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Abstract

Stability studies play a crucial role in the development of drug products, with the data

collected being used to optimise formulation and manufacturing settings; determine the

required packaging for the product; assign the retest date or shelf life; and contribut-

ing towards regulatory submissions. In this thesis, we consider the physical stability

of pharmaceutical tablets, which focuses on physical tablet properties such as tensile

strength, disintegration and dissolution performance.

In the first instance, 16 different formulations of placebo tablets were characterised

to determine the tensile strength, porosity, initial contact angle, and disintegration

time. A simple workflow is proposed to classify the performance-controlling mechanism

of tablets. These mechanisms include dissolution controlled, wettability controlled, and

swelling controlled.

Each of the 16 placebo formulations were then stored under 5 different accelerated

temperature and humidity conditions for 2 and 4 weeks to investigate the changes in

physical tablet properties. The correlations in disintegration time with temperature and

humidity for each formulation are discussed in relation to the performance-controlling

mechanisms.

Finally, three of the formulations were selected (one for each performance-controlling

mechanism) to manufacture tablets containing griseofulvin as a model drug. Tablets

were manufactured with 30% wt. griseofulvin and the characterisation and stability

studies were repeated, with the addition of dissolution studies. The change in dissolution

performance of each formulation is discussed, and long-term stability predictions are

made.
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Chapter 1

Introduction

Chapter Summary

This chapter provides an introduction to the physical stability of pharmaceutical prod-

ucts. The physical tablet properties which can be affected by storage are discussed, as

well as the influence of formulation selection and manufacturing settings on the stability

of a drug product.
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Chapter 1. Introduction

1.1 From Drug Substance to Drug Product

To bring a new drug to market, it typically takes over 10 years from the point that

a new drug substance is identified to the point of approval for a final drug product

(PhRMA, 2015). In terms of cost, Wouters et al. (2020) estimated that the average

cost of developing a new drug products was around $1.3 billion, based on a study of

pharmaceutical products approved in the US between 2009 and 2018. Ultimately, this

combination of high cost and lengthy development times result in long delays for the

patients who would benefit from these pharmaceutical products reaching the market.

Drug Discovery

Identify & screen 
potential drugs

Pre-clinical Testing

A
im

Pharmacology studies to 
assess toxicology & 
safety of a new drugA

im

Clinical Trials
Three phases of trials on 

human volunteers to 
assess the drug product’s 

efficacy

A
im

3-6
yearsTi

m
e

1
yearTi

m
e

4-7 
yearsTi

m
e

Regulatory Approval
If the clinical trials are 
successful, the drug 

product is submitted for 
approval

A
im 1-2 

yearsTi
m

e
2.5%

of candidate 
drugs enter 

preclinical testing

70% pass Phase I,
33% pass Phase II,

and
25-30% pass Phase 

III

1 in 5,000 
potential 

candidate drugs 
approved 

Success Rate

Figure 1.1: Summary of the stages, duration, and success rate of the drug development
process, modified from Compound Interest (2016).

2



Chapter 1. Introduction

A brief outline of the steps involved in bringing a new drug to market is shown in

Fig 1.1. During the drug discovery phase, high-throughput screening identifies candi-

date drugs which may be therapeutically active against a certain disease. Pre-clinical

testing focuses on defining the exposure limits and identifying safe doses, whilst also

identifying potential side effects. During the pre-clinical phase, formulation selection

and manufacturing will also begin in order to develop the optimal product to enter

clinical trials. The drug product must prove to be safe and effective in three successive

phases of clinical trials. Phase I focuses mainly on the safety of the product in 10 to

100 healthy human volunteers. There are some exceptions to this, such as therapy areas

like oncology, where Phase I studies may not use healthy volunteers and would instead

focus on the extent to which therapeutic effects outweigh any side effects. If the product

proves to be safe, Phase II studies the efficacy and safety of the product in 50 to 500

volunteer patients with the specific disease that the drug targets. Studies in Phase II

also focus on identifying the dose strength which will be brought forward for the Phase

III studies. Phase III studies can include up to a few hundred thousand patients, or far

less depending on the drug product and the condition that it treats. These studies also

allow the identification of interactions between the new drug product and other medi-

cations (PhRMA, 2015). Finally, products which complete the clinical trial phases and

prove to be both safe and effective can request approval from the regulatory authorities

to allow the product to reach the market. Throughout these stages, many potential

products do not meet the rigorous standards of safety and efficacy which are required,

and therefore many products do not complete this process. Approximately 1 in every

5,000 drug candidates identified in the discovery phase will be released to the market

(Torjesen, 2015).

The price of developing a new medicine is high, in part due to the time, materials,

and labour required to do so. For the many products which fail to reach approval, there

is a financial loss for the pharmaceutical companies. By developing new approaches and

technologies capable of predicting the safety or performance of drug products based on

material attributes, this would enable early identification of products which are unlikely

to meet the quality or safety standard required for approval. As well as identifying
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failures earlier in the development process, these tools could also be used to drive

the optimisation of the formulation and manufacturing processes for new products.

Ultimately, this would reduce the financial risk of developing a new product, allowing

patients to receive high-quality new medicines in a reduced time frame and at a lower

cost.

1.2 The Role of Stability Studies

Stability studies are employed throughout the drug product development process, as

demonstrated in Fig 1.2 (Qiu, 2018b). During early development, stability studies will

help to identify the most suitable dosage form (e.g. tablet or capsule, suspension, etc)

as well as the formulation selection. Stability studies are required to determine the shelf

life of the product, as well as the storage conditions and packaging requirements (Bajaj

et al., 2012). For example, products which are adversely affected during storage at

high relative humidity (RH) may be packaged with a desiccant to mitigate the effects of

moisture. Stability studies will also ensure that the product is not compromised while it

is ‘in-use’, i.e. after the primary packaging is opened. Even after the product received

regulatory approval, stability studies will continue to confirm the quality of batches

released to the market. In the case of any post-approval changes to the formulation

or manufacturing process, stability studies are employed to confirm that the product

quality is not impacted (Qiu, 2018b). Stability data is a key component of all regulatory

submissions - from investigational new drug (IND) applications to allow clinical trials to

begin, through to registration dossiers to allow the product to reach the market (Colgan

et al., 2018).

The stability of a drug product encompasses both the chemical stability and the

physical stability of the product. Chemical stability relates to the rate and extent of

chemical degradation of the drug substance to form degradation products (degradants)

during storage. As well as the formation of potentially harmful degradants, this process

also results in a loss of potency of the active pharmaceutical ingredient (API) as it

degrades. Studies of chemical degradation primarily ensure that the drug product is

safe for patients. The physical stability of a product describes any changes in the

4
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What is the optimal salt/form of the API?
Are the excipients compatible with the API?

Is the manufacturing process suitable?
Do the excipients change during storage?

Formulation Selection & Optimisation

What packaging configuration is needed to protect the product 
during its shelf life?

How should the final product be stored by consumers?

Selection of Packaging & Storage Condition         

Is product stability maintained once the packaging has been 
opened and the product is in-use?

Determine the Shelf Life

What is the shelf life of the drug product during which it is safe 
and effective for use?

Assess the In-Use Stability of Drug Products

Is the quality and stability of the product impacted by changes in 
formulation, manufacturing settings, or packaging configuration 

after approval?

Support Post-Approval Changes

Figure 1.2: Some of the main uses of stability testing in the pharmaceutical industry,
modified from (Qiu, 2018b)
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physical properties of the tablet, including the tensile strength of tablets, the porosity,

and the disintegration and dissolution performance. Assessment of the physical stability

is essential to ensure that the performance of the product is not compromised during

storage.

1.3 Stability Study Design

The design of a stability study will vary depending on its intended purpose (Bajaj

et al., 2012). During early product development, stress testing may be used in order

to rapidly identify potential degradants which may form during the product’s shelf life.

Additionally, this data may be used to investigate the pathways and mechanisms of

formation of these degradants, and then toxicology studies can be performed to assess

the safe dosing limits for each degradant.

On the other hand, stability studies intended to allow for the determination of shelf

life and retest periods are more likely to include long-term stability under standardised

ambient storage conditions, as well as some accelerated stability testing under higher

temperatures and humidities.

The International Council for Harmonisation (ICH), formerly the International Con-

ference on Harmonisation, were formed with the aim of bringing together regulatory

authorities from around the world in order to harmonise the regulatory guidance on

the development and approval of drug products. This regulatory harmonisation allows

new medicines to reach the international market faster and at a lower cost by reducing

the strain on pharmaceutical companies to repeat clinical trials or studies in order to

satisfy slightly different criteria from different regulatory bodies.

Since their conception in 1990, the ICH have published a series of technical guidelines

outlining the regulatory requirements in terms of the quality, safety and efficacy of

drug products. The quality guidelines Q1-Q14 outline aspects such as stability studies,

impurities testing and the manufacturing process. The safety guidelines S1-S12 describe

the requirements for assessing toxicity, carcinogenicity, and all other health risks. The

efficacy guidelines E1-E16 outline the design and performance of clinical trials. Finally,

a fourth category is reserved for multidisciplinary guidance which cannot be clearly
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Table 1.1: The ICH Q1 stability safety guidelines

Guideline Title

Q1A Stability Testing of New Drug Substances and Products
Q1B Stability Testing: Photostability Testing of New Drug Substances and Products
Q1C Stability Testing for New Dosage Forms
Q1D Bracketing and Matrixing Designs for Stability Testing of New Drug Substances and Products
Q1E Evaluation of Stability Data
Q1F Stability Data Package for Registrations Applications in Climatic Zones III and IV

assigned to one of the aforementioned categories.

The guidelines which direct the design and implementation of stability studies are

the ICH Q1A-F guidelines. Additional guidelines are also provided for biotechnolog-

ical/biological products in Q5C. A brief outline of the ICH Q1 guidelines is given in

Table 1.1.

1.3.1 Traditional Stability Studies

The ICH Q1A(R2) guidelines outline the stability requirements for the registration of

new drug substances and products (ICH, 2003). The storage conditions specified in the

guidelines for products targeted for storage at room temperature are shown in Table

1.2, however the ICH state that these conditions can be adapted provided sufficient

justification is given.

Table 1.2: General storage conditions recommended for traditional stability studies for
products to be stored at room temperature, as described in ICH Q1A (R2).

Storage condition Minimum study duration for submission

Long term (Zone II) 25◦C/60%RH 12 months
Long term (Zone IV) 30◦C/75%RH 12 months

Intermediate 30◦C/60%RH 6 months
Accelerated 40◦C/75%RH 6 months

The ICH recommends testing at regular intervals, and for the long term condition

they recommend testing every 3 months during the first year, then every 6 months

during the second year, and annually thereafter (ICH, 2003).

Within the ICH guidelines, it is stated that alternative approaches may be employed

provided that sufficient scientific justification is given (ICH, 2003). Whilst this opens
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the floor to alternative science-based stability approaches, it provides no guidance for

the industry or the regulatory authorities as to how these studies should be performed,

interpretted and assessed (McMahon et al., 2021). In lieu of this guidance, implementing

these alternative approaches carries a high risk, in terms of both time and cost, if

regulators request further data to satisfy their criteria.

1.3.2 Accelerated Predictive Stability Studies

Industrial interest and use of accelerated predictive stability (APS) approaches has in-

creased in recent years (Qiu, 2018a; McMahon et al., 2021; Williams et al., 2017). These

types of techniques are also sometimes referred to as science and risk-based stability

studies (S&RB) or risk-based predictive stability studies (RBPS). These approaches

offer research and development scientists a tool to rapidly screen formulations and also

to assess packaging selection and identify potential stability issues prior to performing

real-time studies. These benefits reduce both the time and resources required compared

to traditional stability testing, allowing for medicines to be reach the end consumer

faster and at a lower cost.

APS studies replace the traditional storage conditions of 25◦C/60%RH and 40◦C/

75%RH with a number of temperature and humidity conditions which span a wider

range of temperatures and humidities, for example, 50 to 80◦C and 11 to 75%RH (Qiu,

2018b; Williams et al., 2019). The more storage conditions which are assessed, generally,

the more reliable a predictive stability model may be, provided that the temperature

and relative humidity are independently varied to an adequate degree to create a robust

modelling design space. Relative humidity describes the amount of moisture in the air,

relative to the maximum volume of water which could be held in the air at a given

temperature. With increasing temperature, the maximum amount of moisture which

can be held increases, meaning that more moisture is required to maintain the same

relative humidity. At 25◦C, the saturation point of moisture in the air (i.e. 100%RH)

is when the air holds 20 g/m3 of moisture.

During APS studies, it is assumed that there is no change in the physical state of

the API, and so the use of techniques such as powder X-ray diffraction may be required
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to confirm the state of the API after storage under accelerated conditions (Williams

et al., 2019).

During a traditional stability study, sampling timepoints are typically quite long.

For example, testing may occur after 3 months of storage, 6 months of storage, 12

months of storage (ICH, 2003). In an APS study, the sampling timepoints will be very

short, for example, a matter of days or weeks (Waterman, 2011; Waterman et al., 2007).

This is beneficial as it drastically reduces the time required for stability studies, allowing

for rapid screening of formulations or studies to assess potential packaging selections.

1.4 Tablet Performance – Disintegration and Dissolution

Stability studies are essential for assessing both the safety and quality of a product.

The performance of a tablet is often measured by its dissolution rate, as the in vivo

dissolution of the API is pivotal to inducing a therapeutic effect. Any change in the

dissolution and disintegration performance of a tablet during storage could indicate a

change in the bioavailability of the formulation, and therefore the disintegration and

dissolution are important properties to consider from a stability standpoint.

1.4.1 Tablet Disintegration

The disintegration of a tablet describes the process of the interparticle bonds within

a tablet breaking upon contact with liquid, leading to the tablet breaking apart into

smaller particles. This process begins when the tablet comes into contact with a liquid

(the disintegration medium), at which point several mechanisms may begin to occur

at different rates and to different extents depending on the tablet formulation and

properties.

Firstly, the disintegration medium will begin to wet the tablet surfaces and penetrate

the tablet via pores in the microstructure (Nogami et al., 1967). This can trigger the

dissolution of soluble particles within the matrix, which may be either the API or

soluble excipients such as lactose or mannitol. As particles dissolve, the pore space

expands which allows further liquid penetration of the disintegration medium, as well

9
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as weakening the microstructure.

Another process which may occur is the expansion of particles of certain materials,

known as tablet disintegrants. Disintegrants are a class of excipient which are used

in formulations to promote rapid disintegration. The most common disintegrants can

be classified as either swelling (e.g, croscarmellose sodium (CCS) and sodium starch

glycolate (SSG)), or shape recovery (e.g. crospovidone (XPVP)). Swelling disintegrants

have the capacity to absorb vast quantities of liquid upon contact with a disintegration

mechanism, resulting in the omni-directional swelling of disintegrant particles (Desai

et al., 2016; Markl et al., 2017; Quodbach & Kleinebudde, 2016). In the case of shape

recovery disintegrants, contact with liquid results in the uni-directional expansion of

disintegrant particles against the direction of compression. For shape recovery disinte-

grants, expansion is a result of the release of energy stored during compaction (Markl

et al., 2017). Regardless of the mechanism, this particle expansion will fill the surround-

ing pore space, and subsequently result in a force being exerted against the surrounding

matrix as the particle continues to expand against the pore walls. When this swelling

force exceeds the interparticle bonds within the tablet, the bonds between particles will

break (Desai et al., 2016; Patel & Hopponen, 1966).

Each of these processes ultimately contributes towards the overall weakening of

inteparticle bonds, allowing the disintegration of the tablet into smaller and smaller

particles. The increased surface area that results from this process then contributes

towards faster dissolution.

Recent publications have provided extensive reviews on the disintegration process

(Quodbach & Kleinebudde, 2016); tablet disintegrants (Desai et al., 2016); disintegra-

tion measurement techniques (Markl & Zeitler, 2017); and an update on recent studies

with respect to disintegration (Berardi et al., 2021).

1.4.1.1 Disintegration Testing

The pharmacopoeial disintegration test is based on a simple apparatus consisting of

basket-rack assembly with 6 vertical tubes with an open top and a wire-mesh base. The

basked rack is attached to a mechanical arm in the tester and suspended over a beaker
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of disintegration medium in a water bath (USP, 2020a). When the medium reaches

the target temperature of the test (often 37◦C to mimic body temperature), a tablet

is placed in each tube and the basket is then lowered and raised into and out of the

disintegration medium at a fixed dip speed (29 to 32 cycles per min, as per USP (2020a))

and stroke height (53 to 57 mm, as per USP (2020a)). The basket is raised and lowered

for the duration of the test, and at the end tablets are assessed to ensure disintegration

has taken place - i.e. the tablet has broken apart sufficiently to pass through the wire

base of the tube (USP, 2020a). Plastic discs are placed on top of the product in the

tube, for example, to prevent the product from floating and ensure complete wetting

(USP, 2020a).

During drug product development, disintegration testing is routinely performed us-

ing the pharmacopeial apparatus described above. However, this apparatus and testing

procedure does not provide any mechanistic information on the disintegration process.

This gap in the knowledge has been addressed by several research groups, who have ap-

plied novel approaches to assess the disintegration process in more detail. For example,

several studies in the literature employ magnetic resonance imaging (MRI) (Dvořák

et al., 2020; Quodbach et al., 2014a,b), broadband acoustic resonance spectroscopy

(BARDS) (O’Mahoney et al., 2020), and terahertz spectroscopy (Al-Sharabi et al.,

2020; Markl et al., 2017; Yassin et al., 2015) to develop a deeper understanding of the

of disintegration process.

1.4.2 Tablet Dissolution

Dissolution of the API is an essential pre-requisite for the drug to reach systemic circu-

lation where it facilitates a therapeutic effect. The dissolution performance of a product

must be studied, and changes in the dissolution rate during storage must be investigated

due to the implication that these changes may have on the bioavailability of the drug.

Dosage forms may be classified as immediate- or controlled-release. Immediate-

release tablets are those which are designed for rapid disintegration and dissolution,

such that the therapeutic effect of the API happens soon after administration of the

product, for example, rapid onset of pain relief for head aches or stomach pains. For

11



Chapter 1. Introduction

these products, specific formulation and manufacturing tactics may be employed to

ensure the disintegration and dissolution of the tablet occurs quickly. For example, the

API may be micronised to increase the surface area, leading to faster dissolution, and

disintegrants may be added to the formulation to ensure rapid disintegration. In the

case of controlled-release, tablets may be designed to release the drug slowly in order

to maintain a concentration within the therapeutic window over a prolonged period of

time, for example, pain medication for those with chronic illness, or products such as

the contraceptive implant.

1.4.2.1 Dissolution Testing

In vitro dissolution testing is used across industry as a quality control (QC) test. De-

velopment of a suitable dissolution test method requires careful selection of the appa-

ratus, dissolution medium, sampling timepoints, and paddle speed in order to develop

a method which is both robust and suitably discriminatory to detect changes in perfor-

mance.

Apparatus. The USP describes seven different types of apparatus for use in disso-

lution testing (USP, 2020b). The rotating basket (USP Apparatus I) and the paddle

method (USP Apparatus II) are the most commonly used, however other apparatus

may be needed depending on the intended use. The reciprocating cylinder (USP Ap-

paratus III) allows testing to be performed across several medium within a single test,

allowing a range of pH to be used in order to mimic the change in physiological con-

ditions through the gastrointestinal (GI) tract (Dressman & Kramer, 2005). In terms

of the paddle apparatus, this is a simple set-up which allows testing to be performed

with large volumes of medium, typically up to 1000 mL. The apparatus comprises of

round-bottom cylindrical glass vessels, which are filled with the dissolution medium.

A metal paddle spins axially in the centre of the vessel to provide gentle mixing of

the media, and the tablet is simply dropped into the vessel to begin the test (USP,

2020b). This apparatus is robust and well-suited to automation through the addition

of an autosampler, which could carry small volumes samples directly from the vessels,
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through a filter, and towards a UV detector or into vials for further analysis by liquid

chromatography (LC).

Dissolution medium. The selection of dissolution medium for a test will vary de-

pending on the physicochemical properties of the API, as well as some formulation

factors. Typically, it is preferable to use aqueous media, and the dissolution test is usu-

ally performed at 37◦C to simulate body temperature (FDA Centre for Drug Evaluation

and Research, 1997). The pH of the media is often within the physiological range, and

the choice of pH will depend on both the area of the GI tract in which the dose will

dissolve, as well as the pKa of the API (Krishna & Yu, 2008). The volume of dissolution

media, as well as the optional addition of surfactant, will depend on the solubility of

the API. Ideally, dissolution testing is performed under sink conditions, whereby the

volume of test media is sufficient to dissolve multiple times (often triple) the nominal

dose. For poorly soluble drugs, it may be necessary to add a surfactant such as sodium

dodecyl sulfate (SDS) or polysorbate to the dissolution medium in order to achieve

sink conditions (Krishna & Yu, 2008). Dissolution testing may also be performed using

biorelevant medium, which is designed to better mimic in vivo dissolution under phys-

iological conditions. Simulated gastric fluid (SGF) and simulated intestinal fluid (SIF)

are both compendial media which are prepared to pH 1.2 and 6.8, respectively. More

recently, these media have been further developed to simulate ’fasted’ and ’fed’ condi-

tions (FaSSIF and FeSSIF) by including varying levels of bile salts and phospholipids at

varying pH. These media were originally developed by Galia et al. (1998), but several

variations to the composition have been proposed over the years to try to achieve a

media as close as possible to realistic conditions (Fuchs et al., 2015; Jantratid et al.,

2008; Kossena et al., 2004; Psachoulias et al., 2012).

Hydrodynamics. In terms of the paddle apparatus, hydrodynamics within the vessel

are controlled by determining the paddle speed. Typically, paddle speeds of 50 rpm or

75 rpm are used (Dressman & Kramer, 2005), however in some cases higher speeds are

required to obtain sufficient agitation. Due to the vessel shape and hydrodynamics of

the paddle spinning, in some cases coning may occur, whereby powder from a tablet
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A B C

Figure 1.3: The USP II (paddle) apparatus (A) at the beginning of a dissolution test,
(B) with dissolution in progress and the particles dispersed throughout the dissolution
media as it stirs, and (C) with powder coning at the base of the vessel.

settles in a small mound at the base of the vessel and is not exposed to adequate shear

forces to fully wet the material. This is generally caused by high density excipients, such

as dibasic calcium phosphate anhydrous (DCPA). In these cases, low rates and extents

of dissolution may be observed due to inefficient agitation within the vessel (Dressman

& Kramer, 2005; Krishna & Yu, 2008). An increased paddle speed may be required to

prevent this hydrodynamic artefact. To combat the effects of coning without increasing

the paddle speed, a modified vessel has been proposed as an alternative to the standard

round-bottom vessel. The Apex vessel has a peak in the centre of the base of the vessel,

directly under the paddle, thus minimising the build-up and settling of powder in this

zone (Collins & Nair, 1998). In recent years, efforts have been made to standardise the

use of apex vessels in an industrial setting to prevent coning issues and improve the

robustness of dissolution methods (Mann et al., 2021).

1.4.3 The Influence of Formulation on Tablet Performance

The first edition of the Handbook of Pharmaceutical Excipients (published in 1986)

contained monographs for 145 excipients. Now on the ninth edition, this handbook now
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contains detailed entries for 420 different excipients for use in pharmaceutical prepa-

rations (Shesky et al., 2020). Given the wide range of excipients available, developing

an in-depth understanding of the impact of each excipient on the performance of a for-

mulation is not possible. However, many studies have assessed specific physicochemical

properties, for example, solubility and hygroscopicity, to develop a general understand-

ing of the relationship between the physicochemical properties of the excipients and the

performance of the drug product.

1.4.3.1 Solubility

Solubility describes the maximum amount of a material which can dissolve in a specified

medium (often water) and at a specific temperature (20◦C or 25◦C are typically used

as examples). Solubility should be measured after a period of time to ensure that the

equilibrium solubility is reported.

It has been demonstrated that the use of insoluble tablet fillers results in faster

disintegration compared to soluble fillers. (Berardi et al., 2018; Johnson et al., 1991;

Rubinstein & Birch, 1977). In the case of insoluble fillers, the force resulting from the

expansion and swelling of disintegrant particles is fully exerted against the surrounding

matrix, resulting in effective disintegrant action. If a tablet is composed mainly of

soluble materials, liquid penetration and wetting will result in the dissolution of filler

particles, thus hindering the effectiveness of disintegrant swelling.

Some studies suggested that the use of soluble fillers may hinder liquid penetration

by increasing the viscosity of the dissolution medium in the tablet pores (Rubinstein

& Birch, 1977), however, it is generally believed that this increase in medium viscosity

would be negligible relative to the overall disintegration and dissolution of the tablet.

More recently, Ekmekciyan et al. (2018) attributed the effects of solubility on dis-

integration performance to the tablet components (disintegrants and fillers) competing

for the available water. It was demonstrated that soluble fillers required more water to

dissolve compared to insoluble fillers which required only a small amount of water for

full wetting, therefore leaving more water available for the hygroscopic disintegrants.
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1.4.3.2 Hygroscopicity

The hygroscopicity of a material describes the ability of the material to absorb or adsorb

moisture from the environment. The effect of composite hygroscopicity on disintegrant

and dissolution has been assessed by Gordon & Chowhan (1987); Johnson et al. (1991);

López-Solís & Villafuerte-Robles (2001). It has generally been found that lower hy-

groscopicity formulations promote faster disintegration and dissolution, which further

supports the competition-for-water theory proposed by Ekmekciyan et al. (2018).

1.4.3.3 Disintegrant Selection

The effectiveness of disintegrants has been evaluated using different techniques in the

literature. For example, a study by Zhao & Augsburger (2005a) found that for a

range of disintegrant concentrations, croscarmellose sodium (CCS) performed better

than crospovidone (XPVP) and sodium starch glycolate (SSG) in terms of rapid disin-

tegration and dissolution. Through video imaging, it was observed that CCS promoted

disintegration into finer, more uniform particles compared to SSG and XPVP, which

created coarser particles after disintegration (Zhao & Augsburger, 2005a).

Aside from the choice of disintegrant, the excipient grade can also impact the per-

formance of a tablet. For example, Mishra & Sauer (2022) compared 6 grades of low-

substituted hydroxypropyl cellulose (L-HPC) and found that slower disintegration was

observed for L-HPC grades with higher hydroxypropyl content and smaller particle sizes.

1.4.3.4 Disintegrant Concentration

The effect of varying disintegrant concentration has been evaluated in several studies.

Zhao & Augsburger (2005a) found that for tablets composed of either DCPD or aspirin,

differences could be observed in both the disintegration and dissolution when 1 and 2%

wt. (DCPD tablets) or 1, 2, and 5% disintegrant (aspirin tablets) of CCS, XPVP and

SSG were used. This study demonstrated that for both tablet bases, the performance

was improved for tablets containing 2 or 5% disintegrant, compared to those with 1%.

For aspirin tablets, the dissolution rate of tablets with XPVP and SSG was significantly

increased with higher disintegrant concentrations. For example, at 1% wt. XPVP, only
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15% of the aspirin was dissolved after 45 min. When the XPVP concentration was

increased to 5% wt., dissolution reached 100% within 45 min.

1.4.4 The Influence of Manufacturing Processes on Tablet Perfor-

mance

Following formulation selection, the excipients and API must be processed together

to produce the final dosage form. There are a number of options for pharmaceutical

manufacturing, with the preferred option being direct compression. Direct compression

is the process by which powder excipients and APIs are blended together and then

compressed to produce a tablet with no additional processing steps. This is usually the

first choice of manufacturing process as it is the most time and cost effective process,

with no additional operations or materials required. Direct compression is well-suited to

APIs which are heat- or moisture-sensitive, as neither are required in the manufacturing

process. This manufacturing process also lends itself to continuous manufacturing,

which offers many benefits with regards to scale-up of manufacturing.

Depending on the material properties of the API and blend, it may be the case

that direct compression is not an appropriate manufacturing technique. To produce a

batch of directly compressed tablets, it is important that the powder blend has adequate

flowability and compaction properties (Leane et al., 2015). In many cases, the API may

exhibit poor flowability or compaction properties. Whilst it is sometimes possible to

tailor the excipient choice and concentrations to mitigate these effects, tablets with high

drug loading or very poor material properties may not be possible to manufacture by

direct compression.

In cases where direct compression is not a viable option, a granulation step is intro-

duced. Granulation processes fall into two categories – dry granulation, or wet granu-

lation. Dry granulation involves the pre-compression of powder blends to form either

a ribbon or a large compact, which is then crushed using a sieve to produce granules.

In the case of wet granulation, the powder blend is mixed with a binder solution before

being roughly sieved to break apart large clumps of material. This sieved mixture is

then dried, before being sieved to the desired granule size. Following granulation, more
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excipients may be blended with the granules, for example disintegrants or lubricants,

and then the mixture is compacted to produce tablets (Leane et al., 2015; Suresh et al.,

2017).

With each additional step in the manufacturing process, additional factors are pre-

sented which may influence the final performance of the product. Some of these factors

which have been discussed in the literature are addressed below.

1.4.4.1 Compression Force

For directly compressed tablets, the porosity of a tablet is the combination of both the

intraparticle porosity of the tablet components and the interparticle porosity resulting

from the compaction process. The porosity of a tablet will directly influence the rate

of liquid penetration, as larger pores allow for faster liquid penetration, whilst lower

porosity can impede liquid penetration through the tablet. As discussed previously,

liquid penetration is the necessary pre-requisite for disintegration or dissolution, and

the wetting of the tablet may then trigger the other disintegration mechanisms, such

as swelling or dissolution. As such, the compression force and porosity are likely to

play a critical role in the disintegration and dissolution of many formulations. It is

generally expected that increased porosity results in faster disintegration, partly due to

the increased potential for liquid penetration, and also due to the weaker mechanical

strength of the tablet (Sun, 2017; Sunada & Bi, 2002).

1.4.4.2 Granule moisture content

Gordon et al. (1993) investigated the effect of granule moisture content on the dissolution

rate of tablets composed of either lactose, naproxen, or DCP. The results showed that

whilst moisture content did impact dissolution performance, the effects were specific to

each formulation tested and so cannot be generalised (Gordon et al., 1993).

1.4.4.3 Mode of disintegrant addition

If tablets are manufactured by wet or dry granulation, the disintegrant may be added

either intra-granularly (prior to granulation), extra-granularly (after the granulation
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step), or may be distributed between both phases.

The effectiveness of intra- or extra-granular disintegrant incorporation has been as-

sessed by several different researchers, however conflicting results have been found. This

likely indicates that the optimal mode of disintegrant addition is dependent on a num-

ber of different formulation-based factors, for example, the solubility, hygroscopicity,

porosity or moisture content of the tablet.

Gordon et al. (1990) compared the dissolution and friability of naproxen tablets man-

ufactured with CCS added either intra- or extra-granularly. The results indicated that

the fastest dissolution could be achieved through intra-granular incorporation of CCS

(Gordon et al., 1990). In 1993, another study by Gordon et al. (1993) assessed intra-

and extra-granular addition of CCS, XPVP, and SSG, using dissolution as a measure of

the effectiveness of each mode of incorporation. In most cases (26 out of 27 formulations

tested), it was found that a combination of intra- and extra-granular disintegrant pro-

vided the fastest dissolution. This result was also supported by Khattab et al. (1993),

based on a study of CCS, XPVP, and SSG which found combined incorporation at the

intra- and extra-granular level to deliver the most rapid dissolution.

1.5 The Influence of Formulation on Physical Stability

The effects of formulation properties such as solubility and hygroscopicity on the dis-

integration and dissolution performance of a product were discussed in Section 1.4.3.

Given the influence that these properties have on the performance of a product prior to

storage, it follows that these properties may also affect the performance when exposed

to accelerated temperature or humidity conditions.

1.5.1 Solubility

The role of filler solubility on the stability of tablets was assessed by Gordon & Chowhan

(1990); Molokhia et al. (1982). In both cases, tablets composed of soluble fillers dis-

played increases in hardness after storage at high humidity. This was attributed to the

partial dissolution and recrystallisation of soluble particles upon expose to high humid-
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ity conditions. In addition to adversely affecting the mechanical strength of tablets,

(Gordon & Chowhan, 1990) also demonstrated that reduced dissolution rates were ob-

served for tablets composed of soluble materials post-storage.

1.5.2 Hygroscopicity

In the same study, Gordon & Chowhan (1990) also compared the effects of filler hygro-

scopicity on the physical stability. It was observed that tablets containing hygroscopic

materials showed decreases in dissolution rate after storage, compared to those con-

taining non-hygroscopic fillers. This is likely due to the absorption of moisture by

hygroscopic materials, such as disintegrants, during storage at high humidity. Several

studies have demonstrated decreased efficiency of disintegrants after storage at high

humidity (Gordon & Chowhan, 1990; Hersen-Delesalle et al., 2007; Hiew et al., 2016;

Li et al., 2004; Quodbach & Kleinebudde, 2015). Generally, decreases in disintegration

efficiency, increases in disintegration time, or decreases in dissolution rate are observed

after exposure to high relative humidity. This is attributed to the premature swelling

of disintegrants, either due to the absorption of moisture from the high humidity envi-

ronment directly (Hersen-Delesalle et al., 2007), or due to the plasticisation of moisture

enabling the partial release of shape recovery energy from XPVP (Hiew et al., 2016;

Quodbach & Kleinebudde, 2015).

1.6 Physical Tablet Properties and the Effects of Storage

Predicting the effects of storage on physical tablet properties offers several unique chal-

lenges. As physical properties are not necessarily controlled by chemical reactions,

a more mechanistic approach is often required to understand the underlying driving

force of change. Additionally, many physical properties share complex interrelation-

ships which can be challenging to unravel. For example, changes in porosity are likely

to occur simultaneously with changes in tensile strength, as a higher porosity suggests

fewer contact points between particles, and therefore weaker interparticle bonds. A

softer tablet might be expected to dissolve faster as the barrier to overcome inter-
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particle bonds is lower, however, the increase in porosity may result in less efficient

disintegrant performance, which could actually slow the disintegration process. These

mechanisms and stability changes are often also dependent on the formulation, and

given the wide range of pharmaceutical excipients, active pharmaceutical ingredients

and manufacturing process/process settings, there are many aspects to consider when

comparing separate studies from the literature.

1.6.1 Tensile Strength

The tensile strength of a tablet (also called the breaking force) is a measure of the

mechanical strength of the tablet. A tablet must have sufficient tensile strength, or

else there is a risk that it could be damaged or deformed during handling or shipping.

Equally, if the tensile strength is too high then this risks hindering the disintegration

process as the interparticle bonds will be stronger and therefore more difficult to disrupt.

In the literature, many different groups have investigated the effect of storage at

accelerated temperature and/or humidity conditions on the mechanical properties of

the tablet. In particular, many studies include measurements of the tablet hardness

as it may be expected to affect the disintegration rate of tablets. Previous studies

have reported both increases and decreases in the hardness of tablets after storage,

depending on the formulation design (including disintegrant choice), the manufacturing

process parameters and the storage conditions.

Ahlneck & Alderborn (1989) investigated the impact of storage for 30 days at high

humidity on pure DCP tablets. The authors found no change in hardness, except

for tablets stored at 100%RH. For these tablets, it was further found that subsequent

transfer of the tablets to lower humidity conditions (33 or 68%RH) led to recovery of

the original hardness value.

Tablet hardness studies were also performed on tablets composed of pure disintegrant

for both CCS and XPVP (Bauhuber et al., 2021). In this study it was found that storage

at 40◦C/75%RH for just 1 day led to a decrease in hardness of around 70% for tablets

composed of CCS (after which point the hardness remained fairly constant for the

remainder of the study), whilst XPVP tablets softened below the minimum threshold
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for measurement. Decreases were also observed for both disintegrant tablet batches

after storage at ambient conditions 21◦C/50%RH, however the softening of tablets was

markedly less for the lower temperature and humidity conditions.

Several studies have demonstrated decreases in tablet hardness for DCP-based tablets

containing 2.5% disintegrant stored at high humidity conditions (Horhota et al., 1976;

Lausier et al., 1977). These studies also show that the decrease in hardness occurs within

the first 7 (Lausier et al., 1977) and 10 (Horhota et al., 1976) days of storage, after which

point the hardness remains relatively constant. Lausier et al. (1977) found that the de-

crease in tablet hardness correlated with a decrease in tablet weight, suggesting that

the change in tensile strength could be a result of the loss of waters of hydration during

storage. A study by Chowhan (1980a) found that tablets composed of DCPD with 10%

starch disintegrant decreased in hardness after storage at 23◦C/93%RH, whilst tablets

stored at 23◦C/44%RH increased slightly within the first day of storage before remaining

constant for the remainder of the study. For the tablets stored at 93%RH, post-storage

equilibration at a lower humidity of 44%RH after resulted in a slight recovery of tablet

hardness.

It has been suggested that increases in tablet tensile strength for tablets composed

of mainly soluble materials are a result of the partial dissolution and subsequent recrys-

tallisation of soluble particles, leading to increased bonding and the formation of solid

bridges (Chowhan, 1980b; Molokhia et al., 1982). Molokhia et al. (1982) stored tablets

with a range of different fillers for up to 8 weeks at 50◦C/50%RH and 40◦C/90%RH and

found varying results. Tablets composed of mannitol and lactose both showed increases

in tensile strength after storage at high humidity, which the authors attributed to the

partial dissolution and recrystallisation of these soluble fillers. However, in the same

study, tablets composed of sorbitol showed decreases in tensile strength. Tablets con-

taining tricalcium phosphate and cellulose both showed little change in hardness after

storage (Molokhia et al., 1982). These results suggest that we cannot make a conclusive

statement about the effect of matrix solubility on the tablet hardness during storage,

as both increases and decreases are observed from soluble components such as sorbitol,

mannitol and lactose.

22



Chapter 1. Introduction

The effect of both filler selection, disintegrant selection, and disintegrant concen-

tration have also been the subject of investigation by various research groups (Hersen-

Delesalle et al., 2007; Marais et al., 2003; Sacchetti et al., 2017; Uhumwangho & Okor,

2005). Marais et al. (2003) found that the decrease in tensile strength of microcrys-

talline cellulose (MCC)-based tablets after storage at high humidity was greater with

increasing concentrations (0.625 to 10% wt.) of CCS. In terms of disintegrant choice,

Uhumwangho & Okor (2005) found that paracetamol tablets showed no effect of storage

on hardness for tablets containing maize starch as a disintegrant, whereas tablets formu-

lated with α-cellulose as the disintegrant showed decreases in hardness during storage

at 100%RH. Hersen-Delesalle et al. (2007) compared the change in hardness for tablets

with XPVP, CCS and SSG and found that XPVP resulted in the largest decrease in

tensile strength. In fact, visible cracks and defects were found when the tablet surface

was examined with a microscope, with larger cracks being found on XPVP-containing

tablets than for the other disintegrants. The formation of these defects was attributed

to the premature swelling of disintegrant particles upon exposure to high humidity, re-

sulting in the disruption of interparticle bonds and consequently decreasing the tablet

hardness (Hersen-Delesalle et al., 2007). Sacchetti et al. (2017) performed a systematic

study of tablets formulated with 3 different API, each with different fillers and disin-

tegrants. The tablets were stored at 40◦C/75%RH and the results showed that large

amounts of sorbed water exerted force on the surrounding matrix, leading to weaken-

ing of the interparticle bonds. The authors found that the weakening of interparticle

bonds is greater for tablets containing brittle rather than plastically-deforming fillers

(Sacchetti et al., 2017).

1.6.2 Disintegration & Dissolution

The disintegration and dissolution performance of a drug product are key attributes

which must not change significantly during the shelf-life of a product. Ensuring that

product performance is not significantly affected by temperature or humidity is im-

portant when considering potential conditions during the shipment of tablets, or for

products marketed in different climatic zones. The current literature on the effects of
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ageing on disintegration and dissolution performance demonstrate that a wide range of

factors may influence the product stability.

In most cases, a general trend of increasing disintegration time and decreasing dis-

solution rates is reported in the literature (Bauhuber et al., 2021; Chang et al., 2008;

Chowhan, 1980a; Horhota et al., 1976; Lausier et al., 1977; Li et al., 2004; Marais et al.,

2003; Molokhia et al., 1982; Quodbach & Kleinebudde, 2015; Rohrs et al., 1999; Sac-

chetti et al., 2017; Uhumwangho & Okor, 2005), however, drawing direct comparisons

between these studies is challenging due to the wide range of formulations, manufactur-

ing processes/settings, storage conditions, and storage times used in different studies.

Horhota et al. (1976) found a decrease in dissolution rate for DCPD-based tablets

stored at 65◦C/40%RH after storage for 20 and 30 days, but a much smaller change in

tablets stored at 23◦C/75%RH and 45◦C/75%RH for the same duration. A decrease

in dissolution rate was also observed for DCPD-based tablets by Lausier et al. (1977),

who found that storage at 25◦C/50%RH caused an increase in disintegration time from

2.5 to 5 mins over 16 weeks of storage. In contrast, the tablets stored at 45◦C/75%RH

showed no significant change in dissolution rate during the first 8 weeks of storage,

after which point there was a sharp decrease in dissolution rate for the remainder of the

storage time. The disintegration time of these samples was found to decrease within the

first week, after which point it remained constant – similarly to the change in tensile

strength of these tablets (Lausier et al., 1977).

DCPD-based tablets were also used by Chowhan (1980a), who found that the dis-

integration time of tablets drastically increased after storage at 93%RH, but could be

somewhat recovered by storing the samples at 44%RH for 1 day before testing. This

study also reported a decease in dissolution rate, with high variability between the dis-

solution profiles after 14 weeks of storage. This variability was attributed to variability

between the surface area during the dissolution test, caused by the slow disintegration

of the tablets.

The change in dissolution of tablets containing different fillers was investigated by

Molokhia et al. (1982), and it was found that storage for 8 weeks at 40◦C/90%RH and

50◦C/50%RH resulted in slower disintegration and dissolution of tablets composed of

24



Chapter 1. Introduction

sorbitol, mannitol, and lactose. However, tablets composed of tricalcium phosphate and

cellulose both showed no effect of storage. In the case of mannitol- and lactose-based

tablets, storage also resulted in increased tensile strength of tablets, which may reduce

the dissolution rate due to the stronger interparticle bonds. On the other hand, the

decrease in dissolution rate of sorbitol-based tablets was accompanied by a decrease in

tensile strength, which was attributed to moisture absorption during storage.

Changes in dissolution rate may also occur as a result of chemical changes during

storage, for example, Rohrs et al. (1999) used solid state NMR and infrared spectroscopy

to confirm the conversion of delavirdine mesylate from the salt to the free base form

upon exposure to high humidity. As a result, the authors attributed the associated

decrease in dissolution rate to two mechanisms – firstly, the decreased solubility of the

free base compared to the salt; and secondly, the protonation of CCS by methanesulfonic

acid released from the salt form, which could affect the disintegrant efficiency (Rohrs

et al., 1999).

A study by Chang et al. (2008) demonstrated decreased dissolution rates of capsules

containing lactose-based granules after storage at 40◦C/75%RH, as well as the formation

of pellicles on the granules. In the case of mannitol-based granules, neither a slowdown

in dissolution nor pellicle formation were observed. This decrease in dissolution rate

was attributed to the cross-linking of the gelatin capsule shell with molecules of lactose

during storage.

1.7 Modelling & Predictions

In recent years, the advances in risk-based predictive stability (RBPS) and lean stability

approaches has led to the publication of several papers on the application of these

techniques, or novel approaches, to modelling and predicting changes in dissolution

behaviour during storage.

The Accelerated Stability Assessment Program (ASAP) and the associated software

(ASAPprime®) was originally proposed and developed by Waterman et al. (2007) as

a novel approach to carry out accelerated stability studies for chemical degradation.

This approach focuses on the concept of the isoconversion time, which is the time taken
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for the product to reach the specification limit (i.e. the ‘time to failure’) for a given

temperature and humidity condition (Waterman, 2011). This data is then considered

with respect to a moisture-corrected Arrhenius equation in order to predict the ‘time

to failure’ under long-term storage conditions, e.g. 25◦C/60%RH. This approach is well

suited to chemical degradation, which can be expected to follow Arrhenius behaviour,

however the physical stability of tablets may not always follow Arrhenius behaviour.

More recently, this approach has been applied to dissolution studies, with the obtained

predictions being accurate to the data from long-term stability studies (Li et al., 2016).

Another approach for predicting long-term dissolution profiles was proposed by

Scrivens (2019), which assumes that during storage, the shape of dissolution profiles

remains constant and can therefore be overlapped with the adjustment of the x-axis

(time). In this approach, dissolution profiles are fit to a Weibull curve, which defines a

rate parameter (kd) and a shape parameter (b) for each profile. Based on the assump-

tion that the profile shape does not change, b is fixed for a given formulation or batch.

An ‘acceleration factor’ (AF) is then calculated as the ratio of the rate constants before

and after storage (Scrivens, 2019). Using profiles of the acceleration factor as a function

of time, a first-order exponential decay curve is used to model the rate of change in AF

(ks) and the plateau which AF approaches (AFinf ). Using the ks and AFinf values for

a range of temperatures and conditions, multiple linear regression (MLR) can then be

applied to determine temperature and humidity coefficients for a given batch, allowing

for the prediction of dissolution profiles after long-term storage (Scrivens, 2019).

More recently, Tsunematsu et al. (2020) used analysis of the available surface area

to predict changes in the dissolution performance on stability. This approach aimed to

bridge the gap between empirical and mechanistic predictions of dissolution stability by

basing long-term dissolution stability predictions on the change in available surface area

of the API. In this approach, the dissolution profiles are modelled to obtain rate and

shape parameters, which are then used to determine new parameters (T22.1 and T63.2),

which describe the time taken to generate 22.1% and 63.2%, respectively, of the total

available surface area for dissolution (St) (Tsunematsu et al., 2020). Profiles of St can be

used to visualise the release of API from the dosage form, as the surface area will show
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a rapid increase during disintegration, then subsequently decrease as the API dissolves.

If the disintegration step is not present, and drug release is based on erosion, this initial

increase in the profile of St will not be present (Tsunematsu et al., 2020). To determine

a predictive model based on changes in St, Tsunematsu et al. (2020) compared both

linear and non-linear regression in order to find the most appropriate model to describe

changes in T22.1 and T63.2 using data from four different temperature conditions. This

approach allowed for the accurate prediction of the dissolution profile after storage for

6 months at 40◦C/75%RH.

1.8 Conclusion

Stability studies are crucial to the drug product development process, with the data be-

ing used to optimise the formulation and manufacturing settings; determine the packag-

ing requirements; assign the retest date or shelf life; and contribute towards regulatory

submissions. Recently, industrial interest in the application of APS approaches has

increased. These techniques allow for the accurate prediction of the rate and extent

of chemical degradation in a matter of weeks. However, equivalent approaches for the

prediction of physical stability are not yet available as changes in the physical properties

of tablets may not follow the Arrhenius behaviour which underlies most APS models.

Currently, the underlying mechanisms of change in physical tablet properties are not

well defined in the literature. A systematic approach is required to distinguish the

effects of different API and excipient properties on the physical stability of pharmaceu-

tical tablets, and to elucidate the underlying mechanisms of change. With an improved

understanding of these mechanisms, mechanistic models could be developed to better

predict the physical stability of tablets.
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With the increasing industrial interest in the development and application of accelerated

predictive stability techniques for the prediction of chemical degradation, the demand for

equivalent tools to predict physical stability is growing. Currently, most APS techniques

are based on a moisture-corrected Arrhenius equation. In the case of physical stability,

storage effects are not always based on chemical changes, and therefore we cannot

assume Arrhenius behaviour and we must investigate alternative approaches which are

adaptable to study the physical stability of pharmaceuticals.

The aim of this project is to investigate the application of accelerated stability

techniques for the assessment of physical tablet stability, whilst also developing a mech-

anistic understanding of the relationship between the different physical tablet properties

which may impact product performance during storage. This aim can be divided into

several discrete objectives, outlined below.

1. To explore the performance-controlling disintegration mechanisms of di-

rectly compressed placebo tablets. Placebo tablets were manufactured to assess

the mechanism of disintegration of tablets. This includes the characterisation of the

raw materials, and the measurement of a range of physical tablet properties such as

tensile strength, porosity, disintegration time, and contact angle. The proposed mecha-

nisms were then probed by assessing additional tablets with varying porosity or disinte-

grant concentration. By generating a comprehensive understanding of the disintegration
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mechanism and the critical formulation and processing properties which influence it, we

can then predict the key properties which might influence performance during storage.

2. To examine the role of excipient properties and disintegration mech-

anism in the physical stability of placebo tablets. Using the placebo tablets

characterised above, accelerated stability studies were performed using five tempera-

ture and humidity conditions (from 37◦C to 70◦C and 30% to 75% RH) for 2 and 4

weeks. After each timepoint, tablets were removed from storage and characterised to

measure changes in the physical properties of tablets. Using this data, and consider-

ing the initial disintegration mechanisms, correlations between different properties were

used to identify the key mechanisms of change during storage for each formulation.

3. To assess and predict the physical stability of drug loaded formulations, in

particular, the disintegration and dissolution performance. Stability studies

were repeated using selected formulations from the placebo study, with the addition of

griseofulvin as a model API to enable dissolution studies to be performed. Correlations

between the dissolution rate and the other physical properties after storage then provide

a mechanistic insight into the dissolution shift. Finally, long-term dissolution stability

was predicted using data collected during these accelerated studies.

An outline of the original and final study design, including details of the impact of

COVID-19, is included in Appendix B.
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Chapter Summary

This chapter describes the materials and methods used throughout this thesis. The

general methods included in this chapter are: raw material characterisation, tablet

manufacture, sample storage under accelerated conditions, and analysis of the tablets.

Where appropriate, further chapter-specific methods have been described in the indi-

vidual experimental chapters.
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3.1 Materials

Certificates of analysis and material data sheets for the excipients, as provided by the

suppliers, are provided in Appendix C.

3.1.1 Tablet Excipients

Microcrystalline cellulose (MCC) (Avicel® PH-102, FMC International), mannitol (Pearlitol®

200 SD, Roquette), lactose (FastFlo® 316, Foremost Farms USA) and dibasic calcium

phosphate anhydrous (DCPA) (Anhydrous Emcompress®, JRS Pharma) were used as

fillers for the tablet formulations.

The disintegrants used in these studies were croscarmellose sodium (CCS) (FMC

International), crospovidone (XPVP) (Kollidon® CL, BASF), low-substituted hydrox-

ypropyl cellulose (L-HPC) (LH-21, Shin-Etsu Chemical Co.) and sodium starch glyco-

late (SSG) (Primojel®, DFE Pharma).

Magnesium stearate (Mallinckrodt) was used as a lubricant.

All of the excipients used in this study were chosen due to their widespread use in

direct compression formulations. The fillers used in this study represent a broad range

of physicochemical properties. MCC is a hygroscopic, insoluble filler which swells when

in contact with liquid. DCPA is an insoluble filler which is non-hygroscopic. Lactose

and mannitol are both soluble fillers. The disintegrants CCS, L-HPC and SSG are

swelling disintegrants, whilst XPVP acts by shape recovery.

3.1.2 Active Pharmaceutical Ingredient

For the second phase of this project, tablets were manufactured with an active pharma-

ceutical ingredient (API) in order to compare the mechanisms observed for the placebo

tablets with those containing a drug. For these purposes, a target API was selected

based on a few criteria. Firstly, the selected API should not have any known chemical

stability issues (including polymorphic transformations) within the limits of the study

design (i.e. between 25 to 60◦C and 30 to 75% RH) as these could result in changes to

the physical properties of the tablet which are based on chemical stability issues, rather
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than physical stability. This also included chemical interactions with other excipients,

for example, any API containing primary amines in the structure would be unsuitable

for this study as the Maillard reaction could occur between the API and lactose during

storage at high temperatures. Secondly, the API should contain a chromophore such

that it is easy to detect by HPLC with a UV-vis detector. Finally, the target API

would ideally have moderate to low solubility. If an API with particularly high solubil-

ity was selected, it may be challenging to develop a dissolution method with suitable

discriminating power to detect changes caused by the storage of these samples.

The API selected for this study was griseofulvin, a poorly soluble drug typically

used in the treatment of fungal infections. Griseofulvin was obtained from VWR Inter-

national Ltd. (Lutterworth, Leicestershire, UK).

3.1.3 Saturated Salt Solutions

Saturated salt solutions were prepared using sodium chloride, magnesium chloride and

sodium bromide, all sourced from Merck Life Science UK Limited (Gillingham, Dorset,

UK). To make the saturated salt solutions, the required salt was added in excess to

bottles of purified water. Bottles were stirred with gentle heating (approx 40◦C), and

more salt was gradually added until no more salt could be dissolved. At this point,

additional salt was added to ensure an excess amount of solid salt was present in the

solution. To further ensure that the solution remained saturated during storage at high

temperatures, additional solid salt was added to each vial of the saturated solution (see

Fig 3.1), with the amount of salt filling approximately one third of each vial of salt

solution. Upon removal from storage, each vial was checked to ensure that there was

still solid salt in the base of the vial, to indicate that each solution was still saturated.

3.1.4 Surfactant

In Chapter 6, sodium dodecyl sulfate (SDS) was added to the dissolution medium

(0.4% w/v SDS in water) to enhance the solubility of griseofulvin during dissolution

testing. SDS was obtained from Fisher Scientific UK (SDS Micro Pellets (>99%),

Fisher Scientific UK Ltd, Loughborough, Leicestershire, UK).
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3.1.5 Storage of Materials

The tabletting excipients were stored in sealed drums, as supplied. After opening and

during use, materials were kept in the original drums under ambient temperature and

humidity conditions (uncontrolled, due to the facilities within the formulation suite).

Griseofulvin was stored in plastic bottles, as supplied, and only opened immediately

prior to tabletting.

3.2 Methods

3.2.1 Raw Material Characterisation

Each of the raw materials used in the tablet formulations were characterised to ascertain

properties such as the moisture uptake and the true density. In addition, particle size

and shape data was available for the excipients used in this study.

3.2.1.1 Dynamic Vapour Sorption

Moisture sorption isotherms were collected by dynamic vapour sorption (DVS) at 25◦C

for each excipient. Samples of approximately 10 mg were analysed using the DVS Ad-

vantage (Surface Measurement Systems, London, UK). Prior to analysis, samples were

conditioned at 0% RH. After conditioning, the sample mass was recorded as the refer-

ence mass. The humidity was then increased in increments of 10% RH until 90% RH.

At each stage, the change in mass was recorded once the balance reading had stabilised

to less than 0.002% change in mass per minute.

To calculate the moisture sorption under specific storage conditions, additional DVS

data was collected for each excipient at 37◦C, 50◦C and 60◦C. Due to temperature

limitations on the DVS instrument, moisture sorption data could not be collected at

70◦C, and so 60◦C was used instead.

The same DVS method described above for 25◦C was used to screen several candi-

date drugs during the API selection phase, including griseofulvin, to assess the hygro-

scopicity of these API.
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3.2.1.2 Particle Size & Shape

The shape and size of particles of each excipient was measured using a QICPIC instru-

ment (Sympatec GmbH, Clausthal-Zellerfeld, Germany).

For each sample, the primary container was thoroughly mixed by rolling and invert-

ing by hand, as well as using a spatula to stir. Sample sizes of approximately 2 g were

gently agitated to evenly disperse the particles and reduce loss of material in the vials.

Analysis was performed using the M7 lens. Each sample was measured in triplicate.

Particle size measurements were performed by Mithushan Soundaranathan for the

manuscript ‘Exploring the Performance-Controlling Mechanisms of Tablet Disintegra-

tion’ (see page xvii), and the results are included in Chapter 4 for completeness.

3.2.1.3 True Density

The true density of each excipient and the API was measured using a gas pyncometer

with nitrogen (MicroUltrapyc 1200e, Quantachrome instrument, Graz, Austria). Mea-

surements were taken in triplicate for each sample.

3.2.2 Tablet Manufacture

All batches used in these studies were manufactured by direct compression. For each

formulation, all excipients (and API, where included) were blended for 15 minutes in

a Pharmatech AB-015 bin blender, with a speed of 20 rpm, and an agitator speed of

200 rpm. After 15 minutes, the blender was stopped and the magnesium stearate was

added to the mixture. The blend was then mixed for a further 5 minutes under the

same settings, before being transferred to be compressed into tablets.

Tablets were manufactured using a single-punch automated tablet press (FlexiTab,

Bosch Packaging Technology Ltd). The tablet press was fitted with 9 mm flat round

punches. The compression force and fill depth were adjusted based on the formulation

to target a tablet weight of approximately 300 mg across each batch. Full details of the

manufacturing settings for each batch are given in the experimental chapters.
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3.2.3 Accelerated Stability Sample Storage

Temperature 
and humidity

datalogger

Labelled samples
Vial of 

saturated 
salt 

solution

Airtight glass jar

Figure 3.1: Experimental set-up for storage of stability samples

In order to perform stability testing, tablets were stored for set periods of time

under accelerated temperature and humidity conditions. Tablets were stored in clear

airtight glass jars, each containing an open vial of saturated salt solution to provide

humidity control. Each tablet stored in the jar was placed in a labelled sample holder so

that tablets could be traced throughout the stability study to calculate precise changes

in weight and porosity for each tablet. Jars were sealed and stored in temperature

controlled rooms (37◦C and 50◦C) or ovens (60◦C and 70◦C) for the required storage

time, as described for each experimental chapter.

For placebo tablets, nominal conditions for humidity were assumed based on the

saturated salt solution, as shown in the table below. For studies with the griseofulvin-

containing tablets (Chapter 6), iButton data loggers were used to monitor both tem-

perature and humidity during storage. For each batch and storage condition, one jar

contained a DS1923 Hygrochron iButton Temperature/Humidity logger (Measurement

Systems Ltd, Berkshire, UK). The dataloggers recorded the temperature and humidity

(±0.5◦C, 5%RH) every 600 seconds for the duration of storage. The use of data loggers

ensures that the temperature and humidity is maintained throughout the duration of

the stability study.

It should be noted that the glass jars used in this study were clear and therefore did
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not protect the samples from light, however it is assumed that light exposure (which

could drive photolytic degradation) is minimal during storage in the temperature-

controlled rooms and the sample ovens.

3.2.4 Tablet Characterisation

3.2.4.1 Weight, Dimensions & Tensile Strength

Tablet weight was measured to the nearest 0.1 mg using an analytical balance. The

diameter and thickness of each tablet were measured using a set of digital callipers and

reported to the nearest 0.01 mm.

Tablet hardness was measured using a hardness tester (Copley TBF 1000, Copley

Scientific Ltd, Nottingham, UK). The tensile strength, σt, of tablets was calculated

using the tablet hardness, F , diameter, d, and thickness, L (Fell & Newton, 1970):

σt =
2 · F

π · d · L
. (3.1)

Tensile strength was measured as a rapid measure of the tablets mehcanical strength.

This measurement was used as a rapid alternative to measuring tablet friability, with

the assumption that tablets with sufficient tensile strength (for example, ∼2 MPa) are

unlikely to display friability issues.

3.2.4.2 Porosity

The porosity, ε, of tablets was calculated using the measured weight, m, dimensions

and the true density, ϱt,mix, of the formulation. ϱt,mix was calculated as the weighted

harmonic mean considering the true density, ϱt,i, and the weight fraction, ci, of each

tablet component (Sun et al., 2018):

ϱt,mix =

(
N∑
i

ci
ϱt,i

)−1

(3.2)

with N = 4 as the number of different excipients in the placebo formulations and
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N = 5 as the number of tablet components in the griseofulvin-containing formulations.

The porosity can then be calculated using:

ε = 1−
m

π·(d/2)2·t

ϱt,mix
(3.3)

3.2.4.3 Dynamic Contact Angle

Dynamic contact angle measurements were taken using a drop shape analyser (Krüss

DSA30, Krüss GmbH, Hamburg, Germany). Video recordings were taken at a rate of

30 frames per second as a single droplet of MilliQ® Ultra-pure water was dispensed on

to the surface of the tablet. The video files were analysed using MATLAB (R2019a,

MathWorks, Massachusetts, USA) to determine the contact angle between the droplet

and the tablet surface at each frame in the recording.

Using the data collected within the first minute of contact with the liquid droplet

for each pair of replicates, a two-phase exponential decay model (Eq. 3.4) was fitted to

the data using GraphPad Prism 8 (version 8.3.1, GraphPad Software LLC, San Diego).

θc (t) = θc,p + sfe
−kf ·t + sse

−ks·t (3.4)

sf = θc,0 · xfs

ss = θc,0 (1− xfs)

θc,0 and θc,p are the contact angles at initial and infinite time, respectively. kf and

ks are the rate constants for the fast and slow phases, respectively. The fraction of time

dominated by the fast phase of the reaction is described as xfs.

3.2.4.4 Disintegration Time

For placebo tablet studies in Chapters 4 and 5, the disintegration time of tablets was

measured using a Copley DTG 2000 Disintegration Tester (Copley Scientific Ltd, Not-

tingham, UK) with the vessel discs. Tablets were disintegrated in 800 mL of distilled

water at 37◦C. Disintegration time was measured in seconds for 6 tablets per formula-
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tion. The mean and standard deviation of these 6 tablets is reported.

For the griseofulvin-containing batches tested in Chapter 6, tablet disintegration

testing was performed as above using an Erweka ZT 122 (Total Laboratory Services

Ltd, Dorset, UK). For the griseofulvin batches, 3 tablets were tested per formulation.

The mean and standard deviation of these 3 tablets is reported.

3.2.4.5 Dissolution

Dissolution testing was performed using USP II (paddle) apparatus (Copley DIS 6000

Dissolution Tester, Copley Scientific Ltd, Nottingham, UK). The dissolution testing

was performed using 0.4% SDS in water at 37◦C, with a paddle speed of 75 rpm.

The dissolution medium was selected based on the method described in the United

States Pharmacopeia (USP) monograph for griseofulvin tablets, which suggests dissolu-

tion studies are performed in water with SDS as a surfactant to enhance the solubility

of this poorly soluble API. Due to the lower concentration of griseofulvin used in the

model formulations (90 mg instead of 1 g), the concentration of SDS must be reduced

to prevent the dissolution rate from being too fast to allow adequate discrimination

between dissolution profiles. A solubility study was performed whereby the solubility of

griseofulvin was measured in SDS solutions containing 0.3, 0.7, 1.0, 2.0, and 4.0% w/v

SDS in water. To prepare the samples, an excess of griseofulvin was added to 4 mL of

each SDS solution in a centrifuge tube. The samples were mixed for 24 hours using an

orbital shaker at 240 rpm in a 37◦C temperature room. Samples were centrifuged at

13,000 rpm for 5 min and the supernatant was separated for UV analysis. For samples

prepared in 1, 2, 3, and 4% SDS, the sample was further diluted to allow UV analysis.

These samples were diluted by making a 1 mL sample to a volume of 4 mL with water.

Samples were analysed by UV using λmax of 291 nm. The results of the solubility study

are presented in Fig 3.2.

The results of the solubility study showed that there is a strong linear correlation

between the SDS concentration and the solubility of griseofulvin. Based on this cor-

relation, an SDS concentration of 0.4% SDS was selected for the dissolution studies.

This concentration of SDS provides sink conditions for testing the griseofulvin tablets
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Figure 3.2: The solubility of griseofulvin in varying concentrations of SDS solution.

manufactured in Chapter 6, which contained a nominal dose of 90 mg. For a 0.4% SDS

medium, the solubility of griseofulvin is calculated as 0.303 mg/mL, allowing 3 times

the nominal dose of griseofulvin to dissolve in 900 mL of test media.

Paddle speeds of 50 and 75 rpm were compared to assess whether or not the disso-

lution profiles of each batch were affected by coning. Coning during dissolution testing

describes the settling of powder in a mound at the base of the dissolution vessel, where

the hydrodynamic effect of the paddle rotation does not sufficiently stir the settled

powder. The profiles obtained for each formulation when tested at 50 and 75 rpm are

shown in Chapter 6 (see Figure 6.7. A comparison of the profiles indicated that tablets

composed of MCC/DCPA were significantly impacted by coning, with only around 50%

of the total dose dissolving after 60 min at 50 rpm. To mitigate the effects of coning, a

paddle speed of 75 rpm was selected for the dissolution studies.

Samples of 10 mL were manually drawn and filtered through a 0.2 µm PTFE filter.

The first 5 mL drawn through each syringe was discarded to allow sufficient saturation

of the filter. The remaining volume was sampled into HPLC vials for analysis. Samples

were drawn at 3, 7, 10, 15, 20, 25, 30, 45 and 60 minutes. At the 60 minute sampling

timepoint, the paddle speed was increased from 75 rpm to 200 rpm for a 30 minute

infinity spin. Samples from each sampling timepoint were then analysed by HPLC (see
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Table 3.1).

Table 3.1: HPLC conditions used for the analysis of griseofulvin-based dissolution sam-
ples

Method Details

HPLC system Shimadzu Prominence-i LC-2030
Chromatographic
data system

Shimadzu LabSolutions Chromatography Software

Dissolution media 0.4% w/v SDS in water
Mobile phase A 10 mM ammonium formate adjusted to pH 3 with formic

aƒcid
Mobile phase B 10 mM ammonium formate in acetonitrile:water (9:1)
Standards Standard solutions of concentrations 0.05, 0.08, 0.10, and

0.25 mg/mL griseofulvin prepared in 1% w/v SDS in wa-
ter

Column Waters XBridge® C18 5 µm (2.1 × 50 mm) at 37◦C
Injection volume 20 µL
Flow rate 1 mL/min

Gradient Details

0 min 30% mobile phase A, 70% mobile phase B
3 min 0% mobile phase A, 100% mobile phase B
4 min 0% mobile phase A, 100% mobile phase B
4.5 min 30% mobile phase A, 70% mobile phase B
6.5 min 30% mobile phase A, 70% mobile phase B

Detection UV-vis detection at 291 nm
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Disintegration Mechanisms for

Direct Compression Formulations

Chapter Summary

This chapter describes the manufacture and characterisation of directly compressed

placebo tablets composed of commonly used fillers and disintegrants. Each batch was

classified based on the performance-controlling disintegration mechanism, and a simple

workflow for determining the mechanism of disintegration is presented. The contents

of this chapter have been published in the International Journal of Pharmaceutics (see

page xix), however some sections have been adapted to expand on some of the key

concepts.
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4.1 Introduction

The disintegration and dissolution performance of immediate-release (IR) tablets plays

a central role in the therapeutic efficacy of a product. Before the active pharmaceuti-

cal ingredient (API) can have a therapeutic effect, it must first dissolve and then be

absorbed into the systemic circulation. For most IR formulations, rapid disintegration

is essential for dissolution. As the tablet breaks into smaller particles, the surface area

available for dissolution increases, resulting in faster drug release.

For a tablet to disintegrate, the repulsive forces within the tablet must exceed the

interparticle bonding forces. The first stage in tablet disintegration is liquid penetra-

tion. When in contact with liquid, the disintegration medium will penetrate the tablet

through pores in the microstructure. Although liquid penetration is not directly re-

sponsible for disintegration, it is a prerequisite for all other disintegration mechanisms

(Nogami et al., 1967). The most common cause of disintegration is the expansion of

particles within the tablet. As the particles swell, the void space in the pores is soon

filled and a force is exerted on the surrounding matrix. When this force exceeds the

cohesive forces between particles in the matrix, disintegration will occur (Caramella

et al., 1990). Depending on the material, particle expansion can be omni-directional

or uni-directional. The omni-directional expansion of particles is a result of moisture

uptake and is typically referred to as swelling. On the other hand, some materials will

only expand uni-directionally as a result of its deformation during compaction. For

these materials, contact with liquid causes the particles to regain their original shape

prior to compaction, and therefore expansion occurs only axially against the direction

of compression (Desai et al., 2012; Quodbach et al., 2014a). In this thesis, this mech-

anism will be termed shape recovery, however it is also known as strain recovery or

deformation recovery. Aside from swelling and shape recovery, disintegration can also

be a result of the dissolution of particles from the matrix. Each of these mechanisms

are influenced either by the raw material properties, manufacturing conditions or both

(Markl & Zeitler, 2017).

For tablets manufactured by direct compression, the pore structure of the tablet is
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formed during compaction and this can impact the disintegration performance. Higher

compression forces result in tablets with lower porosity. The tablet porosity influences

the rate of liquid penetration into the tablet, and therefore the rate of disintegration

(Marais et al., 2003; Patel & Hopponen, 1966). In addition to compression force, the

disintegration performance of tablets manufactured by wet or dry granulation may also

be influenced by granule density or moisture content or the mode of disintegrant addition

(i.e. intra- or extra-granular) (Gordon et al., 1993).

The effect of formulation on tablet disintegration has been widely studied. In addi-

tion to the swelling and shape recovery mechanisms of disintegrants, other excipients in

the formulation will also influence the disintegration process. Microcrystalline cellulose

(MCC) is a popular filler used in direct compression, which swells when it comes in

contact with liquid (Markl et al., 2017). It has been shown that the use of soluble fillers

hinders disintegration compared to insoluble fillers (Berardi et al., 2018; Johnson et al.,

1991; Rubinstein & Birch, 1977). As the soluble filler will begin to dissolve as liquid

penetrates the tablet, the efficiency of swelling and shape recovery materials is reduced.

With soluble or hygroscopic materials, there may be competition for water with the

disintegrants (Berardi et al., 2018; Johnson et al., 1991). For insoluble matrices, the

expansion of the disintegrant results in the disintegrating force being fully exerted on

the surrounding particles. It has also been suggested that dissolution of the filler will

increase the viscosity of the medium and result in slower liquid penetration (Rubinstein

& Birch, 1977), however, these effects are likely to be small relative to the effect on

disintegration time. Ekmekciyan et al. (2018) demonstrated that solubility effects can

be explained by tablet components competing for the available water. Soluble binders

and fillers were found to require more water molecules to dissolve, compared to insol-

uble fillers which can be fully wetted by a small amount of medium. As a result, the

use of insoluble fillers leaves more water available for the disintegrants. These results

supported previous studies which have shown that increased hygroscopicity of the tablet

components could also result in decreased disintegration efficiency (Gordon & Chowhan,

1987; Johnson et al., 1991; López-Solís & Villafuerte-Robles, 2001).

Disintegration testing is routinely performed throughout drug product develop-
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ment. However, the standard disintegration test gives very little mechanistic infor-

mation about the disintegration of the tablet. As a result, several groups have ap-

plied novel approaches such as magnetic resonance imaging (Dvořák et al., 2020; Quod-

bach et al., 2014a,b), broadband acoustic resonance dissolution spectroscopy (BARDS)

(O’Mahoney et al., 2020) , image analysis (Berardi et al., 2018) and stress relaxation

measurements (Tomas et al., 2018) which can be used to study the underlying processes

occurring during disintegration and dissolution. Similarly, terahertz pulsed imaging

(TPI) has been used to study liquid penetration in and swelling of powder compacts

(Al-Sharabi et al., 2020; Markl et al., 2017; Yassin et al., 2015) . The test conditions

have also been shown to influence the disintegration and dissolution rates. Bisharat

et al. (2019) investigated the role of ethanol on disintegrant efficiency, whilst Zhao &

Augsburger (2005b) explored the role of pH of the disintegrating medium. The disin-

tegration process is also affected by the choice of dissolution medium (e.g. biorelevant

medium) (Anwar et al., 2005) and its temperature (Basaleh et al., 2020). Several recent

reviews have evaluated the current literature on the disintegration process, the measure-

ment techniques available, and the mechanisms of action of tablet disintegrants (Desai

et al., 2016; Markl & Zeitler, 2017; Quodbach & Kleinebudde, 2016).

The objective of this study was to propose a workflow which could allow iden-

tification of the performance-controlling disintegration mechanism. In this study, a

performance-controlling mechanism is referred to as a rate process that directly im-

pacts the overall disintegration time. In other words, a minor alteration of one or

multiple material and/or product attributes strongly affects the rate of the identified

mechanism which in turn causes a change in the disintegration performance. This work-

flow is demonstrated for 16 different placebo formulations, each composed of commonly

used excipients. Both raw material (e.g. moisture sorption, intrinsic dissolution rate)

and tablet properties (e.g. porosity) were considered within the workflow. This study

applies simple and routine analytical tests to gain a greater understanding of the formu-

lation properties which affect disintegration. By applying these principles to understand

the mechanism of a given formulation, it is possible to optimise formulation design in

terms of the disintegration performance.
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4.2 Materials and Methods

4.2.1 Materials

All materials used in this study are described in Chapter 3.

4.2.2 Characterisation of Raw Materials

4.2.2.1 Dynamic Vapor Sorption

Moisture sorption isotherms for each excipient were collected as described in Sec-

tion 3.2.1.1.

4.2.2.2 Particle Size and Shape

The shape and size of particles of each excipient was measured following the method

described in Section 3.2.1.2.

4.2.2.3 True Density

The true density of each excipient was measured by the method described in Sec-

tion 3.2.1.3.

4.2.2.4 Single Particle Dissolution

The dissolution of individual particles of lactose and mannitol was studied using a

custom-built flow cell, as described by Soundaranathan et al. (2020). Briefly, particles

are placed in a small spherical sample holder in the centre of the flow cell. A peristaltic

pump was used to pump deionised water at 20◦C through the flow cell at a rate of

1.73 mL/min. This process is recorded using an optical microscope (Leica DM6000,

Leica Microsystems CMS GmbH, Germany) at 10x magnification. A full description

and diagrams of the flow cell apparatus are given by (Soundaranathan et al., 2020). For

each material, the dissolution of 12 particles was measured.
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4.2.2.5 Relative Swelling

The relative swelling (∆s) for each formulation was calculated using the average particle

size (D50) and the maximum swelling capacity (∆rmax). The measurement of ∆rmax is

described by Soundaranathan et al. (2020). The relative swelling was then calculated

as the average increase in particle size after wetting, based on the weight fraction of

each excipient (ci).

∆s =
N∑
i

(
∆rmax

D50/2

)
ci (4.1)

4.2.3 Tablet Manufacture

4.2.3.1 Investigating Formulation Effects

The formulations manufactured are listed in Table 4.1. For each formulation, 300 g of

blend was prepared as described in Section 3.2.2. Each formulation contained 47% w/w

each of two different fillers, 5% w/w disintegrant and 1% w/w magnesium stearate.

Tablets were compacted with a 9 mm flat round die using a single punch automated

tablet press (FlexiTab, Bosch Packaging Technology Ltd, Merseyside, UK). For each

formulation, the filling depth and compression force were adjusted to obtain tablets

with a target weight of approximately 350 mg and target tensile strength of >2.5 MPa.

For MCC/mannitol, MCC/lactose and MCC/DCPA, tablets were compressed at 10 kN.

For DCPA/lactose formulations, 16 kN was used.

4.2.3.2 Investigating Porosity and Disintegrant Concentration Effects

Additional tablets were manufactured for each filler combination with CCS. These

tablets were manufactured with either higher porosity or higher disintegrant concen-

tration.

To investigate the effect of porosity, the compression force was set to 8 kN for

MCC/mannitol, MCC/lactose and MCC/DCPA formulation. The DCPA/lactose for-

mulation was compressed 12 kN. This decrease in compression force resulted in tablets

with higher porosity than the original batches (see Section 4.2.3.1).
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Table 4.1: Direct compression tablet formulations

Filler 1 Filler 2 Disintegrant
MCC Mannitol CCS
MCC Mannitol XPVP
MCC Mannitol L-HPC
MCC Mannitol SSG
MCC Lactose CCS
MCC Lactose XPVP
MCC Lactose L-HPC
MCC Lactose SSG
MCC DCPA CCS
MCC DCPA XPVP
MCC DCPA L-HPC
MCC DCPA SSG
DCPA Lactose CCS
DCPA Lactose XPVP
DCPA Lactose L-HPC
DCPA Lactose SSG

To investigate the effect of disintegrant concentration, additional tablets of these

formulations were also prepared with 8% w/w of CCS at 10 kN (MCC/mannitol,

MCC/lactose and MCC/DCPA) and 16 kN (DCPA/lactose). For tablets containing

8% w/w CCS, the concentration of magnesium stearate was kept at 1% w/w and the

quantity of each filler was adjusted to 45.5% w/w for each formulation.

4.2.4 Characterisation of Tablets

4.2.4.1 Weight, Dimensions and Tensile Strength

The weight, dimensions and tensile strength were measured as described in Section 3.2.4.1.

For each batch, 10 tablets were measured.

4.2.4.2 Porosity

The porosity was calculated for 10 tablets per batch using the method outlined in

Section 3.2.4.2.
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Figure 4.1: Moisture sorption isotherms of (A) fillers and (B) disintegrants

4.2.4.3 Disintegration time

The disintegration time of each batch was measured for 6 tablets using water at 37◦C

as the disintegration medium, following the method described in Section 3.2.4.4.

4.2.4.4 Dynamic Contact Angle

The dynamic contact angle was measured for 2 tablets per batch using the method

described in Section 3.2.4.3.

4.2.4.5 Statistical Analysis

To compare the effects of porosity and increased CCS concentration, individual t-tests

were performed using GraphPad Prism 8 (version 8.3.1, GraphPad Software LLC, San

Diego). Differences were considered statistically significant for p < 0.05.
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4.3 Results

4.3.1 Characterisation of Raw Materials

4.3.1.1 Dynamic Vapour Sorption

Moisture sorption isotherms of the fillers (Fig 4.1A) show that lactose, mannitol and

DCPA are non-hygroscopic and do not absorb moisture, even at high relative humidity

conditions. MCC is hygroscopic and absorbs a substantial amount of moisture.

For the disintegrants (Fig 4.1B), the moisture sorption isotherms show high hygro-

scopicity. For L-HPC, the moisture sorption at 80 and 90% RH is lower than for the

other excipients. For CCS, XPVP and SSG, each disintegrant absorbs approximately

42% moisture at 90% RH.

Settling plots from the DVS measurement of each excipient are given in Appendix

D.

4.3.1.2 True Density, Particle Size and Sphericity

The results of particle size, sphericity and true density measurements for each excipient

are given in Table 4.2. For all excipients the sphericity of the particles was >0.6. The

smallest particle sizes were observed for SSG and CCS, whilst DCPA had the largest

particle size.

Table 4.2: True density, particle size and sphericity of each excipient

Excipient ϱt(g/cm
3) D50(µm) S50

MCC 1.56 111.14 0.75
Mannitol 1.49 177.30 0.85
Lactose 1.55 130.76 0.85
DCPA 2.98 190.52 0.79
CCS 1.60 54.32 0.66

XPVP 1.25 105.07 0.80
L-HPC 1.48 79.03 0.63
SSG 1.55 53.59 0.87
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Figure 4.2: Example images from the measurement of the dissolution of individual
particles of lactose and mannitol at 0, 10, 20, 30 and 40 seconds after hydration.
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4.3.1.3 Single Particle Dissolution

The measurement of single particle dissolution showed that mannitol particles dissolve

in 12.5 ± 7.2 s, and lactose particles dissolve in 42.7 ± 13.6 s. Example images from

the analysis are shown in Fig 4.2.

4.3.2 Characterisation of Tablets

4.3.2.1 Tensile Strength and Porosity
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Figure 4.3: The tensile strength of each formulation (n = 10, mean ± standard devia-
tion)

The tensile strength of all formulations is shown in Fig 4.3. For all batches, tensile

strength was between 2.5 and 4.1 MPa. The porosity of tablets containing MCC/mannitol

and MCC/lactose was approximately 13%, whilst the porosity of MCC/DCPA and

DCPA/lactose tablets were around 23% and 19%, respectively (as shown in Fig 4.4).

4.3.2.2 Disintegration Time

The disintegration times of each formulation is shown in Fig 4.5. Disintegration times

were lowest for MCC/DCPA formulations. For MCC/mannitol, MCC/DCPA and
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Figure 4.4: The porosity of each formulation (n = 10, mean ± standard deviation)
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Figure 4.5: The disintegration time of each formulation (n = 6, mean ± standard
deviation)
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Figure 4.6: Examples of the contact angle measurements for MCC/mannitol-based
tablets containing (A) CCS, (B) XPVP, (C) L-HPC and (D) SSG

DCPA/lactose, disintegration times were under 2 minutes for all disintegrants, whereas

disintegration took significantly longer and large differences between the different dis-

integrants could be observed for MCC/lactose.

For MCC/lactose, MCC/mannitol and MCC/DCPA, the batches containing XPVP

resulted in the fastest disintegration. For DCPA/lactose, the batch containing CCS

disintegrated slightly faster.

4.3.2.3 Dynamic Contact Angle

The initial contact angle θc,0 was extracted from the dynamic contact angle measure-

ments of the tablets. Examples of the images obtained by contact angle measurements

are shown in Fig 4.6 for tablets containing MCC/mannitol.

Using the contact angle extracted from each frame, contact angle profiles can be

prepared to show the change in contact angle after the droplet first makes contact with

the tablet surface. These profiles are shown in Fig 4.7 for each filler with (A) CCS, (B)

XPVP, (C) L-HPC, and (D) SSG.

The initial contact angle for each batch is shown in Fig 4.8. The difference between

tablets with each disintegrant are small for MCC/DCPA, whereas they are more distinct

for MCC/lactose and MCC/mannitol formulations. For DCPA/lactose, the contact
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Figure 4.7: Contact angle profiles of tablets containing (A) CCS, (B) XPVP, (C) L-HPC
and (D) SSG (n = 2)

angle is similar for CCS, XPVP and L-HPC, however θc,0 is much lower for tablets

containing SSG.

4.3.3 Investigating the Performance-Controlling Properties

4.3.3.1 Changing Tablet Porosity

Additional tablets were manufactured for each filler-combination with CCS to investi-

gate the effect of changing the tablet porosity. The porosity and disintegration time of

the new tablets are shown against the original tablets in Fig 4.9. When the porosity was

increased, the disintegration time of MCC/lactose decreased significantly. This suggests

that the disintegration time was limited by liquid penetration. On the other hand, the

disintegration of tablets containing MCC/mannitol was much slower when the porosity

was increased. For MCC/DCPA and DCPA/lactose, increasing the porosity did not

significantly change the disintegration times.
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Figure 4.9: The (A) porosity and (B) disintegration time of tablets compressed at
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Figure 4.10: The (A) tensile strength and (B) porosity of tablets containing 5% and
8% w/w CCS, respectively.
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Figure 4.11: Disintegration times of batches prepared with 5% and 8% w/w CCS (n = 6;
mean ± standard deviation; *p < 0.05)
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Figure 4.12: The initial contact angle, θc,0, of tablets containing 5 and 8% w/w CCS
(n = 2 and n = 4, for 5 and 8% w/w CCS, respectively).

4.3.3.2 Changing Disintegrant Concentration

The disintegration times of batches with 5% and 8% w/w CCS are shown in Fig 4.11.

When the disintegrant concentration was increased, the disintegration times of all

tablets changed. For MCC/lactose, an increase in CCS concentration resulted in a

faster tablet disintegration. There was a slight increase in disintegration time observed

for MCC/mannitol and DCPA-based formulations.

The initial contact angle of tablets containing 5% and 8% w/w CCS are shown in

Fig 4.12. For tablets containing MCC/lactose, MCC/mannitol and MCC/DCPA, there

was a decrease in initial contact angle for tablets containing 8% w/w CCS. For tablets

containing DCPA/lactose, the initial contact angle increased with higher disintegrant

concentration.

4.4 Discussion

4.4.1 The Influence of Formulation on Disintegration

The performance of IR tablets is controlled by different disintegration mechanisms.

These mechanisms can be impacted by both raw material properties and the manufac-
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Figure 4.13: Summary of raw material and tablet properties for each filler combination
with 5% w/w CCS. Raw material properties (ϱt,mix, relative swelling and moisture
uptake) expressed as the weighted arithmetic mean of each excipient.

turing conditions. The key differences between the raw material and tablet properties of

tablets containing different filler combinations with 5% w/w CCS are shown in Fig 4.13

and the workflow used to classify these formulations is shown in Fig 4.14.

For all tablets, liquid penetration is the necessary pre-requisite for disintegration and

dissolution. As such, ensuring rapid liquid penetration will always be a key consideration

during the development of directly compressed tablets. In this study, each batch has

been further classified based on the disintegration-controlling mechanisms. This allows

the formulator to identify the properties which can be adjusted slightly in order to

optimise the disintegration performance. For example, the DCPA-based tablets tested in

Section 4.3.3.1 show that increasing the porosity of these tablets (as a result, increasing

the rate of liquid penetration) did not result in faster disintegration (Fig 4.9). However,
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Figure 4.14: Workflow for the classification of IR tablets based on the disintegration
mechanism.

changing the disintegrant concentration had a significant effect on disintegration time

(Fig 4.11). This indicates that for the swelling-controlled DCPA-batches, disintegration

can be optimised by careful selection of the disintegrant and concentration.

The first stage in the workflow is to assess the solubility of the major tablet compo-

nents. Several studies in the literature have demonstrated that disintegration is faster

for tablets composed of insoluble excipients compared to those with soluble excipients

(Johnson et al., 1991; Rubinstein & Birch, 1977). The disintegration times of these

batches (shown in Fig 4.5) support these findings, as tablets containing MCC and

DCPA disintegrate faster than those containing mannitol or lactose. If the tablet ma-

trix is mostly composed of a soluble material, then liquid penetration will lead to the

dissolution of filler particles. For tablets composed of an insoluble filler, only a small

amount of water will be used to wet the filler particles, thus leaving more water available

for the disintegrant (Ekmekciyan et al., 2018). The solubility of most pharmaceutical

materials is well-defined in the literature.

In addition to the solubility of the tablet components, it is also important to con-

sider the intrinsic dissolution rate of the excipients in order to distinguish between

components which will dissolve rapidly when in contact with liquid and those which

will dissolve more slowly. For example, lactose and mannitol have very similar absolute

solubility values (1 g in 5.24 mL and 1 g in 5.5 mL, respectively, for water at 20◦C (Rowe
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et al., 2009)), however, the rates at which these excipients dissolve are different. This

was previously shown through determining the intrinsic dissolution rates by Wewers

et al. (2020), and further supported by the single particle dissolution analysis per-

formed for lactose and mannitol (Section 4.3.1). The difference in filler dissolution rate

is evident when comparing the disintegration time of tablets containing MCC/mannitol

and MCC/lactose (Fig 4.5). When mannitol is used as a filler, these particles will

dissolve rapidly from the matrix, resulting in an increase in the apparent pore space

and improved liquid penetration. On the other hand, lactose particles will take longer

to dissolve, meaning that the porosity remains low during the initial stages of disin-

tegration. If both the solubility and intrinsic dissolution rate are high for the major

tablet components, then disintegration is driven by the dissolution of particles from the

matrix which consequently leads to improved liquid penetration. The disintegration

mechanism of MCC/mannitol is thus dissolution controlled.

The third stage in the workflow is to assess the wettability and porosity of the

tablets. The porosity of the tablets strongly influences the performance as it relates

directly to the rate of liquid penetration. The total porosity of the tablet includes both

intraparticle and interparticle porosity. DCPA has a high intraparticle porosity, mean-

ing that tablets composed of MCC/DCPA and DCPA/lactose have much higher total

porosity than those containing MCC/lactose and MCC/mannitol (as shown in Fig 4.4).

This high porosity promotes liquid penetration through the pores in the tablets, which

then allows other processes such as swelling or dissolution to begin. Due to the rapid

liquid penetration and wetting, disintegration is limited by the rate of swelling of the

disintegrant particles. On the other hand, tablets containing MCC/lactose have much

lower porosity (as shown in Fig 4.4) than those containing DCPA. Unlike the tablets

containing mannitol (in which mannitol particles dissolve rapidly upon contact with liq-

uid), the single particle dissolution analysis has shown that the wetting and dissolution

of lactose particles is much slower. As a result, the porosity of this batch will remain

low during the beginning of disintegration, leading to slow liquid penetration and de-

layed swelling compared to the DCPA-based batches. We have therefore classified the

MCC/lactose batch as wettability-controlled.
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The swelling ability of a formulation is determined by the swelling capacity of the

raw materials (MCC, CCS, L-HPC, SSG) as well as shape recovery effects (XPVP).

For the MCC-based formulations, both the disintegrant and MCC contribute to the

swelling (both omni- and uni-directional, for swelling and shape recovery excipients

respectively) within a tablet. The swelling of the DCPA/lactose formulation is only

driven by the disintegrant used. MCC/DCPA and DCPA/lactose are both swelling-

controlled, whereas the MCC/DCPA formulations disintegrate faster due to its higher

swelling ability as exemplified by the relative swelling, ∆s, in Fig 4.13.

Each filler combination was manufactured with four different disintegrants: CCS,

XPVP, L-HPC and SSG. The difference in disintegration times between the disinte-

grants were relatively small for tablets composed of MCC/mannitol, MCC/DCPA and

DCPA/lactose. On the other hand, disintegrant choice played a crucial role in deter-

mining the rate of disintegration of tablets containing MCC/lactose. For these batches,

XPVP resulted in the fastest disintegration, followed by CCS, SSG and L-HPC. These

findings are in agreement with previous studies which have ranked the effectiveness of

different disintegrants based on moisture uptake and force development measurements.

Specifically, Quodbach et al. (2014a) studied the development of fractal dimensions for

dibasic calcium phosphate (DCP) based tablets containing different disintegrants. The

results of this study showed that XPVP was the most effective disintegrant, followed

by CCS and SSG (Quodbach et al., 2014a).

The workflow shown in Fig 4.14 describes a classification system to determine the

performance-controlling disintegration mechanism of a tablet. This workflow was devel-

oped based on the formulations used in this study. In order to fully explore the design

space and establish criteria for the decision points in this workflow, further research is

required to assess the influence of changing the composition or excipients, as well as the

effects of API.

4.4.2 The Influence of Porosity on Disintegration

Additional batches were manufactured for each filler combination with CCS in order to

investigate the effect of porosity on the disintegration mechanisms. Tablets containing
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MCC/DCPA and DCPA/lactose showed no significant difference in disintegration time

when manufactured at low and high porosity (as shown in Fig 4.9). This supports

the conclusion that swelling, rather than liquid penetration, is the limiting step in the

disintegration of these tablets.

The disintegration of MCC/mannitol tablets was slower for the batch of tablets with

high porosity. For tablet disintegration to occur, disintegrants must exert a sufficient

swelling force against the surrounding matrix. Liquid penetration of these tablets results

in the rapid dissolution of mannitol. As mannitol dissolves, the apparent pore space

in the tablet increases. If the empty pore space between the disintegrant and MCC

particles is too large, then particles will swell into this space instead of exerting a force

against the surrounding particles. This could cause an increase in disintegration time,

as the swelling mechanism of the disintegrant and MCC is less efficient.

The disintegration time of MCC/lactose tablets was significantly faster for tablets

manufactured at the lower compression force (i.e. higher porosity tablets). This con-

firms the conclusion that these tablets are wettability-controlled, as increased porosity

accelerated the liquid uptake and, consequently, reduced the disintegration time.

4.4.3 The Influence of Disintegrant Concentration on Disintegration

The effect of disintegrant concentration was also investigated for each filler combination.

Tablets were manufactured with 8% w/w CCS to allow comparison with the original

batches containing 5% CCS.

When the disintegrant concentration was increased, the disintegration time of MCC/DCPA

and DCPA/lactose tablets increased (Fig 4.11). Similar results were also found by Be-

rardi et al. (2018), with DCPA-based tablets showing slower disintegration with higher

concentrations of CCS or SSG. The authors attributed these results to the formation

of a hydrated gel matrix, which held the tablet together despite increased liquid uptake

and swelling. It is possible that at 8% CCS a gel is formed that results in a barrier

preventing further liquid penetration.

Tablets containing MCC/mannitol also showed a slight increase in disintegration

time when the concentration of CCS was increased. Despite the higher wettability (as

62



Chapter 4. Exploring the Performance-Controlling Tablet Disintegration Mechanisms
for Direct Compression Formulations

shown by a lower initial contact angle in Fig 4.12), these tablets also showed lower

porosity and higher tensile strength compared to those containing 5% w/w CCS. If

disintegration of these tablets is controlled by dissolution of mannitol particles, then

the lower porosity could impede liquid penetration and result in delayed dissolution

of the mannitol. On the other hand, tablets composed of MCC/lactose show faster

disintegration when 8% w/w CCS is used instead of 5% w/w. As shown in Fig 4.12,

a decrease in initial contact angle for this batch suggests increased wettability. Unlike

tablets containing MCC/mannitol, there is no effect on porosity (as shown in Fig 4.10).

As a result, the increase in wettability accelerates liquid uptake and hence decreases

the disintegration time.

4.5 Conclusions

The performance of tablets containing different formulations, porosities and composi-

tions were investigated. This work provides a comprehensive explanation of the mech-

anisms which control disintegration time for tablets with different raw material and

compact properties. The processes which may control disintegration are wettability

(i.e. liquid penetration), swelling or dissolution. The mechanism of disintegration for a

formulation may be determined by considering the properties of the raw materials. For

fillers which contain a high proportion of rapidly-dissolving material, disintegration will

likely be dissolution controlled. If the excipient wettability is low and the tablets have

low porosity, disintegration will be controlled by the liquid penetration. For tablets

which are insoluble or partially insoluble, swelling may be the controlling factor. These

mechanisms were further supported by investigating the effect of increasing the tablet

porosity. A 2% change in porosity for the wettability-controlled tablets (MCC/lactose)

caused a 77% reduction in the disintegration time, whereas for swelling controlled tablets

(MCC/DCPA and DCPA/lactose) a change in porosity of 2% (MCC/DCPA) and 7%

(DCPA/lactose) did not significantly change the disintegration process (3% and 5%

change in disintegration time, respectively). The use of the simple workflow presented

in this study could allow formulators to identify the key formulation or manufacturing
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parameters which could be adjusted to optimise disintegration.

In this study, placebo tablets were used to investigate the effects of different excip-

ients, but the effect of API must also be assessed when considering the performance-

controlling mechanism of a formulation. Moreover, the composition of the tablets is

likely to have a strong influence on the disintegration controlling mechanism, and so

changes to the ratio of fillers or disintegrant must be taken into account. In addition

to the formulation, the choice of dissolution medium (e.g. biorelevant medium) and

its temperature can affect the disintegration and dissolution. Generating a full picture

of the relationship between given raw materials, manufacturing conditions and control-

ling disintegration mechanism will require the consideration of biorelevant dissolution

media.
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Chapter Summary

This chapter outlines the design, execution and results of the accelerated stability studies

performed on the tablets manufactured in Chapter 3. Each batch of placebo tablets were

stored under 5 different storage conditions and tested at 2 timepoints. The changes in

physical tablet properties were then related to the raw material properties, as well as the

performance-controlling disintegration mechanisms described previously. The contents

of this chapter have been published in the International Journal of Pharmaceutics: X

(see page xix), however some sections have been adapted to expand on some of the key

concepts.
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5.1 Introduction

Stability testing is a crucial step in the development of any drug product. A main focus

of stability testing is on assessing the chemical degradation to ensure that the product

remains safe throughout the duration of its shelf life. Accelerated stability studies are

routinely used to study chemical degradation, and this data is often used to extrapolate

for long-term storage. In recent years, industrial interest in accelerated predictive tech-

niques has grown rapidly (Qiu, 2018a; Williams et al., 2017). In addition to chemical

stability, the physical stability of pharmaceutical products must also be evaluated to

ensure that the product performance is not affected by storage. The modelling and

prediction of physical stability presents unique challenges, as physical changes do not

always follow the Arrhenius behaviour which is used to predict chemical reactions. A re-

cent survey by Williams et al. (2017) documented the properties currently being studied

with risk-based predictive stability techniques in industry. Responses from 16 compa-

nies using these approaches, the most common applications were for studying chemical

impurities and assays (13 and 11 companies, respectively), with only 3 companies us-

ing these tools for dissolution testing and only 1 respondent each applying these tools

to study hardness or disintegration. By developing an improved understanding of the

underlying mechanisms of physical change during storage, more appropriate predictive

tools could be developed which better fit the needs of physical stability testing.

Many studies in the literature have discussed the physical stability of different drug

products, however the wide variety of formulations (including the choice of both ac-

tive pharmaceutical ingredient(s) and excipients), manufacturing processes, and study

designs make it challenging to compare different studies.

Tablet excipients often account for a large portion of the total tablet mass, and

so the excipients will typically influence the physical properties of the tablet. Several

studies have investigated the effect of different excipients on the physical stability of

tablets, including the impact of filler solubility (Gordon et al., 1993; Molokhia et al.,

1982), formulation hygroscopicity (Gordon & Chowhan, 1990) , and disintegrant efficacy

(Quodbach & Kleinebudde, 2015).
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The effect of filler solubility was investigated by Molokhia et al. (1982) and Gor-

don et al. (1993), who both attributed increases in tablet hardness after storage to the

partial dissolution and recrystallisation of soluble fillers. The exception to this would

be sorbitol-based tablets, which showed a decrease in hardness after storage (Molokhia

et al., 1982). These changes were not found in tablet composed of mainly insoluble

fillers. In addition to the change in hardness, Gordon et al. (1993) also found that

tablets containing soluble fillers experienced a decrease in dissolution rate after storage

under accelerated conditions. Filler hygroscopicity was also investigated to determine

its effect on physical stability. Gordon & Chowhan (1990) found that tablets with a

higher composite hygroscopicity show greater decreases in dissolution rate after storage

at elevated humidity compared to those with non-hygroscopic excipients. In addition to

factors like solubility and hygroscopicity, it has also been shown that the mode of defor-

mation of a material can influence the physical stability, with differences in behaviour

observed for brittle fracture fillers like DCPD and lactose monohydrate, compared to

the plastically-deforming MCC (Sacchetti et al., 2017).

Several studies have also investigated the effects of storage on disintegrants (Gordon

et al., 1993; Hersen-Delesalle et al., 2007; Hiew et al., 2016; Quodbach & Kleinebudde,

2015). Gordon et al. (1993) assessed changes in the physical properties of tablets con-

taining CCS, XPVP, and L-HPC as disintegrants. This study found that the behaviour

on stability changed depending on the disintegrant used, for example, tablets contain-

ing CCS were more strongly affected by storage at 37◦C/80% RH despite still having

a faster disintegration time than those containing XPVP or L-HPC. Hersen-Delesalle

et al. (2007) found that a decrease in tensile strength with increased relative humidity

was associated with the formation of cracks on the surface and internal structure of

the tablets, likely due to premature activation of disintegrants as they absorb moisture

from the air. Quodbach & Kleinebudde (2015) studied the effect of storage conditions

on the water uptake and force development for tablets containing different disintegrants,

finding that disintegration time increased after storage at high humidity for tablets con-

taining two different grades of SSG. These changes are attributed to a plasticising effect

on the polymer structure, resulting in the premature release of some of the shape re-
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covery energy stored from compression. Hiew et al. (2016); Li et al. (2004) investigated

the effect of relative humidity on dibasic calcium phosphate-based tablets with XPVP.

After storage at 75% RH, the high moisture sorption of XPVP made the tablets be-

come immeasurably soft and deformed. It was also shown by Sacchetti et al. (2017)

that the moisture sorption properties of disintegrants cause volume expansion during

storage, which in turn results in stress relaxation and prolonged disintegration times,

particularly for tablets containing XPVP. This was further confirmed by Bauhuber et al.

(2021), who showed that tablets containing XPVP showed the biggest change in dis-

integration time after storage at 40◦C/75% RH compared to those containing CCS or

SSG.

For chemical stability, predictions are typically based on the reaction rates of chem-

ical degradation pathways, for example using the Arrhenius equation as a base, with

the addition of terms to account for the humidity or other relevant factors. When con-

sidering physical stability changes, these often do not involve chemical changes, and so

predicting the rate and extent of change can be challenging. In the literature, several

studies have applied chemical stability techniques such as the Accelerated Stability As-

sessment Program (ASAP) or GSK’s accelerated stability modelling (ASM) approach

to study disintegration and dissolution changes on stability (Clancy et al., 2018; Li

et al., 2004; Waterman, 2011). A study by Li et al. (2004), investigated the decrease

in dissolution rate of benazepril hydrochloride tablets containing XPVP after storage

at 40◦C/75% RH. In this study, the change in behaviour was attributed to disintegrant

pre-activation, and a simple model was proposed to predict dissolution slowdown based

on the moisture uptake of the tablets. A technique was also proposed by Scrivens (2019),

which calculated an "acceleration factor" (AF) which was used to correct the timescale

of a dissolution profile of samples after storage to match it to the initial profile. The AF

was found to decrease exponentially over time for each condition, and the calculation

of the fitting parameters for this exponential allowed accurate predictions of the change

in dissolution rate.

Previously, the formulations included in this study were classified as either disso-

lution controlled, wettability controlled or swelling controlled (see Chapter 4). To do
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this, a workflow was developed which focused on the raw material and tablet properties,

specifically the solubility and dissolution rate of the particles, as well as the porosity

and wettability of the tablet. This classification process helped to identify the criti-

cal properties which influences the disintegration behaviour of the tablets. Following

these classifications, the surface liquid-absorption and swelling processes were quanti-

fied using dynamic contact angle measurements for these formulations (Markl et al.,

2021). The liquid-absorption and swelling results supported the proposed mechanisms

of disintegration for each formulation, with the disintegration of MCC/mannitol and

MCC/lactose tablets primarily being influenced by the liquid absorption, whilst disin-

tegration of MCC/DCPA tablets were generally swelling-controlled, and tablets com-

posed of DCPA/lactose tablets showed some influence from both the liquid-absorption

and swelling behaviour.

The objective of this study is to assess the relationship between physical tablet

properties including tensile strength, porosity, initial contact angle, and disintegration

time with storage temperature and humidity during stability studies. This study com-

pares the effect of storage temperature and humidity on 16 different directly compressed

placebo formulations with four different filler-combinations and four commonly used dis-

integrants. The effect of exposure to accelerated stability conditions are also compared

against the performance-controlling disintegration mechanism for each formulation prior

to storage.

5.2 Materials and Methods

5.2.1 Materials

Details of all materials used in sample preparation, storage, and testing are given in

Section 3.1.

5.2.2 Dynamic Vapor Sorption (DVS)

Moisture sorption isotherms were collected as described previously in Section 3.2.1.1.

To calculate the theoretical liquid sorption at the specific storage conditions used for
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each formulation (vmix), a weighted average was calculated based on the weight fraction

of each excipient (ci) and the individual moisture uptake values (vi) using

vmix =
N∑
i=1

ci · vi (5.1)

with N = 3 as the number of excipients (excluding magnesium stearate) in the formu-

lation used.

5.2.3 Tablet Manufacture

Full details of the tablet manufacture are given in Chapter 4. In this study, all formu-

lations described in Table 4.1 were used for the stability studies.

5.2.4 Sample Storage

For the stability studies, tablets were stored at five different temperature and humidity

conditions as described in Section 3.2.3. The target storage conditions are shown in

Table 5.1. Samples were removed from the oven for testing after 2 and 4 weeks. At

each timepoint, jars were opened and allowed to equilibrate to ambient temperature

and humidity of approximately 20-23◦C and 50-60% RH for a minimum of 3 days prior

to testing.

Table 5.1: Accelerated stability storage conditions

Temperature
(◦C)

Humidity
(% RH)

Timepoints
(weeks)

37 30 0, 2, 4
37 75 0, 2, 4
50 75 0, 2, 4
70 30 0, 2, 4
70 75 0, 2, 4
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5.2.5 Characterisation of Tablets

5.2.5.1 Weight, Dimensions and Tensile Strength

The weight, dimensions and tensile strength are reported as the mean of 10 tablets per

timepoint and condition for each formulation, as described in Section 3.2.4.1.

5.2.5.2 Porosity

The tablet porosity was calculated as described in Section 3.2.4.2, using the 10 tablets

weighed and measured in Section 5.2.5.1 (prior to the tensile strength measurement

measurement) for each formulation at each timepoint and condition.

5.2.5.3 Dynamic Contact Angle

Dynamic contact angle measurements were taken and processed according to Sec-

tion 3.2.4.3. For each batch, condition and timepoint, contact angle measurements

were performed on 2 tablets.

The data collected during the dynamic contact angle measurements were also mod-

elled to provide information about the liquid absorption and swelling kinetics, which is

discussed by Markl et al. (2021) for tablets of each filler combination with CCS.

5.2.5.4 Disintegration time

Disintegration testing was performed as described in Section 3.2.4.4 for 6 tablets per

timepoint, condition and formulation.

5.2.5.5 Statistical analysis

Pearson correlation coefficients were calculated using GraphPad Prism 9 (version 9.0.2,

GraphPad Software LLC, San Diego) to identify correlations between physical tablet

properties and the storage conditions. Correlations were considered significant for p <

0.05.
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Figure 5.1: The theoretical moisture uptake for each formulation (%), based on the
individual moisture sorption of each excipient.

5.3 Results

5.3.1 Moisture Sorption

The moisture sorption of each excipient was measured to simulate the conditions used

in this study, with the exception of 70◦C conditions. Due to temperature limits of

the instrument, 60◦C was used to replace 70◦C. The results of the moisture uptake

are shown in Fig 5.1. Formulations containing MCC (MCC/mannitol, MCC/lactose,

and MCC/DCPA) experienced increased moisture uptake at high humidity conditions,

whilst 30% RH conditions showed smaller increases in moisture uptake. DCPA/lactose-

based tablets only showed small changes in moisture uptake for all conditions. The

individual moisture sorption isotherms for each excipient at 25◦C were shown in Chapter

4, and these profiles indicate that the main excipients contributing towards moisture

uptake is MCC and the disintegrants.

5.3.2 Tensile strength

The change in tensile strength for each batch during the stability study is shown in

Figure 5.2A. For tablets composed of MCC/lactose, there is little change in tensile

strength for samples stored at low humidity. However, at high humidity, there is a de-

crease of around 40-60%. Tablets containing MCC/mannitol generally decreased in ten-

sile strength after storage at all conditions. MCC/mannitol-based tablets with XPVP,
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L-HPC and SSG as the disintegrant experienced a slightly larger decrease in tensile

strength after storage at high humidity compared to storage at low humidity. DCPA-

based tablets (MCC/DCPA and DCPA/lactose) also decreased in tensile strength after

storage. The changes for these batches were generally smaller than those shown by

other filler combinations with the exception of DCPA/lactose tablets containing XPVP,

which decreased the most out of all batches tested. The changes in tensile strength

for DCPA-based tablets were also more uniform across different conditions compared

to the other filler combinations. The full data sets for tensile strength during storage

are shown in Figures E1 - E4 in Appendix E. In most cases, changes in tensile strength

occurred between the 0 and 2 week timepoints, after which point the tensile strength

seemed to have reached a plateau.

5.3.3 Porosity

The changes in porosity during storage for all batches are shown in Figure 5.2B. Tablets

composed of MCC/mannitol and MCC/lactose show a slight increase in porosity after

storage at 30% RH and a larger increase for tablets stored at 75% RH. At high humid-

ity conditions, hygroscopic excipients such as MCC and the disintegrants can absorb

moisture from the air (as shown by the moisture uptake data in Fig 5.1), resulting in

particle expansion (often termed "disintegrant pre-activation") (Berardi et al., 2021).

After removal from storage, the absorbed moisture will subsequently be lost and en-

larged or swollen particles will shrink to their original size, however, the changes to the

microstructure caused by this particle expansion will be irreversible.

For MCC/mannitol and MCC/lactose the initial porosity (around 13%) is much

lower than that of the MCC/DCPA and DCPA/lactose batches (around 23% and 19%,

respectively, as shown in Chapter 4). In the case of DCPA-based tablets, it was previ-

ously demonstrated that increases in porosity did not significant affect the disintegration

time due to the swelling-controlled disintegration mechanism of this batch (see Chapter

4). The disintegration time of swelling-controlled tablets is less influenced by changes

in the tablet microstructure than the wettability- or dissolution-controlled tablets, and

so the increase in porosity associated with disintegrant pre-activation during storage is
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less significant for the DCPA-based batches.

Within each filler combination, the largest increases in porosity are found with

the batch containing XPVP as a disintegrant. This could indicate that the different

mechanism of action of the disintegrants influences the stability of the formulation.

Alternatively, the larger changes observed for these batches could be attributed to the

higher moisture sorption capacity of XPVP (see Chapter 4), or the premature release

of energy by strain recovery for this disintegrant.

Profiles of tablet porosity during storage are shown in Figures E5 - E8 in Appendix

E. Similarly to the tensile strength profiles, these figures demonstrate that the porosity

of the tablets generally exhibits the most change between 0 and 2 weeks, then remaining

relatively constant between 2 and 4 weeks.

5.3.4 Contact angle

The changes in initial contact angle for each formulation during the stability study is

shown in Figure 5.2C. The individual plots of θc,0 at each timepoint are shown in Fig E9

- E12 in Appendix E. The changes in contact angle appear to vary within each of the

filler combinations used in this study.

MCC/mannitol- and MCC/lactose-based tablets generally show large increases in

θc,0 after storage at high temperature, particularly at 70◦C. For tablet stored at 37◦C

there are only small changes in θc,0. These results suggest that increasing temperature

results in decreased wettability for these batches.

When MCC/DCPA is used as the filler combination instead, θc,0 generally decreased

for all batches by around 20-40% of the initial value. For these tablets, the change in θc,0

occurs between the initial and 2 week timepoint, and then remains constant between

the 2 and 4 week timepoint.

The behaviour of tablets composed of DCPA/lactose vary depending on the disin-

tegrant used. A large increase in θc,0 can be observed for tablets containing SSG across

all timepoints and conditions. Tablets with CCS and L-HPC as the disintegrant only

show a slight increase in θc,0 at high temperatures. When XPVP was used as a dis-

integrant, θc,0 generally decreased slightly for all conditions and timepoints except for
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tablets stored at 70◦C/75% RH for 4 weeks.

5.3.5 Disintegration time

The changes in disintegration time on stability are shown in Figure 5.2D. The full sta-

bility profiles for tablet disintegration time are found in Figures E13 - E16 in Appendix

E.

MCC/lactose-based tablets generally showed a decrease in disintegration time for

tablets stored at every condition except 70◦C/30% RH for tablets with CCS, L-HPC

and SSG as the disintegrant. For the batch which used CCS as disintegrant, there was

also an increase in disintegration time at 70◦C/75% RH.

When MCC/mannitol was used as the filler combination, there were large increases

in disintegration time for most storage conditions. For tablets containing CCS and

SSG, the disintegration time increased for every storage condition. In particular, tablets

with CCS as the disintegrant, storage at 70◦C resulted in tablets which did not fully

disintegrate even after 20 minutes, and instead formed a gel-like consistency. The

disintegration time of tablets containing L-HPC as the disintegrant increased at all

conditions except 37◦C/30% RH. The MCC/mannitol batch least affected by storage

was the batch containing XPVP as the disintegrant, which experienced an increased

disintegration time at 70◦C/30% RH (2 weeks and 4 weeks) and 70◦C/75% RH (4

weeks).

For tablets containing DCPA, changes in disintegration time were generally much

smaller. The exception is tablets containing DCPA/lactose with XPVP, which showed

a consistent decrease in disintegration time at all conditions. It should also be noted

that for tablets containing MCC/DCPA and DCPA/lactose, the initial disintegration

time was already short (<60 s (see Chapter 4)), and so even moderate relative changes

in disintegration time are only a few seconds in real-time.

5.3.6 Effects of Storage Time

The changes in tensile strength, porosity, initial contact angle and disintegration time

over time can be found in Appendix E. In most cases, changes in the physical properties
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of the tablets occur within the first 2 weeks of storage, and then there is little change

between the 2 and 4 week timepoints. This suggests that temperature- or humidity-

induced changes are generally occurring within the 2 weeks of storage before reaching a

constant state, which could mean that the changes are only dependent on storage con-

ditions and would not occur during long-term storage at ambient conditions. There are

some exceptions to this, for example, the disintegration time of MCC/lactose/L-HPC

tablets stored at 70◦C/30% RH, and MCC/mannitol/XPVP tablets stored at 70◦C/75%

RH, which demonstrated little change in the first 2 weeks and a significant increase be-

tween 2 and 4 weeks. Conversely, the disintegration times of MCC/mannitol/CCS

tablets stored at 37◦C/75% RH increased within the first 2 weeks, before returning to

the initial disintegration time after 4 weeks.

5.3.7 Correlation between temperature, humidity and physical tablet

properties

The correlation coefficients for physical tablet properties with storage temperature and

humidity are depicted in Figures 5.3A and B, respectively. Only statistically significant

correlations (p ⩾ 0.05) are shown here.

There is a strong correlation (⩾ 0.80) between storage temperature and dynamic

contact angle for all MCC/lactose-based tablets, most MCC/mannitol-based tablets

(except those containing CCS) and most DCPA/lactose-based tablets (except those

containing XPVP). This correlation suggests that for those batches, an increase in

temperature results in an increase in θc,0, indicating a decrease in wettability. The

wettability of a surface is influenced by three factors – porosity, surface roughness

and surface energy. Comparing the porosity and contact angle, it seems that porosity

changes are mainly based on humidity, whereas the contact angle is changing in response

to storage temperature instead (Fig 5.2). When we consider surface roughness, we can

assume that the surface roughness is not decreasing during storage, however, it may

increase slightly as a result of premature swelling of some particles and the changes in

porosity. If surface roughness increases, the contact angle for these samples would be

expected to decrease (Wenzel, 1936). This suggests that the only property left which
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Figure 5.3: Pearson correlation coefficient between (A) storage temperature and (B)
storage humidity with physical tablet properties. Only significant correlations (p <
0.05) are shown.
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could be influencing the contact angle is a change in surface energy, or possibly surface

chemistry, which is driven by high temperatures.

In some cases, this decrease in wettability is also reflected by an increase in disinte-

gration time (MCC/lactose-based tablets with CCS and MCC/mannitol-based tablets

with XPVP and L-HPC) with increasing storage temperature, however in most cases

only the θc,0 correlates with temperature. For all MCC/DCPA-based tablets, there is

no correlation between porosity, tensile strength and θc,0 with storage temperature. For

tablets containing XPVP and L-HPC with MCC/DCPA, the disintegration time posi-

tively correlates with the storage temperature – indicating that an increase in storage

temperature results in slower disintegration. This correlation between disintegration

time and storage temperature can also be observed for a few other formulations, specif-

ically MCC/mannitol-based tablets with XPVP and L-HPC, and MCC/lactose tablets

with CCS.

Correlation coefficients indicate that for most formulations (particularly those con-

taining MCC), tensile strength and porosity have strong correlations with relative hu-

midity (Figure 5.3B). The positive correlation with porosity suggests that when stored

at high relative humidity, the porosity of tablets would increase, whilst tensile strength

would generally decrease (as shown in Figures 5.2B and 5.2A, respectively). This can be

explained by considering the effect of premature swelling of excipients such as MCC or

the disintegrants. During storage at elevated humidity conditions, water is absorbed by

hygroscopic, swelling particles, and after removal from storage this additional water is

gradually lost. As water is absorbed, the pore space expands and remains permanently

altered even after the loss of moisture. As the pore space expands, the bonds between

the particles are weakened, resulting in the decreased tensile strength observed in most

batches. These correlations are strongest in batches containing MCC, in which both

MCC and the disintegrant may undergo premature swelling. For tablets containing

DCPA/lactose, these correlations are generally not significant, with the exception of

porosity for tablets containing XPVP and tensile strength for tablets containing CCS

tablets. For these batches, premature swelling only occurs for the disintegrant particles

as DCPA and lactose are not capable of swelling.
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5.3.8 Correlation between physical tablet properties and disintegra-

tion time

The correlation coefficient between disintegration time and the physical tablet properties

(porosity, tensile strength and θc,0) are denoted in Figure 5.4. Tablets composed of

MCC/lactose (with the exception of CCS) show a significant correlation between both

porosity and tensile strength with disintegration time. The correlation between porosity

and disintegration time is negative, indicating that an increase in porosity is associated

with a decrease in disintegration time. For tensile strength, there is a positive correlation

with disintegration time. This suggests that as tensile strength decreases, disintegration

time also decreases. These results can be explained by considering the absorption of

moisture and subsequent swelling described previously. The disintegration performance

of MCC/lactose was categorised as wettability-limited (see Chapter 4). In this case,

the increase in porosity can result in faster liquid penetration, which improves the rate

of wetting and in turn facilitates faster disintegration.

The disintegration times of MCC/mannitol-based tablets show a strong positive

correlation (> 0.8) with θc,0 for each disintegrant. The disintegration mechanism of

MCC/mannitol tablets were previously described as dissolution controlled (see Chapter

4). For these tablets (except those containing CCS), the contact angle is shown to

increase with increased storage humidity (Figure 5.3B). This increase in contact angle

is also associated with an increase in disintegration time. The increase in θc,0 indicates

a decrease in wettability, which could contribute toward slower wetting of mannitol

particles, and thus, slower dissolution of mannitol from the tablet matrix. As this was

previously determined to be the performance-limiting mechanism for disintegration, it

follows that disintegration slows down after storage.

DCPA-based tablets (MCC/DCPA and DCPA/lactose) were previously classified as

swelling-controlled, based primarily on the rapid disintegration times and high porosity.

For these batches, initial disintegration time was rapid and changes during storage

were generally small. For this reason, correlations between disintegration time and the

physical tablet properties are generally low.
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significant correlations (p < 0.05) are shown.
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5.4 Discussion

5.4.1 MCC/lactose tablets

MCC/lactose-based tablets were previously classified as wettability controlled (see Chap-

ter 4). For these tablets at the initial timepoint, disintegration is slow due to a com-

bination of the low porosity of the tablets and the slow dissolution of lactose from the

tablet matrix. Changes in θc,0 of MCC/lactose-based tablets do not significantly cor-

relate with disintegration time, suggesting that although θc,0 is shown to change based

on the storage conditions, this does not necessarily influence the disintegration time for

these tablets. Instead, increases in porosity and decreases in tensile strength are the

key changes which result in decreases in disintegration time. This can be attributed

to improved wettability due to increases porosity, and a lower force (due to reduced

interparticle bonding strength) being required to break the tablet apart. This confirms

the classification of MCC/lactose-based tablets as wettability controlled, as the disin-

tegration at initial was limited by the low porosity (low liquid uptake) and the slow

dissolution of lactose.

After storage at high temperature θc,0 generally increases for these tablets, indicated

by the strong correlation coefficient between storage temperature and θc,0 (Figure 5.3A).

Figure 5.3B shows that there is also strong correlations between the relative humidity

during storage and porosity with tensile strength. After storage at elevated humidity,

tablets expand due to premature swelling of MCC and the disintegrants, resulting in

increased porosity and lower tensile strength.

5.4.2 MCC/mannitol tablets

Previously, these MCC/mannitol tablets were classified as dissolution controlled as the

disintegration was primarily driven by the rapid dissolution of mannitol from the tablet

matrix (see Chapter 4). This resulted in an increase in pore space, increased liquid

penetration and thus rapid disintegration. The results of this study demonstrate that

the disintegration time of these tablets is primarily correlated with θc,0, which indicates

that changes in disintegration time on stability can be associated primarily with changes
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to the wettability of the tablet. If the wettability of the tablet decreases during storage –

specifically accelerated temperatures – then the dissolution of mannitol could be slowed

due to slower wetting of the mannitol particles (Lu et al., 2014).

5.4.3 DCPA-based tablets

The correlation coefficients of tablets composed of MCC/DCPA or DCPA/lactose must

be interpreted with caution. For these batches, the initial disintegration time is so rapid

(<30 s for MCC/DCPA tablets and <60 s for DCPA/lactose tablets) that although

changes in disintegration time can be seen in Figure 5.2D, these changes are actually

only a few seconds for each condition. Due to the relatively low change in disintegration

time, it is difficult to draw conclusions based on the apparent correlations shown in

Fig 5.4.

However, for these tablets we observe that there are very small changes in the

porosity, presumably as the porosity is already higher for DCPA-based tablets compared

to MCC/mannitol or MCC/lactose. We also see slight changes in tensile strength,

however these changes are more consistent at all storage conditions, unlike batches

composed of MCC/mannitol or MCC/lactose, which show a more distinct difference

depending on the storage humidity.

5.4.4 Effect of Disintegrant Choice

These results have primarily highlighted trends in the stability behaviour within each

filler combination, as these are the most clear observations based on the data. However,

disintegrant choice is also an integral part of the formulation selection. In this study,

tablets containing XPVP tended to show the largest increases in porosity compared

to tablets containing the same filler combination formulated with other disintegrants.

This could be due to the increased moisture uptake capacity of XPVP (demonstrated by

the moisture sorption data shown in Fig 5.1), leading to increased swelling during the

disintegrant pre-activation. Aside from this observation, the change in other physical

properties appears to be primarily driven by the fillers and disintegration mechanism.
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5.5 Conclusions

This study investigated the effects of accelerated storage conditions on the physical

properties of directly compressed placebo tablets. In terms of humidity, most formu-

lations displayed increases in porosity and decrease in tensile strength after storage at

high humidity. This can be explained by the premature expansion of swelling compo-

nents (specifically MCC and disintegrants) as moisture is absorbed during storage. As

a result, the microstructure of the tablet is permanently changed, even after removal

from storage. The influence of storage temperature on the physical properties of tablets

varied based on the formulation, however, the property most affected by storage was

the initial contact angle. This suggests that high temperatures could affect the surface

wettability of tablets during storage. For each batch studied, the initial performance-

controlling mechanism could be considered to understand the changes observed after

storage.

The focus of this study was to investigate the effects of different excipients and

disintegration mechanisms on physical ageing. As such, uncoated tablets without an

active pharmaceutical ingredient were used for this work. However, in a commercial

setting most tablets would be coated during the manufacturing process. Tablet coating

can offer several advantages, and can provide a slight lag in moisture uptake affects by

forming an additional barrier to dissolution or disintegration of the tablet core. Having

an understanding of the effects of storage on the core tablet components could inform

the selection of coating and packaging materials.

It should also be noted that the scale of these changes in disintegration time (for

example, a few minutes) would not generally be of concern in a commercial setting,

and in fact, some of these changes (particularly those which occurred at the highest

temperature and humidity conditions) may not occur during storage or stability stud-

ies performed under traditional ICH conditions. However, understanding the physical

properties causing these changes can provide valuable mechanistic insight into the ef-

fects of these excipients and, consequently, provide a basis for excipient selection during

formulation development. These physical changes could also have implications in a clin-
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ical setting, for example, to identify potential changes for patients who live in humid

climates, or when medication is stored in bathroom cabinets where moisture absorption

is likely. Finally, future studies with additional timepoints within the first 2 weeks of

the study would provide more information on the shape of the stability profiles for each

property, and therefore facilitate modelling of these changes.
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Chapter 6

Assessing the Dissolution Stability

of Directly Compressed Tablet

Formulations with Griseofulvin

Chapter Summary

In this chapter, accelerated stability studies were used to evaluate the effects of storage

on tablets containing griseofulvin as a model API. Three of the 16 formulations from the

placebo studies (Chapters 4 and 5) were brought forwards as the basis for griseofulvin-

containing tablets, allowing for comparisons to be made between the physical stability

and performance of tablets with and without the presence of an API. Dissolution pro-

files for the long-term storage of tablets were predicted using the dissolution stability

approach proposed by Scrivens (2019).

86



Chapter 6. Assessing the Dissolution Stability of Directly Compressed Tablet
Formulations with Griseofulvin

6.1 Introduction

Stability studies are used to ensure a product is safe and effective throughout its lifetime.

These studies are performed throughout drug product development, and are used in the

determination of a product’s shelf life and packaging selection, as well as informing

formulation design and drug load in the early stages of development. Chemical stability

focuses on identifying and quantifying the formation of chemical degradants, as well

as identifying the potential degradation pathways. Studying the physical stability of a

product ensures that in addition to being safe, the performance and efficacy of a product

is consistent throughout its shelf life.

The ICH maintain a series of technical guidelines which define the requirements of

pharmaceuticals in terms of safety, quality and efficacy. The ICH Q1A(R2) guideline

outlines the design and implementation of stability studies for the registration of new

drug substances and products (ICH, 2003). These guidelines suggest storage conditions

of 25◦C/60%RH (long-term), 30◦C/65%RH (intermediate), and 40◦C/75%RH (accel-

erated) for the stability assessment of drug products intended to be stored at room

temperature. Traditional ICH studies are used throughout the pharmaceutical indus-

try, however, an increasing number of companies are implementing APS approaches

alongside these traditional studies (Williams et al., 2017).

Most APS techniques utilise a moisture-modified version of the Arrhenius equation

to estimate the rate of degradation under long-term storage conditions (Qiu, 2018a; Wa-

terman, 2011) . Whilst this approach is well-suited to predicting chemical degradation,

it is unclear whether these approaches are applicable to predicting changes in physical

stability. The underlying mechanisms of change in physical tablet properties are not

guaranteed to follow Arrhenius behaviour as expected with chemical degradation, and

as such, several studies have investigated the application of these approaches to physical

properties such as dissolution during storage.

Li et al. (2016) used the ASAPprime ® software to accurately predict whether there

would be long-term changes in dissolution rate for two different API using data collected

during an accelerated stability program. ASAPprime® is a stability modelling software
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which is based on the Accelerated Stability Assessment Program (ASAP) proposed

by Waterman et al. (2007). ASAP studies rely on the determination of the ‘time to

failure’ for a range of different storage conditions in order to predict the point at which

specification failure would occur during long-term stability studies.

Another approach to the prediction of long-term dissolution performance was pro-

posed by Scrivens (2019). In this approach, an "acceleration factor" (AF) is determined

to act as a single parameter which describes the change in a full dissolution profile. The

acceleration factor is expressed as a function of time, and then a combination of curve-

fitting and regression is used to determine the influence of temperature, humidity, and

storage time on the dissolution performance. This approach offers the benefit of con-

sidering the dissolution profile in full, rather than selecting a single-point (e.g. the

percentage of drug dissolved at 20 min), which could lead to inaccurate predictions.

Tsunematsu et al. (2020) applied a non-linear model which focused on the use of

changes in surface area as a predictor for changes in dissolution performance after

storage. Tsunematsu et al. (2020) were able to accurately predict the dissolution per-

formance of tablets stored at 40◦C/75%RH for 6 months using data collected over the

course of a 7-week accelerated stability program.

Whilst these approaches can provide accurate predictions, the empirical nature of

the models mean that they are often only applicable to the batch under investigation.

These current approaches do not address the underlying mechanisms which cause the

observed changes in product performance. This is a topic in which there is a lack of

understanding, in part due to the wide range of influencing factors including both for-

mulation selection and manufacturing processes. By shifting to a mechanistic approach

to understanding physical stability, it could be possible to use the same models across

a range of formulations.

The objective of this study is to assess the dissolution performance of tablets con-

taining three different tablet formulations of griseofulvin before and after storage under

accelerated conditions, and evaluate the relationship between the environmental con-

ditions (temperature, humidity), the storage time, and the physical properties of the

tablets (e.g. porosity, tensile strength, disintegration, and dissolution performance).
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Changes in the tablet properties are compared against the corresponding placebo tablets

with respect to the performance-controlling mechanisms. Finally, the predictive model

proposed by Scrivens (2019) is applied to the dissolution of griseofulvin tablets to de-

termine the long-term stability behaviour of each formulation.

6.2 Materials and Methods

6.2.1 Materials

All materials are described in Section 3.1.

6.2.2 Raw Material Characterisation

The characterisation of each excipient used in this study is detailed in Chapter 4. The

model API, griseofulvin, was characterised by DVS (as described in Section 3.2.1.1 to

determine its hygroscopicity and moisture sorption properties, and by gas pycnometry

(as described in Section 3.2.1.3) to measure its true density.

6.2.3 Tablet Manufacture

In this study, three different formulations were used to prepare tablets. Each blend con-

tained 30% w/w griseofulvin. A drug loading of 30% was selected with an aim of clearly

distinguishing any effects of the API on physical stability without compromising the abil-

ity to manufacture the tablets by direct compression. Each formulation also contained

a combination of two fillers (32% w/w each), CCS (5% w/w), and magnesium stearate

(1% w/w). The filler combinations used in this study were based on three filler combi-

nations used in the placebo study – MCC/mannitol, MCC/lactose, and MCC/DCPA.

These filler combinations were selected to represent the three performance-controlling

mechanisms described in Chapter 4, however, it should be noted that the performance-

controlling mechanism may be affected by the addition of griseofulvin at 30% w/w.

Given that both MCC/DCPA and DCPA/lactose shared the swelling controlled mech-

anism and displayed similar performance throughout Chapters 4 and 5, MCC/DCPA

was selected to represent the swelling controlled batch for the griseofulvin study. The
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disintegrant and lubricant concentrations were fixed to replicate the placebo batches

tested in Chapters 4 and 5. The filler ratio was fixed at 1:1, but the concentrations low-

ered to accommodate the addition of griseofulvin. The blends were prepared by mixing

griseofulvin, both fillers, and CCS in a Pharmatech AB-015 bin blender for 20 min,

with a blend speed of 20 rpm and an agitator speed of 200 rpm. After 20 min, the

lubricant was added and the powder was blended for a further 5 min. Tablets were then

compacted with a 9 mm flat round die using a single punch automated tablet press

(FlexiTab, Bosch Packaging Technology Ltd, Merseyside, UK) with a compression force

of 10 kN for all batches.

6.2.4 Sample Storage

During the course of the stability study, samples were stored under accelerated con-

ditions as described in Section 3.2.3. Based on the results presented in Chapter 5, an

additional timepoint was added at 1 week to give more information on the rate of change

of the physical properties during storage, and the highest temperature condition was

lowered from 70◦C to 60◦C. The stability study design is outlined in Table 6.1.

Table 6.1: Accelerated stability study design for griseofulvin-containing tablets.

Temperature Humidity Timepoints
37◦C 30%RH 1, 2, and 4 weeks
37◦C 75%RH 1, 2, and 4 weeks
50◦C 75%RH 1, 2, and 4 weeks
60◦C 30%RH 1, 2, and 4 weeks
60◦C 75%RH 1, 2, and 4 weeks

Clear glass jars were used for the sample storage, and as such, the tablets were

not protected from the effects of light. During storage, samples stored in the controlled

temperature rooms (37◦C and 50◦C) may have been exposed to light while the controlled

temperatures rooms were in use, however samples stored in the 60◦C oven were not

exposed to light during storage. After removal from storage, samples were kept in the

dark in cupboards until needed for testing.

At each storage condition, a DS1923 Hygrochron iButton Temperature/Humidity
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logger (Measurement Systems Ltd, Berkshire, UK) was added to one of the sample jars

to confirm the target storage conditions were maintained throughout the storage time.

Each datalogger recorded the temperature and humidity within the jar every 600 s.

Samples were allowed to equilibrate to room temperature for 2 weeks after removal

from the accelerated storage condition, allowing any relaxation effects to occur prior to

testing.

6.2.5 Tablet Characterisation

The sampling plan for the stability studies is outlined in Table 6.2. Details on each of

the methods are given in Chapter 3, under the specific references given in Table 6.2.

Table 6.2: Sampling plan for the accelerated stability study of griseofulvin-containing
tablets, including the number of tablets tested at initial (ninitial) and at each stability
timepoint (nt).

Test Method ninitial nt

Weight & dimensions Section 3.2.4.1 All 14
Tensile strength Section 3.2.4.1 10 4

Porosity Section 3.2.4.2 All 14
Dynamic contact angle Section 3.2.4.3 4 4

Disintegration Section 3.2.4.4 3 3
Dissolution Section 3.2.4.5 3 3

6.2.6 Predicting Dissolution after Long-Term Storage

Scrivens (2019) described an approach to model the shift in dissolution profiles on sta-

bility by calculating an acceleration factor (AF) for the dissolution rate. This approach

is based on the observation that adjustment of the x-axis (i.e. the dissolution sam-

pling time) allows the dissolution curves from different storage times and conditions to

overlap. An overview of this approach is given in Figure 6.1.

Firstly, the dissolution profile is fitted to a Weibull curve, to extract a dissolution

rate constant, kd, as shown in Eq 6.1:

y = 100 · (1− exp(−(x · kd)b)) (6.1)
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How much does the dissolution slow down?AFinf How quickly does the dissolution rate decrease?kS

Fit dissolution profiles 
to the Weibull model. 
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initial curve.
Find kd.

Calculate the 
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and AFinf with 
temperature and 
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Figure 6.1: A summary of the accelerated dissolution stability modelling approach
proposed by Scrivens (2019).

where y is the percentage of the final dose dissolved at time x, kd is the dissolution rate

constant, and b is the shape parameter for the dissolution curve.

This approach assumes that the dissolution profiles after storage will overlap with

the initial dissolution curve once the time is adjusted, and so the shape parameter, b,

is fixed as the shape parameter of the initial dissolution curve, b0.

For each dissolution curve, kd was obtained by fitting the Weibull curve using b0 as

the shape parameter for all dissolution profiles. The AF was then calculated using the

values of kd as shown in Eq 6.2 (Scrivens, 2019):

AF =
kd,t
kd,0

(6.2)

where kd,0 is the dissolution rate constant for samples at the initial timepoint, and kd,t

is the dissolution rate of samples tested after storage at each condition. An AF value

of 1 suggests that there is no change in the dissolution rate, whilst values >1 indicate

an increase in the dissolution rate, and values <1 indicate a decrease in the dissolution

rate relative to the initial profile.

In general, Scrivens (2019) observed that for each condition, the AF as a function

of time could be approximated by a first-order exponential decay curve. By fitting the

profiles of AF to an exponential decay curve, it is therefore possible to determine a rate

constant for the change in AF, ks, and the plateau at infinite time, AFinf . These two

properties are helpful in describing both the maximum change in dissolution rate that

we would expect (AFinf), and the speed at which this change in dissolution rate occurs,
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(ks).

Scrivens (2019) then performed multiple linear regression using these properties to

determine coefficients for both temperature and humidity. Several empirical models

were assessed, but the best fit for both ks and AFinf could be obtained by the following

equations (Eq 6.4):

ks = exp

(
C0,k + C1,k

1

T
+ C2,k ln(RH)

)
(6.3)

AFinf = exp

(
C0,AF + C1,AF

1

T
+ C2,AF ln(RH)

)
(6.4)

where C0 is a coefficient for the intercept; C1 is the coefficient of temperature, T; and

C2 is the coefficient for the relative humidity, RH.

To predict the amount of drug dissolved, Dt, for different sampling times and storage

conditions, the equations of ks and AFinf are combined as shown in Eq 6.5 (Scrivens,

2019):

Dt = Dinf ·
{
1− exp

[
− ({AF0 + (AFinf −AF0) · (1− exp [−ks · ts])} kd · td)b

]}
(6.5)

where Dinf is the amount of drug dissolved at an infinite sampling time (assumed to be

100%); AF0 is the acceleration factor after 0 weeks of storage (i.e. 1); ts is the storage

time (in weeks); td is the dissolution sampling time (in min); and kd and b are the

rate and shape parameters (respectively) of the Weibull fit for the dissolution curve at

initial.

6.3 Results

6.3.1 Weight and Dimensional Analysis

The weight and dimensions of all tablets prior to storage under accelerated conditions

is given in Table 6.3. The differences in mass across the batches was a result of varying

excipients For each formulation, the relative standard deviation was less than 5% across

the weight of the full batch. The diameter of the tablets was consistent in all cases at
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9.02 mm. The thickness of the tablet varied similarly to the weight, with variability of

approximately 3.9 to 5%.

Table 6.3: The initial weight and dimensions of each batch, showing mean and relative
standard deviation (%). All tablets were measured prior to storage, n = 330 per batch.

Batch Weight (mg) Diameter (mm) Thickness (mm)

MCC/Mannitol 268.03
(4.91)

9.02
(0.04)

3.22
(5.09)

MCC/Lactose 229.04
(4.10)

9.02
(0.04)

3.24
(4.28)

MCC/DCPA 306.25
(3.86)

9.02
(0.06)

3.31
(3.95)

6.3.2 Tensile Strength
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Figure 6.2: The tensile strength of (A) MCC/lactose-, (B)MCC/mannitol-, and (C)
MCC/DCPA-based tablets containing griseofulvin before and after storage under accel-
erated temperature and humidity conditions (mean ± standard deviation, n = 4).

The tensile strength of tablets after storage is shown in Fig 6.2. For each batch, the

tensile strength decreased within the first week or storage at each condition. In most

cases, the tensile strenth remained relatively constant after the first week, with a few

exceptions including MCC/mannitol tablets stored at 60◦C/75%RH which continued

to decrease throughout the duration of the study, and 50◦C/75%RH which increased

slightly at the 2 week timepoint. In some cases, there was a slight recovery of tensile

strength after the 1 week timepoint, for example, MCC/DCPA tablets stored at 30%RH

and MCC/lactose tablets stored at 37◦C/30%RH.
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6.3.3 Porosity
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Figure 6.3: The porosity of (A) MCC/lactose-, (B) MCC/mannitol-, and (C)
MCC/DCPA-based tablets containing griseofulvin before and after storage under accel-
erated temperature and humidity conditions (mean ± standard deviation, n = 210 at
0 weeks, and n = 14 at subsequent timepoints).

The porosity of each batch is shown in Fig 6.3. In Fig 6.4, the relative change in

porosity for each tablet before and after storage is summarised.

At the initial timepoint, MCC/mannitol and MCC/lactose have a porosity of ap-

proximately 13% and 11%, respectively. MCC/DCPA tablets have a higher porosity of

around 20%, which is due to the higher intraparticle porosity of DCPA (as described in

Chapter 4).

1W 2W 4W 1W 2W 4W 1W 2W 4W 1W 2W 4W 1W 2W 4W
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0
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Figure 6.4: The mean relative change in porosity for tablets containing griseofulvin after
storage under accelerated temperature and humidity conditions.

After storage, small increases in porosity are observed for tablets composed of

MCC/mannitol and MCC/lactose stored at 30%RH. On the other hand, tablets stored

at 75%RH show much higher increases in porosity, with increases of up to 25% of the
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initial tablet porosity for MCC/lactose. These observations are attributed to the pre-

mature activation of swelling particles in the formulations. During storage, particularly

at high humidity conditions, swelling particles such as MCC and CCS may prematurely

expand due to the presence of moisture in the atmosphere. After removal from storage

there is an equilibration period in which this moisture evaporates, however, changes

to the microstructure are permanent and are not reversed. These effects may be less

pronounced in the case of MCC/DCPA due to the higher starting porosity, meaning

that the pore space is sufficiently high to accommodate the premature swelling without

significantly altering the microstructure of the tablet.

6.3.4 Contact Angle
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Figure 6.5: The relative change in θc,0 after 1, 2 and 4 weeks storage at accelerated
temperature and humidity conditions (mean of n = 4).

The change in θc,0 of each batch is shown in Fig 6.5. In general, the contact angle

increases during storage (with the exception of MCC/lactose stored at 37◦C/30%RH

for 1 week, which shows little change). Increases in the initial contact angle suggest

decreases in the surface wettability of the tablets. Tablets composed of MCC/DCPA

generally showed the largest increases in θc,0, whilst those containing MCC/mannitol

and MCC/lactose showed slightly less change.

6.3.5 Disintegration Time

The disintegration times of each batch before and after storage are shown in Fig 6.6.

In general, tablets composed of MCC/mannitol and MCC/lactose showed little change

during storage, with the exception of the 60◦C/75%RH condition which resulted in

96



Chapter 6. Assessing the Dissolution Stability of Directly Compressed Tablet
Formulations with Griseofulvin

0 1 2 3 4
0

100

200

300

400

Storage time (weeks)
0 1 2 3 4

0

100

200

300

400

Storage time (weeks)

D
is

in
te

gr
at

io
n 

tim
e 

(s
)

37ºC/30%RH
37ºC/75%RH
50ºC/75%RH
60ºC/30%RH
60ºC/75%RH

0 1 2 3 4
0

10

20

30

40

Storage time (weeks)

A B C

Figure 6.6: The disintegration time of griseofulvin tablets containing (A) MCC/lactose,
(B) MCC/mannitol, and (C) MCC/DCPA after storage under accelerated conditions
(mean ± standard deviation, n = 3).

significantly slower disintegration of MCC/mannitol and MCC/lactose tablets after

4 weeks of storage. Interestingly, the disintegration times of MCC/mannitol tablets

showed little change in the first 2 weeks of storage at this condition, and MCC/lactose

tablets also showed only slight increases prior to the 4 week timepoint. In the case

of MCC/DCPA-based tablets, which showed much faster disintegration times at initial

(approximately 20 s, compared to 55 s for MCC/mannitol and 92 s for MCC/lactose),

there was no clear trend observed for changes in disintegration time after storage – even

for the highest temperature and humidity conditions.

6.3.6 Dissolution

For each formulation, dissolution testing was performed during method development to

assess whether the dissolutions profiles were affected by coning (as described in Section

3.2.4.5. The results of testing at paddle speeds of 50 and 75 rpm are shown in Fig

6.7. The profiles indicate that MCC/DCPA tablets are significantly affected by coning,

with only approx 50% of the final dose being released after 60 mins. Coning is often

associated with high density materials such as DCPA. As a result of this comparison,

all dissolution testing was performed at 75 rpm.

The dissolution profiles of tablets stored under accelerated conditions for 4 weeks

are shown in Fig 6.8. To compare the dissolution profiles, dissolution is plotted as a
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Figure 6.7: The dissolution profiles of griseofulvin from tablets composed of
MCC/mannitol, MCC/lactose, and MCC/DCPA with paddle speeds of 50 and 75 rpm,
shown as a percentage of the final release of griseofulvin after a 30 min infinity spin at
200 rpm.

percentage of the final mass of griseofulvin released from the tablet (i.e. the mass of

griseofulvin after completion of the infinity spin).

As shown in Fig 6.8, the dissolution rate of each of these batches is affected by

storage. In particular, storage at 60◦C/75% RH appears to cause the biggest slow-down

in dissolution rate for MCC/mannitol and MCC/lactose. In the case of MCC/DCPA-

based tablets, storage at 60◦C/30% RH and 60◦C/75% RH appears to have resulted in

the typical dissolution curve being distorted and displaying increased variability. For

these conditions, spare MCC/DCPA-based tablets were tested (giving n=6 instead of

the original n=3) to confirm that the changes in dissolution profile was not the result

of a measurement error.

The acceleration factor was calculated for each storage condition and timepoint, as

described by Scrivens (2019). In order to adequately fit a first-order exponential decay

curve, additional AF values were interpolated from the calculated values at 0.5, 1.5 and

3 weeks to allow adequate fitting of the curve. The AFs and first-order exponential decay

curves are shown in Fig 6.9. In the case of MCC/mannitol (Fig 6.9B), the 37◦C/30%

condition was excluded from further modelling, as the curve plateau, AFinf , could not

be determined for this condition.

For each condition, the parameters obtained from the curve, ks and AFinf , were
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Figure 6.8: Dissolution profiles of (A) MCC/lactose-, (B) MCC/mannitol-, and (C)
MCC/DCPA-based tablets containing griseofulvin before and after 4 weeks of stor-
age under accelerated temperature and humidity conditions (mean ± standard devi-
ation, n =3 with the exception of the 60◦C/30%RH and 60◦C/75%RH condition for
MCC/DCPA for which n=6).

modelled by multiple linear regression to determine coefficients for temperature and

humidity for each formulation. Finally, the resultant equations from the multiple lin-

ear regression were combined with the original Weibull dissolution equation, to allow

predictions of long term dissolution rates as described in Section 6.2.6.

The model was assessed by comparing the experimental values collected during

dissolution studies of each batch with the values predicted by the predictive model for

each formulation (shown in Fig 6.10).

The Scrivens model was used to estimate the expected dissolution profiles of tablets

of each batch if they were stored for 2 years, 1 year, and 6 months at ICH-defined condi-

tions for long-term, intermediate, and accelerated storage, respectively. The predicted

profiles are shown in Fig 6.11.

6.4 Discussion

6.4.1 Comparison of Placebo and Griseofulvin Tablets

The physical properties of the griseofulvin tablets are compared with the corresponding

placebo tablets (as discussed in Chapter 4) in Figure 6.12.

The disintegration of tablets composed of MCC/lactose was classified as wettabil-
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Figure 6.9: The acceleration factors of (A) MCC/lactose, (B) MCC/mannitol, and (C)
MCC/DCPA, using experimental values (0, 1, 2, and 4 weeks) and values imputed by
spline interpolation (0.5, 1.5, and 3 weeks), including the fit of a first-order exponential
decay curve for each condition.

ity controlled in the placebo studies (Chapter 4). When griseofulvin is added to the

formulation, tablets show decreased porosity and wettability when manufactured under

the same process conditions. The disintegration of tablets is faster for those containing

griseofulvin, suggesting that reduction of the fillers (decrease of 15% wt. each of MCC

and lactose) with griseofulvin could change the performance-controlling mechanism such

that tablet disintegration is no longer limited by the slow liquid penetration and wetting

of the tablet.

MCC/mannitol- and MCC/DCPA-based batches do not show significant differences

in disintegration time when griseofulvin is added to the formulation, despite decreases

in porosity and wettability for both formulations.

Tablets containing MCC/mannitol were previously described as being dissolution

controlled, whereby rapid dissolution of mannitol occurred during the disintegration

process, resulting in faster liquid penetration and therefore rapid disintegration. In

Chapter 4, placebo tablets containing MCC/mannitol were also manufactured at a

higher porosity, which resulted in slower disintegration, which is attributed to the loss

of efficiency of swelling particles.

The porosity of MCC/DCPA tablets is most affected by the addition of griseofulvin

to the formulation, due to the reduction in DCPA which has a high intraparticle porosity

(as discussed in Chapter 4). Placebo tablets composed of MCC/DCPA were described
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Figure 6.10: The predicted and experimental values for griseofulvin dissolution at 15,
20, and 30 min at each condition for (A) MCC/lactose, (B) MCC/mannitol and (C)
MCC/DCPA tablets.
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Figure 6.11: The predicted dissolution profiles for (A) MCC/lactose, (B)
MCC/mannitol, and (C) MCC/DCPA tablets containing griseofulvin after storage
under ICH long-term (25◦C/60%RH), intermediate (30◦C/65%RH), and accelerated
(40◦C/75%RH) storage conditions.

as swelling-controlled, as they were not significantly affected by changes in porosity, and

are mainly dependent on the swelling efficiency of the disintegrant against the insoluble

matrix. In the case of tablets containing griseofulvin, the disintegration time is not

significantly altered compared to the placebo tablets.

6.4.2 The Effects of Temperature and Humidity

Correlations between temperature, humidity and physical changes in tablet properties

are shown in Fig 6.13.

There are few correlations between the temperature and the physical tablet prop-
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Figure 6.12: The (A) tensile strength, (B) porosity, (C) initial contact angle (θc,0) and
(D) disintegration time of placebo tablets (see Chapter 4) and griseofulvin tablets prior
to storage (mean ± standard deviation, except for (C) where n = 2 for placebo tablets
and so no standard deviation is shown).

erties, with the exception of the dissolution curve parameter, b, for MCC/lactose, and

the tensile strength for MCC/DCPA.

In terms of humidity, we see several different properties which correlate to the storage

humidity. Firstly, all batches show a correlation between humidity and the dissolution

rate, kd, indicating that storage at high humidity leads to decreases in the dissolution

rate for all formulations. This suggests that during storage, changes in dissolution

performance are mainly driven by the humidity, i.e. the presence of moisture in the

atmosphere.

The correlations between physical tablet properties and humidities also suggest dif-
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Figure 6.13: Pearson correlation coefficients between (A) temperature and (B) humidity
with the change in physical tablet properties during storage. Only significant correla-
tions (p < 0.05) are shown.

ferent mechanisms of change in each formulation. For example, both MCC/lactose and

MCC/mannitol show positive correlations between humidity and porosity, indicating

that high humidity leads to increased porosity after storage. This is likely due to the

premature swelling of MCC and CCS upon exposure to high humidity, and the subse-

quent loss of moisture after removal from storage. Overall, the expansion of particles

results in permanent change in the microstructure, which is reflected in the change in

tablet porosity. This is discussed in Chapter 5, where porosity changes were strongly

correlated with the storage humidity for all MCC-based formulations.

In addition to correlations with porosity, storage humidity is also correlated with

tensile strength for both MCC/lactose and MCC/mannitol tablets. However, unlike

porosity, the correlations with tensile strength differ between the formulations. For

MCC/lactose, we observe a negative correlation with tensile strength, indicating that

higher humidity conditions are associated with decreased tensile strength. This is consis-

tent with the results of the MCC-based formulations used in the placebo study (Chapter
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5). These decreases in tensile strength were attributed to increased porosity reducing

the contact between particles within the tablet, leading to weaker interparticle bonds.

On the other hand, the tensile strength of tablets composed of MCC/mannitol show

a positive correlation with humidity, which suggests that storage at high humidity re-

sults in stronger interparticle bonds between tablets. Although this was not observed

in the placebo studies (Chapter 5), this has been demonstrated for various formulations

in the literature (Chowhan, 1980b; Molokhia et al., 1982). In these studies, increasing

tensile strength was attributed to the partial dissolution and recrystallisation of solu-

ble fillers, leading to the formation of solid bridges. Although we see overall reduced

tensile strength of MCC/mannitol tablets after storage at all conditions (as shown in

Fig 6.2), the positive correlation between humidity and tensile strength suggests that

both mechanisms (preactivation of swelling particles and the partial dissolution and re-

crystallisation of soluble particles) may be occurring simultaneously and therefore both

mechanisms are having a competing influence on the tensile strength of MCC/mannitol

tablets.

The final formulation, MCC/DCPA, shows a negative correlation with humidity

for the disintegration time. This would imply that increased humidity is associated

with lower dissolution times, however, as discussed in Chapter 5, the absolute changes

in disintegration time are very small (<10 s), and so correlations with this property

should be interpreted with caution.

It is also noted that in the study of placebo tablets, most formulations containing

MCC/lactose and MCC/mannitol demonstrated strong correlations between tempera-

ture and the contact angle, which are not observed in the study of griseofulvin tablets.

Further studies of these formulations manufactured with a range of drug loadings

(e.g. 5%, 10%, and 20% wt. griseofulvin) could provide further insight into these

changes in correlations, however, the performance of stability studies on multiple for-

mulations with multiple levels of drug loading would result in a large volume of samples

to be stored and analysed, and as such, the use of an automated dissolution system

would be essential.

A schematic summary of the mechanisms of change during storage is shown in Fig
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Figure 6.14: A summary of the potential mechanisms of physical change during the
storage of tablets under accelerated conditions, including the expected effects on the
physical tablet properties.

6.4.3 The Effects of Storage on Product Performance

Correlation coefficients were also calculated for each property with the Weibull dissolu-

tion parameters for rate, kd, and shape, b, as shown in Fig 6.15.

In general, there are few significant correlations with the dissolution shape param-

eter, b (Fig 6.15). MCC/lactose tablets show correlations between the dissolution rate

and humidity, porosity and b. Decreasing dissolution rate is associated with increases

in humidity and porosity, as described for Fig 6.13 in Section 6.4.2. Similarly to

MCC/lactose, the dissolution rate of tablets containing MCC/mannitol show corre-

lations with humidity, porosity and tensile strength. MCC/DCPA-based tablets show

correlations between the tensile strength, humidity, and disintegration time with tablet

dissolution rate.
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Figure 6.15: Pearson correlation coefficients between the Weibull dissolution parame-
ters, (A) ks and (B) b, with the change in physical tablet properties during storage.
Only significant correlations (p < 0.05) are shown.

6.4.4 Prediction of Long-Term Dissolution Changes

Using the approach described by Scrivens (2019) allows the prediction of long-term

dissolution profiles using data collected by following an accelerated stability protocol.

This approach has been applied to data collected from tablets griseofulvin with three

different formulations. To validate these predictions, long-term data would be required,

which is not within the scope of this study. However, this approach and the predic-

tions still provide an insight into the temperature- and humidity- dependence of the

formulations, as well as potential stability changes which may occur. For example, the

predicted profiles for each formulation shown in Fig 6.11 suggest that large decreases

in dissolution performance may be observed for the tablets composed of MCC/DCPA,

even after storage at the long-term condition of 25◦C/60%RH, with only 80% of the to-

tal dose released after 60 min. Decreases in the rate of dissolution are also observed for

long-term storage of MCC/lactose and MCC/mannitol (Fig 6.11A and B, respectively),
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although these changes are smaller. For all formulations, storage at 40◦C/75%RH for 6

months is predicted to cause a much larger drop in dissolution rate, which is supported

by the decrease in dissolution rate that we observed after storage for 4 weeks at the sim-

ilar condition of 37◦/75%RH (Fig 6.8). In these cases, where dissolution performance is

affected, careful packaging selection may be employed to mitigate these affects. For ex-

ample, the use of a desiccant or moisture-protective blisters may be required to prevent

changes in dissolution rate during the shelf-life of a product.

To generate accurate predictions using this approach, it is important that there are

enough timepoints to sufficiently define both the curve shape and the plateau level for

plots of AF over the storage time. In an ideal scenario, the stability study would be

flexible in terms of storage timepoints, such that timepoints are adjusted during the

course of the study based on the rates of change in these properties. For dissolution

studies, this level of flexibility could be achieved through the use of automated systems

and on-line UV sample analysis, which would allow dissolution profiles to be produced

and analysed rapidly. In practice, there are several factors which may contribute towards

limited flexibility. In cases were automated dissolution baths are not available, semi-

automated or manual baths must be used; UV analysis is not always suitable, for

example, batches with low drug loading may present difficult achieving the required

sensitivity for quantification; and finally, large volumes of samples can increase the

turn-around time for results, resulting in delays to the feedback cycle.

Another factor in the accuracy of predictions is the number of storage conditions

used. In this study, we include 5 conditions which span 3 temperature (from 37◦ to

60◦C), and 2 humidity conditions (30 and 75%RH). The addition of further storage

conditions provides additional data for the multiple linear regression to find temperature

and humidity coefficients for ks and AFinf , however, each additional condition will raise

the number of samples as multiple timepoints will be required, as described above.
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Formulations with Griseofulvin

6.5 Conclusions

This study has applied an accelerated stability study design to assess the physical stabil-

ity of griseofulvin tablets composed of three different filler combinations – MCC/lactose,

MCC/mannitol, and MCC/DCPA. The results of this study contribute towards im-

proved understanding of the mechanism of change of certain properties during storage,

and can also be compared with previous chapters in which the same formulations were

studied without the presence of griseofulvin (Chapters 4 and 5). The results of this

study demonstrate that for all formulations tested, decreases in dissolution rate corre-

late with increased storage humidity. In addition to dissolution rate, the tensile strength

and porosity of MCC/mannitol and MCC/lactose also correlate with storage humidity.

On the other hand, the storage temperature shows few correlations with the physical

properties of these tablets.

Finally, the dissolution performance of the tablets was assessed by applying the

predictive model proposed by Scrivens (2019) to generate predictions of the disso-

lution performance which might be expected after long-term storage. In this study,

predictions were generated for storage at the long-term (25◦C/60%RH), intermediate

(30◦C/65%RH), and accelerated (40◦C/75%RH) conditions, as defined by the ICH.

These profiles suggested that the dissolution rate of MCC/mannitol and MCC/lactose

tablets would be slightly lower after long-term storage, whilst predictions of MCC/DCPA

showed significant changes in the performance, even after storage at the milder condition

of 25◦/60%RH. These predictions must be validated through the collection of long-term

stability data, however, the predictions may still offer an insight into potential stability

issues which could be investigated further.
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Conclusions & Future Outlook

7.1 General Conclusions

This work has focused on the application of accelerated stability techniques for the

assessment of physical tablet stability, in particular, in vitro performance attributes

such as disintegration and dissolution performance. As industry leaders and regulatory

authorities work together to improve the regulatory guidance around the use of APS

techniques to predict and monitor chemical degradation in regulatory submissions, it

seems appropriate that an increasing volume of research is now also directed towards

developing equivalent approaches which can suitably assess the critical quality attributes

which are likely to affect product performance on stability.

In this project, 16 different placebo formulations containing different combinations

of fillers and disintegrants were characterised and classified based on the performance-

controlling mechanism. These mechanisms were explored in order to determine the

critical formulation or manufacturing parameters which must be controlled in order to

optimise tablet disintegration. This was summarised in the form of a simple work-

flow, which can be used to identify the performance-controlling mechanism of a given

formulation.

The formulations discussed above were then subjected to an accelerated stability

study, using five different temperature and humidity conditions, with analysis after 2 and

4 weeks of storage. The physical properties of each batch were assessed during the study,
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to determine changes in tensile strength, porosity, wettability, and disintegration time.

These physical changes were considered with respect to the performance-controlling

mechanisms proposed earlier, and the key mechanisms of change with temperature and

humidity were discussed.

Finally, tablets were manufactured with a model API using a selection of the base

formulations assessed during the placebo study. The addition of an API, griseofulvin, al-

lowed for the addition of dissolution testing throughout the stability program. Changes

in dissolution performance were compared with changes in other physical properties in

order to identify relationships between the different physical properties for each formula-

tion. As well as investigating the mechanisms of change in performance, the dissolution

data was also modelled using a predictive approach described by Scrivens (2019) to

predict the dissolution performance after long-term storage.

7.2 Future Work

This project forms a starting point for a range of future work, in terms of both disin-

tegration mechanisms and stability testing. Specifically, the following proposals would

be of interest.

7.2.1 Further Development of the Workflow for Classifying the

Performance-Controlling Disintegration Mechanisms

In Chapter 4, we proposed a workflow which could determine the performance-controlling

disintegration mechanism of directly compressed tablets. Whilst this workflow is well-

supported by the data herein to guide classification of formulations, further work could

be performed to improve the workflow in terms of making it robust and flexible for

a wider range of formulations and properties. With this further work to validate the

workflow and define the decision points, this workflow could then be incorporated into

the formulation design stages in industry to speed up development times for new for-

mulations.
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Define Criteria for the Decision Points. The workflow proposed in Chapter 4

features several decision points which guide the classification of tablets. These decision

points were identified by comparing all formulations studied herein, however, using the

current data it was unclear where the true limits of these decision points lie. For exam-

ple, we do not have sufficient data to define whether a raw materials intrinsic dissolution

rate is ’fast’ or ’slow’. To identify the tolerances of these decision points, further studies

would be required to target the wider design space and to include materials with a wider

range of properties. This may be a challenging task, given the vast number of different

excipients and materials which are used across the pharmaceutical industry.

Validate and Refine with Further Variables. This workflow was developed based

on the data collected for 16 different placebo formulations. In order to improve the work-

flow, data should be collected from a wider range of excipients, encompassing different

manufacturing settings (e.g. compression forces) and containing varying ratios of ex-

cipients, i.e. different quantities of disintegrants and fillers. In doing so, the workflow

would become a more robust tool for use by formulators. Additionally, the application

of this workflow to tablets containing API of varying physicochemical properties would

also aid in refining the decision points and tolerances.

7.2.2 Advancing Current Accelerated Stability Approaches for Phys-

ical Stability

Validate Predictions by the Collection of Long-Term Stability Data. In this

thesis, we apply the Acceleration Factor approach described by Scrivens (2019) to pre-

dict the dissolution rates of tablets after long-term storage. In order to validate these

predictions, long-term data would need to be collected over the course of several years.

This data could be used not only to validate these approaches, but also to confirm

or improve our current understanding of the underlying mechanisms causing a shift in

tablet dissolution.

Assessment of Impact of Alternative Formulation and Manufacturing Con-

ditions. In this study, the application of these approaches was considered for directly
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compressed tablets with a selection of 9 different excipients and 1 API. In order to

further assess the reliability of these accelerated stability models across a wider range

of products, these studies should be performed with a range of different formulations

and manufacturing processes (for example, tablets manufactured with a wet or dry

granulation step). Additional APIs should also be assessed to determine the effect of

varying physicochemical properties of the API. For example, these studies should be

repeated with APIs of different hygroscopicity or solubility to distinguish the effects of

these properties.

Development of Mechanistic Models for the Assessment of Dissolution Sta-

bility. Current approaches for the assessment of dissolution changes during stability

focus on empirical models, with no real mechanistic basis. Whilst these approaches can

provide accurate predictions and information on the rate of change of dissolution, fur-

ther development of the literature around the underlying mechanisms of change could

allow for better control and design of the dissolution characteristics of a tablet during

the formulation and manufacturing development process.
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Selected Conference Abstracts

Compaction Simulation Forum (2018):

The Effect of Accelerated Temperature and Humidity Con-

ditions on the Physical Stability of Direct Compression For-

mulations

N. Maclean, I. Khadra, G. Halbert, D. Markl, J. C. Mann and H. Williams

Stability studies are crucial to ensure a drug product will remain safe and effective

throughout its assigned shelf life. It is imperative that chemical degradation is mon-

itored to ensure that specification limits are not exceeded by the rate of degradation

product formation. Moreover, it is also crucial that the physical stability of the tablet

is not compromised, as changes in dissolution rate may alter the release characteristics

and bioavailability of the drug.

Recently, industrial interest in predictive techniques has grown. Whilst regulatory

acceptance has increased for the use of these techniques to predict chemical stability,

their application to physical changes remains deficient. For example, the Accelerated

Stability Assessment Program (ASAP) predicts degradation product formation using a

moisture-corrected Arrhenius equation. This approach is suitable for chemical degra-

dation where reactions follow Arrhenius behaviour, however this method is not suitable

for predicting the dissolution behaviour as a response to the storage conditions, i.e.
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temperature and humidity of the storage environment.

The complex interdependencies between characteristic properties of a tablet, such

as hardness, porosity and swelling kinetics, renders the prediction of the dissolution

performance during and after storage highly difficult. Currently, dissolution changes are

generally attributed to excipient-related issues such as disintegrant pre-activation or the

formation of a moisture layer on the tablet surface upon exposure to increased humidity.

The ability to assign the reason for dissolution changes using predictive techniques would

result in a more cost-effective development process with rapid formulation screening and

fewer surprise failures during stability testing, ultimately decreasing the time for new

drug products to reach patients.

This poster will provide a review of the current understanding of dissolution stability

and analytical techniques that could be used to investigate these changes.
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AstraZeneca PhD Day (2019):

The Effect of Accelerated Storage Conditions on the Physical

Properties of Tablets

N. Maclean, I. Khadra, D. Markl, H. Williams and J. Mann

Background: Accelerated predictive stability techniques have become increasingly

more common for the prediction of chemical degradation rates during pharmaceutical

development, and these approaches have become more widely accepted by regulatory

bodies [1]. These techniques can allow for accurate shelf-life determinations in a mat-

ter of weeks, as opposed to traditional stability approaches which can take years to

complete [2]. Whilst these techniques are becoming well-established for chemical stabil-

ity, more evidence is required to support the prediction of physical stability properties,

such as dissolution performance. Accurate stability predictions rely on a fundamen-

tal understanding of the relationship between the physical tablet properties and the

disintegration/dissolution performance at accelerated storage conditions. As such, this

study aims to characterise the effects of accelerated storage conditions on the physical

properties of tablets.

Methods: Tablets containing microcrystalline cellulose, mannitol, croscarmellose sodium

and magnesium stearate were manufactured using compression forces of 10, 13 and 16

kN. Prior to the stability study, the weight and dimensions of each tablet were recorded.

Tablets were stored at 40◦C/75%RH, 50◦C/75%RH and 70◦C/75%RH for 4 weeks. Af-

ter 2 and 4 weeks, tablets were tested in order to ascertain the tensile strength, disinte-

gration time and contact angle. In addition to this, tablet weights and dimensions were

measured to analyse changes in weight, volume and porosity.

Results: Immediately after removal from storage, tablets had increased in weight,

volume and porosity. After a 2 day equilibration period, increases in weight appeared

to be largely reversed. Tablet volume decreased slightly after the equilibration period,

however it did not return to the initial volume. Consequently, the porosity of the
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tablet did not return to the initial value. Tablet tensile strength appeared to decrease

significantly after exposure to accelerated conditions, and only a small portion of the

original tensile strength was recovered after 2 days at ambient conditions. Changes

in disintegration time varied depending on the batch compression force and storage

conditions.

Conclusion: This study revealed that the tensile strength, disintegration time and

porosity of the tablets changed after exposure to accelerated storage conditions. Whilst

some of these changes were reversible (e.g. tablet weight), other properties were altered

permanently after storage (e.g. porosity). Further work is required to investigate the

validity of the accelerated results in comparison to long-term samples, in addition to

the effect of different formulations and the addition of active pharmaceutical ingredients

(APIs) with different physicochemical properties. However, accelerated stability tech-

niques have the potential to reduce the time and resources required for drug product

development if they can be suitably applied to the physical properties of a drug product.

References: [1] Stephens D. et al. (2018) Pharmaceutical Technology, 42, 8, 42 – 47.

[2] Waterman K. C. and Adami R. C. (2005) Int. J. Pharm., 293, 1 – 2, 101 – 125.
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PSSRC 14th Annual Meeting (2020):

Exploring the Stability-Controlling Tablet Disintegration Mech-

anisms

N. Maclean, I. Khadra, H. Williams, J. C. Mann and D. Markl

PURPOSE Stability testing is a crucial process in the development of all drug prod-

ucts. The development of predictive stability approaches has reduced the time required

to accurately predict chemical degradation,(1) however, these methods are not appli-

cable to physical changes such as tablet disintegration and dissolution. Changes in the

formulation and storage conditions influence the disintegration mechanisms such as the

rate the tablet takes up liquid and swells. In this study, a systematic approach was

adopted to investigate the effect of different excipients on the physical properties of di-

rectly compressed tablets, and the stability of these tablets when exposed to a range of

temperatures and humidities following an accelerated stability assessment program.(1)

The focus of this study was to explore the performance- and stability-controlling dis-

integration mechanisms as a function of the raw material properties, tablet properties

and the tablet’s storage history.

METHODS A total of 16 different placebo formulations (4 different fillers and 4 dif-

ferent disintegrants) were manufactured by direct compression, where each formulation

was composed of two fillers (47 wt.% each), a disintegrant (5 wt.%) and a lubricant

(magnesium stearate, 1 wt.%). Tablets were stored for 2 and 4 weeks (2 timepoints)

at 37◦C/30%RH, 37◦C/75%RH, 50◦C/75%RH, 70◦C/30%RH and 70◦C/75%RH. The

weight, dimensions and hardness of tablets were measured at each timepoint. The poros-

ity was calculated using the weight, dimensions and true density. The disintegration

time and dynamic contact angle were both measured.

RESULTS There are several processes which can limit the disintegration process –

wetting, swelling of particles, and/or the dissolution of soluble components in the tablet.

This study demonstrates a workflow which can be used to identify the disintegration
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mechanism using raw material and tablet properties. The impact of storage on tablet

disintegration varied with the disintegration mechanism. For tablets which are wetta-

bility limited, increases in porosity during storage result in a decrease in disintegration

time. In contrast, tablets which are swelling-limited do not appear to be affected by

storage.

CONCLUSION The performance-limiting disintegration mechanism of each formu-

lation can be identified by considering the raw material and tablet properties. The

physical changes which occur during stability are influenced by both the disintegration

mechanism and the storage condition.

CHALLENGES The grand challenge of this project is to develop a model that

considers the complex interactions of raw material properties, tablet properties and

environmental properties (e.g. storage temperature and humidity) and is capable of

predicting changes in disintegration time after storing the tablet for a certain period of

time.

REFERENCES 1. Waterman, K.C. The Application of the Accelerated Stability

Assessment Program (ASAP) to Quality by Design (QbD) for Drug Product Stability,

AAPS PharmSciTech, 12, 923-927 (2011).
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PBP 12th World Meeting (2021):

Exploring the Performance and Stability-Controlling Tablet

Disintegration Mechanisms

N. Maclean, E. Walsh, M. Soundaranathan, I. Khadra, A. Abbott, H. Mead, H.

Williams, J. Mann and D. Markl

INTRODUCTION Stability testing is a crucial process in the development of all

drug products. Any chemical degradation must be assessed in order to ensure product

safety throughout the duration of the shelf-life. Furthermore, changes in performance-

controlling characteristics such as tablet disintegration and dissolution must be moni-

tored to prevent a change in product performance. Traditional stability testing is per-

formed over three years. However, the development of predictive stability approaches for

chemical degradation has reduced the time required for accurate stability predictions

to a matter of weeks (Waterman, 2011), however a gap exists for physical stability.

Changes in the formulation and storage conditions particularly influence tablet disin-

tegration mechanisms such as the take up of physiological fluid and the swelling which

eventually causes the tablet to break up.

In this study, a systematic approach was adopted to investigate the effect of different

excipients on the physical properties of direct compression tablets, and the stability of

these tablets when exposed to accelerated temperature and humidity. The focus of this

study was to explore performance- and stability-controlling disintegration mechanisms

as a function of the raw material properties and the tablet’s storage history.

METHODS Microcrystalline cellulose (MCC) (Avicel® PH-102, FMC International),

mannitol (Pearlitol® 200 SD, Roquette), lactose (FastFlo® 316, Foremost Farms

USA) and dibasic calcium phosphate anhydrous (DCPA) (Anhydrous Emcompress®,

JRS Pharma) were used as fillers for the tablet formulations. Disintegrants included

croscarmellose sodium (CCS) (FMC International), crospovidone (XPVP) (Kollidon®

CL, BASF), low-substituted hydroxypropyl cellulose (L-HPC) (Shin-Etsu Chemical Co.)
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and sodium starch glycolate (SSG) (Primojel®, DFE Pharma). Magnesium stearate

(Mallinckrodt) was used as a lubricant. All excipients were provided by AstraZeneca

(Macclesfield, UK).

Each formulation comprised two fillers (47% w/w each), a disintegrant (5% w/w)

and magnesium stearate (1% w/w). Tablets were compressed at 10 kN (MCC/mannitol,

MCC/lactose and MCC/DCPA formulations) and 16 kN (DCPA/lactose formulations)

to a target weight of 350 mg and tensile strength >2.5 MPa. Tablets were stored

in airtight glass jars at 37◦C/30%RH, 37◦C/75%RH,50◦C/75%RH,70◦C/30%RH and

70◦C/75%RH. Samples were tested at three timepoints: 1) after compression and after

storage for 2) two and 3) four weeks at the aforementioned conditions.

The weight and dimensions of tablets were recorded at each timepoint (n = 10).

Tablet hardness was measured using a Copley TBF 1000 hardness tester (n = 10)

(Copley Scientific Ltd, Nottingham, UK). Tablet porosity was calculated using the

true density of the excipients in addition to the tablet weight and dimensions. The

disintegration time was measured using a Copley DTG 2000 disintegration tester (n =

6) (Copley Scientific Ltd, Nottingham, UK). The dynamic contact angle was measured

using a Krüss DSA 30 goniometer (n = 2) (Krüss GmbH, Hamburg, Germany). Video

recordings were taken as a droplet of deionized water was dispensed onto the tablet

surface. MATLAB (MathWorks, Natick, Massachusetts) was then used to calculate the

contact angle between the tablet surface and the droplet of water.

Partial Least Squares (PLS) regression was used to model the stability data for each

formulation. First, the change in disintegration time was converted to a percentage

change relative to the initial disintegration time. PLS was performed using SIMCA

(Umetrics, Sartorius Stedim, Umeå, Sweden), with change in disintegration time as the

response variable. Both environmental factors (timepoint, temperature and humidity)

and measured values (tensile strength, porosity, moisture content and initial contact

angle) were used as predictor variables.

RESULTS AND DISCUSSION Formulations containing MCC/lactose showed

the longest disintegration times for each disintegrant (see Figure 2). This is in agreement
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with previous studies which showed that higher matrix solubility resulted in slower dis-

integration (Johnson et al., 1991). For MCC/lactose, the increased disintegration times

provide a clear distinction between each disintegrant. This suggests that the disinte-

gration is limited by the liquid-uptake for this filler combination.

For MCC/lactose formulations, the batch containing XPVP had the fastest disin-

tegration time, followed by CCS, SSG and then L-HPC. This supports the order of

disintegrant efficiency described by Quodbach et al. (2014) after assessing disintegrant

action using MRI analysis.

The use of DCPA results in a very high tablet porosity in the MCC/DCPA and

DCPA/lactose batches compared to the tablets from the other batches with similar

weight and tensile strength. MCC/lactose and MCC/mannitol batches had a porosity

of 13%, whilst batches containing DCPA had porosity of 30%. The high porosity of

DCPA-based formulations resulted in a rapid liquid uptake. For these formulations,

the choice of filler plays the primary role in determining the disintegration behaviour.

Specifically, the disintegration time of the MCC/DCPA formulations is the fastest which

is attributed to the fact that MCC also exhibits a swelling action.

Figure A.1: Disintegration time (s) of each filler and disintegrant combination (showing
mean and standard deviation).

The results of PLS regression are shown for MCC/mannitol, MCC/lactose and
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MCC/DCPA. The loading values for each batch are given in Figure 3. These results

show that an increase in storage temperature causes an increase in initial contact angle

(θc,0) and contributes towards an increase in disintegration time, with the exception

of MCC/DCPA with CCS. Similarly, storage at high humidity leads to an increase in

porosity and moisture content. Therefore, disintegration time decreases.

Low values for the contact angle indicate that the surface has high wettability and

therefore water can spread and penetrate the tablet easily. For this reason, it is clear

that initial contact angle would have a strong and positive impact on the disintegration

time, which is reflected in these data.

Figure A.2: Loading values from the PLS analysis of MCC/mannitol, MCC/lactose and
MCC/DCPA formulations with each disintegrant. θc,0 is the initial contact angle.

CONCLUSIONS These results provide the basis of a formulation guideline by ex-

ploring the differences between physical properties for tablets composed of common

filler and disintegrant combinations and considering the physical stability of each for-

mulation. This study has also applied the framework of accelerated stability studies to

investigate the complex relationships between different tablet properties and identify

the key factors which influence changes in disintegration time. These results show that

the performance- and stability-influencing properties vary based on the filler and disin-
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tegrants used. Future work aims to incorporate API into these model formulations in

order to assess the impact of the physicochemical properties of the drug on the overall

tablet stability.

REFERENCES

1. Waterman, K. C. The Application of the Accelerated Stability Assessment Pro-

gram (ASAP) to Quality by Design (QbD) for Drug Product Stability, AAPS

PharmSciTech, 12, 932-937 (2011)

2. Johnson, J. R.; Wang, L. H.; Gordon, M. S., Chowhan, Z. T. Effect of Formulation

Solubility and Hygroscopicity on Disintegrant Efficiency in Tablet Prepared by

Wet Granulation in Terms of Dissolution, Journal of Pharmaceutical Sciences, 80,

469-471 (1991)

3. Quodbach, J.; Kleinebudde, P. A New Apparatus for Real-Time Assessment of

the Particle Size Distribution of Disintegrating Tablets, Journal of Pharmaceutical

Sciences, 103, 3657-3665 (2011)
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PSSRC 15th Annual Meeting (2021):

The Role of Disintegration Mechanism in Physical Tablet

Stability

N. Maclean, I. Khadra, A. Abbott, H. Williams, H. Mead, J. Mann and D. Markl

PURPOSE The objective of this work is to identify the links between storage condi-

tions and physical tablet properties such as disintegration time, porosity, hardness and

contact angle. Previously, the formulations used in this study were classified based on

the performance-controlling mechanism[1]. By studying the role of disintegration mech-

anism, we can identify the key properties which are likely to affect the performance of

a product after storage under different conditions.

METHODS Placebo tablets were prepared by direct compression for 16 different for-

mulations. Four different filler combinations (microcrystalline cellulose(MCC)/mannitol,

MCC/lactose, MCC/dibasic calcium phosphate anhydrous (DCPA) and DCPA/lactose)

were used with four different disintegrants (croscarmellose sodium (CCS), crospovidone

(XPVP), low-substituted hydroxypropylcellulose (L-HPC) and sodium starch glyco-

late (SSG)). Tablets were stored for 2 and 4 weeks at 37◦C/30%RH, 37◦C/75%RH,

50◦C/75%RH, 70◦C/30%RH and 70◦C/75%RH. At each timepoint, the porosity, disin-

tegration time, breaking force and initial contact angle[2] were measured.

RESULTS The stability results show that generally, for all formulations an increase

in humidity resulted in an increase in tablet porosity and a decrease in tensile strength.

For tablets composed of MCC/mannitol and MCC/lactose, storage at high tempera-

ture generally resulted in an increase in initial contact angle. For MCC/DCPA and

DCPA/lactose, changes in disintegration time were very low. For MCC/mannitol and

MCC/lactose, the disintegration time changes appear to be influenced by the disinte-

grant choice, as well as filler-combination.
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CONCLUSIONS Generally, storage at accelerated humidity conditions results in in-

creased tablet porosity and decreased tensile strength, likely due to premature swelling

of some excipients after exposure to moisture. The effects of temperature vary based

on the formulation, however tablets composed of MCC/mannitol and MCC/lactose

generally show increases in initial contact angle after storage, indicating decreased wet-

tability. Disintegration time was least affected for tablets composed of MCC/DCPA

and DCPA/lactose, where initial disintegration times were already rapid.

CHALLENGES The biggest challenge in this study is identifying the key property

changes and inter-relationships which ultimately influence the tablet performance, and

finding a method of modelling these changes.

REFERENCES

1. Maclean N, Walsh E, Soundaranathan M, Khadra I, Mann J, Williams H and

Markl D. Exploring the performance-controlling tablet disintegration mechanisms

for direct compression formulations. International Journal of Pharmaceutics.

2021;599:120221. doi:10.1111/jphp.12276.

2. Markl D, Maclean N, Mann J, Williams H, Abbott A, Mead H and Khadra I.

Tablet disintegration performance: effect of compression pressure and storage con-

ditions on surface liquid absorption and swelling kinetics. International Journal

of Pharmaceutics. 2021;120382. doi:10.1016/j.ijpharm.2021.120382.
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Study Design and COVID-19

Implications

The study outline shown in Fig B.1 shows the original study design, which comprised

four different filler combinations, four different disintegrants, three different levels of

compression forces and four APIs. For the placebo characterisation and stability, only

one compression force was used to reduce the amount of samples and testing required

to ensure enough time remained for the study of API-containing batches.

The COVID-19 pandemic had a direct impact on this work, resulting indelays to

practical work due to laboratory closures during lockdowns, access and equipment lim-

itations due to capacity limits upon re-opening of the laboratories, and self-isolation

time. To mitigate these delays, the study design of the API-containing batches was

reduced from the original aim of testing 4 API with varying physicochemical proper-

ties to the selection of just 1 API. Additionally, the number of filler combinations was

reduced from 4 to 3, such that there was still one formulation to represent each of the

performance-controlling mechanisms identified during the placebo studies.
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Filler Combinations

Four filler combinations:

- Microcrystalline cellulose
(MCC)/Mannitol

- MCC/Lactose
- MCC/Dibasic calcium

phosphate anhydrous (DCPA)
- DCPA/Lactose

Active 
Pharmaceutical 

Ingredients (APIs)
Four APIs with varying properties:

- Hygroscopic, acidic
- Hygroscopic, basic
- Non-hygroscopic, acidic
- Non-hygroscopic, basic

High and Low (10 and 30%) drug 
loading

Manufacturing
Processes

Three levels of compression 
force per formulation:

- High
- Medium
- Low

Disintegrants

Four disintegrants:

- Croscarmellose sodium (CCS)
- Crospovidone (XPVP)
- Low-substituted hydroxypropyl 

cellulose (L-HPC)
- Sodium starch glycolate (SSG)

Chapters 4 and 5:
Full selection of four filler

combination used
Chapter 6:

Only three filler combinations 
used*

Chapters 4 and 5:
Full selection of four 

disintegrants used
Chapter 6:

Only one disintegrant (CCS) 
used*

Reduced experimental 
design to only one API 

and one drug loading to 
account for delays as a 

result of COVID-19 
pandemic** 

Reduced main 
experimental plan to only 

one compression force, 
with additional 

compression forces tested 
in probing study (see 

Section 4.3.3.1)

* Formulation design reduced from original plan to allow more time for stability testing and
** Reduced experimental plan due to laboratory closures and reduced laboratory access during the COVID-19 pandemic

Original
Project

Plan

Amendments 
for Final 

Project Plan

Figure B.1: The original study design (top) and the actual study design (bottom),
including the justification for changes to the testing plan.
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Material Data Sheets

Summary

This appendix provides the material data sheets and certificates of analysis (where

available) for the excipients and griseofulvin used in this study.
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Appendix D

Additional Data for Chapter 4

Summary

This appendix provides the supporting information from the study of the performance-

controlling tablet disintegration mechanisms in Chapter 4.
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Figure D.1: Settling plots from the dynamic vapour sorption measurements of each filler
and disintegrant.
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Figure D.2: Settling plot from the dynamic vapour sorption measurement of magnesium
stearate.
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Appendix E

Additional Data for Chapter 5

Summary

This appendix provides the supporting information for Chapter 5, giving the full data

collected during the placebo stability studies.
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Figure E.1: The change in tensile strength for MCC/lactose-based tablets with (A) CCS,
(B) XPVP, (C) L-HPC and (D) SSG after storage under accelerated storage conditions
for 2 and 4 weeks. Mean ± standard deviation, n = 10.
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Figure E.2: The change in tensile strength for MCC/mannitol-based tablets with (A)
CCS, (B) XPVP, (C) L-HPC and (D) SSG after storage under accelerated storage
conditions for 2 and 4 weeks. Mean ± standard deviation, n = 10.
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Figure E.3: The change in tensile strength for MCC/DCPA-based tablets with (A) CCS,
(B) XPVP, (C) L-HPC and (D) SSG after storage under accelerated storage conditions
for 2 and 4 weeks. Mean ± standard deviation, n = 10.
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Figure E.4: The change in tensile strength for DCPA/lactose-based tablets with (A)
CCS, (B) XPVP, (C) L-HPC and (D) SSG after storage under accelerated storage
conditions for 2 and 4 weeks. Mean ± standard deviation, n = 10.
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Figure E.5: The change in porosity for MCC/lactose-based tablets with (A) CCS, (B)
XPVP, (C) L-HPC and (D) SSG after storage under accelerated storage conditions for
2 and 4 weeks. Mean ± standard deviation, n = 100 (0 weeks) and n = 10 (2 and 4
weeks).
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Figure E.6: The change in porosity for MCC/mannitol-based tablets with (A) CCS,
(B) XPVP, (C) L-HPC and (D) SSG after storage under accelerated storage conditions
for 2 and 4 weeks. Mean ± standard deviation, n = 100 (0 weeks) and n = 10 (2 and
4 weeks).
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Figure E.7: The change in porosity for MCC/DCPA-based tablets with (A) CCS, (B)
XPVP, (C) L-HPC and (D) SSG after storage under accelerated storage conditions for
2 and 4 weeks. Mean ± standard deviation, n = 100 (0 weeks) and n = 10 (2 and 4
weeks).
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Figure E.8: The change in porosity for DCPA/lactose-based tablets with (A) CCS, (B)
XPVP, (C) L-HPC and (D) SSG after storage under accelerated storage conditions for
2 and 4 weeks. Mean ± standard deviation, n = 100 (0 weeks) and n = 10 (2 and 4
weeks).
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Figure E.9: The change in initial contact angle (θc,0) for MCC/lactose-based tablets
with (A) CCS, (B) XPVP, (C) L-HPC and (D) SSG after storage under accelerated
storage conditions for 2 and 4 weeks. Mean, n = 2.
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Figure E.10: The change in initial contact angle (θc,0) for MCC/mannitol-based tablets
with (A) CCS, (B) XPVP, (C) L-HPC and (D) SSG after storage under accelerated
storage conditions for 2 and 4 weeks. Mean, n = 2.
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Figure E.11: The change in initial contact angle (θc,0) for MCC/DCPA-based tablets
with (A) CCS, (B) XPVP, (C) L-HPC and (D) SSG after storage under accelerated
storage conditions for 2 and 4 weeks. Mean, n = 2.
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Figure E.12: The change in initial contact angle (θc,0) for DCPA/lactose-based tablets
with (A) CCS, (B) XPVP, (C) L-HPC and (D) SSG after storage under accelerated
storage conditions for 2 and 4 weeks. Mean, n = 2.
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Figure E.13: The change in disintegration time for MCC/lactose-based tablets with
(A) CCS, (B) XPVP, (C) L-HPC and (D) SSG after storage under accelerated storage
conditions for 2 and 4 weeks. Mean ± standard deviation, n = 6.
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Figure E.14: The change in disintegration time for MCC/mannitol-based tablets with
(A) CCS, (B) XPVP, (C) L-HPC and (D) SSG after storage under accelerated storage
conditions for 2 and 4 weeks. Mean ± standard deviation, n = 6.
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Figure E.15: The change in disintegration time for MCC/DCPA-based tablets with
(A) CCS, (B) XPVP, (C) L-HPC and (D) SSG after storage under accelerated storage
conditions for 2 and 4 weeks. Mean ± standard deviation, n = 6.
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Figure E.16: The change in disintegration time for DCPA/lactose-based tablets with
(A) CCS, (B) XPVP, (C) L-HPC and (D) SSG after storage under accelerated storage
conditions for 2 and 4 weeks. Mean ± standard deviation, n = 6.
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