3; l < le + 1; l++) 
          B_oben[l] = B_Intervall[l];   
 
    Peak_unten = abs(mean(B_unten) - median(B_Intervall));     
    Peak_oben = abs(mean(B_oben) - median(B_Intervall));   
 
    if (Peak_oben > Peak_unten) 
 ( 
  Betragdiff[i]=Peak_oben; 
             for (l = le - upm + 3; l < le + 1; l++) 
  (  
  x_sig[l-le+upm-2] = x_Intervall[l];   
  y_sig[l-le+upm-2] = y_Intervall[l];   
  z_sig[l-le+upm-2] = z_Intervall[l];   
  ) 
  ) 
    else 
 ( 
  Betragdiff[i]=Peak_unten; 
             for (l = 1; l < upm - 1; l++) 
  (  
  x_sig[l] = x_Intervall[l];   
  y_sig[l] = y_Intervall[l];   
  z_sig[l] = z_Intervall[l];   
  ) 
  ) 
   
     x_basis[i] = median(x_Intervall); 
     y_basis[i] = median(y_Intervall); 
     z_basis[i] = median(z_Intervall); 
     B_basis[i] = Sqrt( x_basis[i] * x_basis[i] +  
                                  y_basis[i] * y_basis[i] +  
                                  z_basis[i] * z_basis[i] ); 
 
     x_signal[i] = mean(x_sig); 
     y_signal[i] = mean(y_sig); 
     z_signal[i] = mean(z_sig); 
     B_signal[i] = Sqrt( x_signal[i] * x_signal[i] +  
                                   y_signal[i] * y_signal[i] +  
                                   z_signal[i] * z_signal[i] ); 
 
     x_peak[i] = x_signal[i] - x_basis[i]; 
     y_peak[i] = y_signal[i] - y_basis[i]; 
     z_peak[i] = z_signal[i] - z_basis[i]; 
     B_peak[i] = Sqrt( x_peak[i] * x_peak[i] +  
                               y_peak[i] * y_peak[i] +  
                               z_peak[i] * z_peak[i] ); 
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    zeit[i]=i; 
) 
//*** End of Main Loop ************************************ 
 
DeleteCol (ganz,Intervall,B_Intervall,Index, 
                x_Intervall,y_Intervall,z_Intervall, 
     B_unten,B_oben,x_sig,y_sig,z_sig); 
 
//*** End of Programm ************************************ 
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Table 8.2: Extraction of the mean magnetic moment at the time of sampling for the 
in vitro experiments performed at 50 rpm 

 
// programm for evaluation of relaxation measurements  
// S.N., date 14.09.10. 
// this script makes a copy of a certain segment of 
// the original data to a new file 
//*********************************************************** 
// original data read from the last clicked axd-file,  
// reading of t, x, y, z in the time intervall t1- t2, 
// name of the new file, t1, t2, and tend are input  
// parameters 
 
floatcol t, x, y, z; 
floatcol tint, xint, yint, zint; 
float t1, t2, tend; 
long i, N1, N2, Nges,Ndelta; 
string filename; 
 
// ***  input parameters *** 
tges = 984.0;  // total real time in minutes 
t1 = 25.0; // beginning of real time interval 
t2 = 35.0; // end of real time intervall 
filename = "int1"; // output file 
 
// *** calculations *** 
 
Nges = length(t); 
N1 = ceil(t1/tges*Nges); 
N2 = trunc(t2/tges*Nges); 
Ndelta = N2-N1+1; 
 
for (i = 1; i <= Ndelta; i++) 
(    
tint[i] = t[N1-1+i]; 
xint[i] = x[N1-1+i]; 
yint[i] = y[N1-1+i]; 
zint[i] = z[N1-1+i]; 
) 
 
//  *** write to output file *** 
 
DeleteCol (1..4); 
DeleteCol (9..100); 
RenameDS NewName= *filename; 
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Table 8.3: Evaluation of the extracted magnetic moment values for the in vitro 
experiments performed at 50 rpm 

//*********************************************************** 
// Programm zur Auswertung der Relaxationsmessungen  
// am Freisetzungsgerät. 
// S.N., Version 17.09.10. 
// Vektorielle Formulierung. 
// Wichtigste Ausgabegrößen sind zeit, B_peak. 
// Betragdiff entspricht dem alten (fehlerhaften) B_peak2 
//*********************************************************** 
 
//*********************************************************** 
//*** Input Data from File ********************************* 
// Es wird das letzte angeklickte axd-File geöffnet  
// Folgende Daten werden ausgelesen  
floatcol tint, xint, yint, zint;   
 
//*** Output Data in File ********************************** 
// Folgende Daten werden geschrieben 
floatcol B; // Betrag aus x,y,z 
floatcol zeit, B_peak; // Zeit in min 
// Mittelwert des Erdmagnetfeldes über 1 min 
floatcol x_basis, y_basis, z_basis, B_basis; 
// Signal=Feld-Werte bei Passage am Magneten  
floatcol x_signal, y_signal, z_signal, B_signal; 
// Peak=Vektordifferenz aus Signal - Erdfeld 
floatcol x_peak, y_peak, z_peak; 
// Betragsdifferenz aus |Signal|-|Erdfeld| 
floatcol Betragdiff; 
 
//*** Important Parameters ****************************** 
long upm;  //Umdrehungsfrequenz der Apparatur 
 
//*** Internal Parameters ******************************** 
floatcol tganz; 
floatcol Intervall, B_Intervall, Index; 
floatcol x_Intervall, y_Intervall, z_Intervall; 
floatcol B_unten, B_oben;  
floatcol x_sig, y_sig, z_sig; 
float t_max, t_min; Peak_unten, Peak_oben; 
long Nges, nt_max, le, upm; 
long i, j, l; 
 
//*** End of Declarations********************************* 
//********************************************************** 
 
//*** Settings ********************************************* 
upm = 20; 
 
//*** Definitions ****************************************** 
N_ges = length(tint); 
t_max = max(tint); 
t_min = min(tint); 
nt_max = round((t_max-t_min));    
tganz = round(tint-t_min  + 0.5); 
B = sqrt(xint*xint + yint*yint + zint*zint); 
 
//*** Begin of Main Loop ********************************* 
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for (i = 1; i <= nt_max; i++) 
(    
    Intervall = find(tganz == i); 
    B_Intervall = B[Intervall]; 
    x_Intervall = xint[Intervall]; 
    y_Intervall = yint[Intervall]; 
    z_Intervall = zint[Intervall]; 
    Index=B[Intervall]; 
 
    le = length(B_Intervall); 
    for (j=1; j < le + 1; j++) Index[j] = j; 
    sort2fvec(B_Intervall, Index); 
    x_Intervall=x_Intervall[Index]; 
    y_Intervall=y_Intervall[Index]; 
    z_Intervall=z_Intervall[Index]; 
  
    for (l = 1; l < upm - 1; l++)  
         B_unten[l] = B_Intervall[l]; 
    for (l = le - upm + 3; l < le + 1; l++) 
          B_oben[l] = B_Intervall[l];   
 
    Peak_unten = abs(mean(B_unten) - median(B_Intervall));     
    Peak_oben = abs(mean(B_oben) - median(B_Intervall));   
 
    if (Peak_oben > Peak_unten) 
 ( 
  Betragdiff[i]=Peak_oben; 
             for (l = le - upm + 3; l < le + 1; l++) 
  (  
  x_sig[l-le+upm-2] = x_Intervall[l];   
  y_sig[l-le+upm-2] = y_Intervall[l];   
  z_sig[l-le+upm-2] = z_Intervall[l];   
  ) 
  ) 
    else 
 ( 
  Betragdiff[i]=Peak_unten; 
             for (l = 1; l < upm - 1; l++) 
  (  
  x_sig[l] = x_Intervall[l];   
  y_sig[l] = y_Intervall[l];   
  z_sig[l] = z_Intervall[l];   
  ) 
  ) 
   
     x_basis[i] = median(x_Intervall); 
     y_basis[i] = median(y_Intervall); 
     z_basis[i] = median(z_Intervall); 
     B_basis[i] = Sqrt( x_basis[i] * x_basis[i] +  
                                  y_basis[i] * y_basis[i] +  
                                  z_basis[i] * z_basis[i] ); 
 
     x_signal[i] = mean(x_sig); 
     y_signal[i] = mean(y_sig); 
     z_signal[i] = mean(z_sig); 
     B_signal[i] = Sqrt( x_signal[i] * x_signal[i] +  
                                   y_signal[i] * y_signal[i] +  
                                   z_signal[i] * z_signal[i] ); 
 
     x_peak[i] = x_signal[i] - x_basis[i]; 
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     y_peak[i] = y_signal[i] - y_basis[i]; 
     z_peak[i] = z_signal[i] - z_basis[i]; 
     B_peak[i] = Sqrt( x_peak[i] * x_peak[i] +  
                               y_peak[i] * y_peak[i] +  
                               z_peak[i] * z_peak[i] ); 
 
    zeit[i]=round(t_min)-1+i; 
) 
//*** End of Main Loop ************************************ 
 
DeleteCol (tganz,Intervall,B_Intervall,Index, 
                x_Intervall,y_Intervall,z_Intervall, 
     B_unten,B_oben,x_sig,y_sig,z_sig); 
 
//*** End of Programm ************************************ 
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Table 8.4 Program used for import and correction of the raw data to real time and 
coordinates  

Import 
 FileName =  
 FileType = ASCII 
 TargetStartCol = 1 
 DataSheet = 101_310c0_2700 
            StartCol = 1 
 EndCol = END 
 StartRow = 12 
 EndRow = END 
 Delimiters = (, \t); 
 
t_start = 780; 
t_corr = 50; 
x_corr = -8; 
y_corr = -20; 
y_corr_basis = -47.4; 
z_corr = 28.3; 
 
 
t_offset = t_start + (t_corr/60); 
x_offset = x_corr; 
y_offset = y_corr + y_corr_basis + 14.5; 
z_offset = z_corr; 
 
Stringcol Protocol1;  
Floatcol Protocol2; 
Protocol1[1] = "t_start";  
Protocol1[2] = "t_corr"; 
Protocol1[3] = "x_corr"; 
Protocol1[4] = "y_corr"; 
Protocol1[5] = "y_corr_basis"; 
Protocol1[6] = "z_corr"; 
 
Protocol2[1] =  t_start;  
Protocol2[2] = t_corr; 
Protocol2[3] = x_corr; 
Protocol2[4] = y_corr; 
Protocol2[5] = y_corr_basis; 
Protocol2[6] = z_corr; 
 
 
Floatcol t, x, y; z; mx; my; mz; m; f; 
t = \1 / 60 + t_offset; 
x = \2/10 + x_offset; 
y = \3/10 + y_offset; 
z = \4/10 + z_offset; 
mx = \5; 
my = \6; 
mz = \7; 
m = \8; 
f = \9; 
 
 
DeleteCol 
  (\1..\9); 
 
FLOAT k; 
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FLOAT delta_t; 
FLOAT l; 
Float n; 
Float o; 
Float p; 
LONG i; 
LONG j; 
FLOATCOL tMW; 
FLOATCOL mMW; 
Floatcol mSTD; 
FLOATCOL thilfe; 
FLOATCOL mhilfe; 
 
k = length(t); 
 
n = 1;  // Festlegung des Zeitintervalls (min) 
o = 40;  // Eingabe Datenrate (ms) 
p = 1000 / o; 
delta_t = p * n * 60;        
l = k / delta_t;        
for (i = 1; i < l; i++) 
( 
 Index_oben = (i * delta_t) + 1; 
 Index_unten = Index_oben - delta_t; 
  
 for (j = 1; j <= delta_t; j++) 
 ( 
  thilfe[j] = t[Index_oben - j]; 
  mhilfe[j] = m[Index_oben - j]; 
 ) 
 
 tMW[i] = mean(thilfe); 
 mMW[i] = mean(mhilfe); 
 mSTD[i] = (var(mhilfe))^^0.5; 
) 
 
DeleteCol 
 (thilfe..mhilfe); 
 
DeleteCol 
  [50]; 
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Table 8.5 Program used for evaluation of tablet motility 

 

 
//***************  TRANSLATION  **************************************************************** 
 
floatcol dislocation, sumdislocation, 
distancemean,deltat,tmean,dislocationvelo,distancevelo,dislocumucol; 
float sumdeltat, mittel, mini, dislocumu; 
long i,j,n; 
 
// ***  input parameter *** 
n = 25;  // number of time points for calculation of mean 
//*************************** 
 
dislocumu=0; 
 
sumdeltat=0; 
for (j=0; j<(length(t)/n-1); j++) 
(  
sumdislocation[j+1]=0; 
for (i=1; i<n; i++)  
 ( 
 dislocation[j+i]=sqrt((x[j*n+i+1]-x[j*n+i])^^2+(y[j*n+i+1]-y[j*n+i])^^2+(z[j*n+i+1]-
z[j*n+i])^^2); 
 sumdislocation[j+1]=sumdislocation[j+1]+dislocation[j+i]; 
 ) 
distancemean[j+1]=sqrt((x[j*n+n]-x[j*n+1])^^2+(y[j*n+n]-y[j*n+1])^^2+(z[j*n+n]-
z[j*n+1])^^2); 
deltat[j+1]=t[n*j+n]-t[n*j+1]; 
sumdeltat=sumdeltat+deltat[j+1]; 
dislocationvelo[j+1]=sumdislocation[j+1]/deltat[j+1]; 
dislocumu=dislocumu+sumdislocation[j+1]; 
dislocumucol[j+1]=dislocumu; 
distancevelo[j+1]=distancemean[j+1]/deltat[j+1]; 
tmean[j+1]=t[1]+sumdeltat+(t[2]-t[1])*j; 
) 
 
zeit=mean(tmean); 
mittel=mean(dislocationvelo); 
maxi=max(dislocationvelo); 
 
OpenDS Datasheet = output; 
CurrentDS Datasheet = output; 
 
floatcol time,meanvalue, maxvalue; 
long l; 
 
l=length(time); 
time[l+1]=zeit; 
meanvalue[l+1] = mittel; 
maxvalue[l+1] = maxi; 
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Figure 8.1 Normalized inversed decrease of magnetic moment (left) and normalized HPMC release (right) for 
all the tested tablets in SGFsp pH 1.2 at 20 rpm. 

 

  

Figure 8.2 Normalized inversed decrease of magnetic moment (left) and normalized HPMC release (right) for 
all the tested tablets in phosphate buffer pH 6.8 at 20 rpm. 

 

  

Figure 8.3 Normalized inversed decrease of magnetic moment (left) and normalized HPMC release (right) for 
all the tested tablets in SGFsp pH 1.2 at 50 rpm. 
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Figure 8.4 Normalized inversed decrease of magnetic moment (left) and normalized HPMC release (right) for 
all the tested tablets in phosphate buffer pH 6.8 at 50 rpm. 
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Table 8.6 Gastrointestinal transit parameters  

Volunteer 

Gastric 

emptying 

time (GET)  

(min) 

Colon arrival 

time  

(CAT)  

(min) 

Small intestine 

transit time 

(SITT)  

(min) 

End of 

detection  

(min) 

Anatomical  

location at  

the end of detection 

F1, fasting 
    

1 116 260 144 >850
c
,
 
(<1380) descending colon 

2 25 356 331 765 transverse colon 

3 11 260 249 797 descending colon 

4 14 260 246 765 ascending colon 

5 36 260 224 825 ascending colon 

Median (n) 25 (n = 5) 260 (n = 5) 246 (n = 5) 781 (n = 4) 
 

Mean (SD) 40 (43) 279 (43) 239 (67) 788 (29) 
 

 

F2, fasting     

1 24 380 356 795 ascending colon 

2 25 260 235 647 transverse colon 

3 95 261 166 441 ascending colon 

4 26 620 594 645 ascending colon 

5 11 380 369 707 ascending colon 

Median (n) 25 (n = 5) 380 (n = 5) 356 (n = 5) 647 (n = 5) 
 

Mean (SD) 36 (33) 380 (147) 344 (163) 647 (130) 
 

 

F3, fasting     

1 56 260 204 556 ascending colon 

2 3 
b
 >277

c
 280 terminal ileum 

3 37 145 108 464 ascending colon 

4 95 260 165 435 ascending colon 

5 35 260 225 734 transverse colon 

Median (n) 37 (n = 5) 260 (n = 4) 185 (n = 4) 464 (n = 5) 
 

Mean (SD) 45 (34) 231 (58) 176 (51) 494 (167) 
 

 

F4, fasting     

1 2 
b
 >404

c
 406 terminal ileum 

2 85 260 175 434 ascending colon 

3 9 260 251 368 ascending colon 

4 84 260 176 402 ascending colon 

5 12 260 248 464 ascending colon 

Median (n) 12 (n = 5) 260 (n = 4) 212 (n = 4) 406 (n = 5) 
 

Mean (SD) 38 (42) 260 213 (42) 415 (36) 
 

 

F3, postprandial     
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1 205 
b
 >111

c 
 316 jejunum/ileum 

2 260 
b
 >84

 c 
 344 jejunum/ileum 

3 184 
b
 >101

 c 
 285 jejunum/ileum 

4 36 260 224 406 ascending colon 

5 102 
b
 >145

 c 
 247 terminal ileum 

Median (n) 184 (n = 5) - - 316 (n = 5) 
 

Mean (SD) 157 (88) - - 320 (60) 
 

 

F4, postprandial     

1 >135
c
 

a
 

a
 135 distal stomach 

2 >196
c
 

a
 

a
 196 distal stomach 

3 128 
b
 >69

 c
 197 jejunum/ileum 

4 68 
b
 >128

 c
 196 jejunum/ileum 

5 >165
c
 

a
 

a
 165 distal stomach 

Median (n) - - - 196 (n = 5) 
 

Mean (SD) - - - 178 (28) 
 

(‘a’ means  ‘Erosion until end of detection reached within stomach’) 

(‘b’ means ‘Erosion until end of detection reached within small intestine’) 

(‘c’ means  ‘Not used for statistical evaluation’)  
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Figure 8.5 Cumulative percentage of HPMC release in vitro in SGFsp pH 1.2 at 50 rpm, plotted 

against the cumulative percentage of calculated HPMC release for all the investigated 
formulations administered under fasting conditions to five volunteers. 
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Table 8.7 The in vitro-in vivo linear regression coefficients (r²), slope and intercept in individual 
volunteers for all formulations in SGFsp pH 1.2 at 50 rpm. 

Volunteer slope y Intercept r² 

Formulation F1    

1 0.44 4.47 0.93 

2 0.55 7.72 0.97 

3 0.63 0.26 0.99 

4 0.62 3.79 0.98 

5 0.45 4.31 0.97 

    

Formulation F2    

1 0.45 3.66 0.96 

2 0.56 7.89 0.96 

3 0.80 1.22 0.99 

4 0.57 2.81 0.98 

5 0.46 5.89 0.95 

    

Formulation F3 

   
1 0.50 1.99 1.00 

2 0.68 0.08 1.00 

3 0.52 3.87 1.00 

4 0.76 5.43 0.99 

5 0.48 3.29 0.99 

    

Formulation F4 

   
1 

0.35 4.77 0.91 

2 
0.49 5.59 0.99 

3 
0.41 9.40 0.95 

4 
0.54 12.94 0.95 

5 
0.37 3.08 0.98 
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Table 8.8 The in vitro-in vivo linear regression coefficients (r²), slope and intercept in individual 
volunteers for all formulations in phosphate buffer pH 6.8 at 50 rpm 

Volunteer slope y Intercept r² 

Formulation F1 
   

1 0.62 4.97 0.94 

2 0.78 8.36 0.97 

3 0.89 0.60 0.98 

4 0.88 4.58 0.99 

5 0.64 4.91 0.97 

    

Formulation F2    

1 0.64 5.37 0.96 

2 0.82 9.53 0.96 

3 1.22 0.32 1.00 

4 0.83 4.47 0.99 

5 0.62 3.76 0.97 

    

Formulation F3    

1 0.69 1.80 1.00 

2 1.01 1.66 1.00 

3 0.74 3.43 1.00 

4 1.07 6.09 0.99 

5 0.71 1.94 1.00 

    

Formulation F4    

1 0.80 9.62 0.91 

2 0.71 0.81 0.99 

3 0.90 13.72 0.93 

4 0.91 10.37 0.99 

5 0.70 3.48 0.97 
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Figure 8.6 Cumulative percentage of HPMC release in vitro in SGFsp pH 1.2 at 50 rpm, plotted 
against the cumulative percentage of calculated HPMC release for formulation F3 and 
F4 administered under postprandial conditions to five volunteers.  
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Table 8.9 The in vitro-in vivo linear regression coefficients (r²), slope and intercept in individual 
volunteers for all formulations in SGFsp pH 1.2 at 50 rpm 

Volunteer slope y Intercept r² 

Formulation F3, fed 
   

1 0.80 4.05 1.00 

2 0.80 8.80 0.96 

3 0.92 6.65 0.99 

4 0.66 3.32 0.99 

5 0.91 8.69 0.99 

Formulation F4, fed    

1 1.07 9.97 1.00 

2 0.71 8.93 0.99 

3 0.75 8.45 0.99 

4 0.73 9.96 0.99 

5 0.92 6.76 1.00 

 

Table 8.10 The in vitro-in vivo linear regression coefficients (r²), slope and intercept in individual 
volunteers for all formulations in phosphate buffer pH 6.8 at 50 rpm 

Volunteer slope y Intercept r² 

Formulation F3, fed 
   

1 1.12 3.47 1.00 

2 1.13 9.62 0.98 

3 1.35 8.72 0.99 

4 0.92 2.85 0.99 

5 1.35 6.52 1.00 

Formulation F4, fed    

1 2.00 9.04 0.99 

2 1.25 6.55 1.00 

3 1.32 6.03 1.00 

4 1.30 7.55 0.99 

5 1.72 6.21 0.99 
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Figure 8.7 Cumulative percentage of HPMC release in vitro in phosphate buffer pH 6.8 at 
100 rpm, plotted against the cumulative percentage of calculated HPMC release for 
formulation F3 and F4 administered under postprandial conditions to five volunteers.  
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Table 8.11 The in vitro-in vivo linear regression coefficients (r²), slope and intercept in individual 
volunteers for all formulations in phosphate buffer pH 6.8 at 100 rpm 

Volunteer slope y Intercept r² 

Formulation F3, fed 
   

1 0.75 0.51 1.00 

2 0.75 13.24 0.96 

3 0.87 12.01 0.98 

4 0.65 1.52 0.99 

5 0.87 3.00 1.00 

Formulation F4, fed    

1 1.08 8.44 1.00 

2 0.81 11.78 0.98 

3 0.85 11.40 0.97 

4 0.84 12.90 0.98 

5 1.02 9.41 0.99 
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