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Abstract 

This thesis explores the application of novel electrochemical and scanning probe 

techniques to study the dissolution of taste masking polymer, Kollicoat® Smartseal  

30 D (KCSS, BASF) and how it controls the release of model active pharmaceutical 

ingredient (API) acetaminophen from a multiparticulate (MP) oral dosage form under 

the pH conditions of the GI tract. MP drug delivery systems consist of small API-

containing particles, beads, often coated in a protective or taste masking polymer layer. 

These polymers are typically pH responsive, allowing release of the API only in 

specific pH conditions e.g., in the stomach.  

Understanding such polymer dissolution is a crucial quality control procedure in 

pharmaceutical science, as that determines the rate at which an API is released the 

from the formulation and, consequently, the rate at which it becomes available for 

absorption in the gastrointestinal (GI) tract. Traditional dissolution testing typically 

analyses the resultant dissolution media at specific time intervals, requiring the use of 

an ex situ analytical technique, such as HPLC. As a result, a continuous, in situ, 

dissolution profile is not obtained, and valuable information regarding the start of 

dissolution may be lost.  

This thesis focuses on the implementation and development of electrochemical 

methods for dissolution testing on the micro- (single bead, ultramicroelectrode) and 

macro- (MP dose, rotating disc electrode) scale, to investigate the rate of API release 

from a taste masking polymer-coated MP, in situ under pH conditions of the GI tract 

in real time. Additionally, this thesis investigated the effectiveness of taste masking 

polymer under simulated oral conditions.  A variable temperature study resulted in the 

kinetic analysis of the API dissolution. The effects of physiological buffers were also 

explored. These studies led to the further investigation of the microstructural and 

morphological changes occurring in the KCSS polymer film in an acidic environment 

using ex situ atomic force microscopy (AFM). This was complemented by scanning 

ion conductance microscopy (SICM) to investigate in situ the charge distribution of 

the polymer layer of MP beads under a range of pH conditions.  

Overall, the development and application of electrochemical methods for real-time 

dissolution measurements are demonstrated and the mechanisms associated with 

dissolution under different pH conditions are discussed with reference to scanning 

probe microscopy data.  
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1. Chapter 1 

Introduction 

This thesis studies the dissolution of a polymer-coated taste masked multiparticulate 

formulation bead, prepared using acetaminophen as the active pharmaceutical 

ingredient and the Kollicoat® Smartseal 30 D as the taste masking polymer. In this 

introductory chapter a review is given on the various related topics covered in this 

study. The basic concepts of oral drug delivery are introduced, specifically 

multiparticulate formulations with a focus on taste masking properties. 

Multiparticulate oral dosage forms are explored, showing the importance of the 

formulation process and stimuli responsive polymers as a taste masker. In addition, 

this chapter highlights and discusses various dissolution techniques, with an emphasis 

on electrochemical methods on a micro- and macro- scale for dissolution. Lastly, an 

overview is given of scanning probe microscopy techniques for application in the study 

of a pH responsive taste masking polymer.  
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1.1. Oral Dosage Forms   

A dosage form refers to the combination of the drug(s) or active pharmaceutical 

ingredient (API) and the inactive compound(s) referred to as excipient(s) to facilitate 

dosing, administration, and delivery of medication to the patient. Thus, the drug 

products are referred to as a drug delivery system.1 

There are many routes of administration of drugs into the body in various physical 

forms, such as solutions, creams, suppositories, powders, capsules, and compressed 

tablets to name a few. The most preferred route is the enteral or oral route as it offers 

high patient acceptability, compliance, and ease of administration.1,2 Here, the drug 

product is swallowed and dissolves in the gastrointestinal (GI) fluid, which is absorbed 

through the mucous membrane of the GI tract and into the blood stream for the general 

circulation within the body (Figure 1.1 and Table 1.1).1,2   

There is no ‘ideal’ drug delivery system, and the oral route is not without its 

drawbacks. The main challenges that this route of drug delivery face is primarily 

palatability and dysphagia (difficulty swallowing), both of which affect patient 

compliance.3,4 Dysphagia particularly affects paediatric and geriatric patients, but can 

affect people of any age.5    

 

Figure 1.1. Regions of the gastrointestinal tract. 
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Table 1.1. Regions of gastrointestinal tract and corresponding pH and transit times.2,6–8 

Gastrointestinal Tract pH Transit times 

Oral Cavity / Oesophagus  6.8 – 7.0 10 – 14 s, can take up to 1 min 

Stomach 
1.0 – 2.5  

(up to 5 in fed state) 
Half empty after ca. 80 min 

Small intestine  6.0 – 7.5 3.2 ± 1.6 h 

Colon (large intestine)  5.0 – 7.0 10 h to several days 

Additionally, there are other drawbacks to solid dosage form administration including, 

i) bioavailability from drugs that have slow dissolution rates and/or have low 

permeability for sufficient absorption in the GI tract,9 ii) or those with high absorption 

in the GI tract, iii) hygroscopic drugs which are unsuitable for oral dosage forms,10 iv) 

gastric irritation which can harm the GI tract mucosa,11 and v) encapsulation of tablets, 

coatings and complex processes of capsules can increase production costs.12 

The advantages of solid dosage forms typically outweigh the shortcomings, however, 

the use of multiparticulate formulations addresses some of these concerns and 

therefore make it an increasingly popular choice for oral administration.  

1.1.1. Multiparticulate Formulations  

Oral multiparticulate(s) (MP) formulations/systems are multi-unit solid dosage forms 

that consist of many small discrete drug delivery units.13–15 The concept and 

technology of this type of drug delivery system was first introduced in the 1950s, but 

has gained increasing popularity over the last few decades.16,17 They are referred to 

under numerous terminologies, a non-exhaustive list includes, multiple units, pellets, 

beads, granules, and micro- and mini- tablets. They vary in size, with diameters as 

small as 150 µm for example as a taste-masked MP or as large as 2 – 3 mm.13 For the 

delivery of the total recommended dose, these MP units may be swallowed directly, 

filled into sachets or capsules, compressed into tablets or sprinkled over a 

meal.4,5,13,14,18 Other technologies include the utilisation of various dosing 

dispensers.18   
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The MP drug delivery system offers many biopharmaceutic advantages over 

traditional single unit (monolithic) dosage forms. As MP are small and occur as 

multiple units, they occupy a large surface area for drug release when they disperse 

along the GI tract. This maximises absorption, minimises side effects and thus reduces 

the risk of dose dumping (excessive, premature release of drug), whilst also avoiding 

the risk of local irritation of the GI tract. Furthermore, they have a shorter, more 

predictable transit time through the GI tract (gastric emptying), thus reducing the inter- 

and intra-patient variability.14,16,17 Moreover, MP offers other advantages such as ease 

of swallowing, flexibility in dose titration, demonstrated suitability for controlled drug 

release and taste masking. These abilities are particularly beneficial for paediatric, 

geriatric and patients that suffer from dysphagia.4    

1.1.2. Polymer-Coated Multiparticulates  

An inert core is defined as starting material that is used as a carrier for the layering of 

a drug. The substrate comprises of one or more ingredients, typically starch, sucrose 

or microcrystalline cellulose (MCC). This core can then be coated to achieve a 

controlled drug release MP formulation, either delayed-, sustained- or immediate 

release.16   

The coating of the core occurs in two ways; either i) directly with a polymer-drug 

solution/dispersion (matrix coated) or ii) drug coated core using a layering/coating 

technique where the drug is layered first, followed by a coating of a polymeric 

solution/dispersion (reservoir coated), as shown in Figure 1.2.19–21  

 

Figure 1.2. Schematic of matrix and reservoir coated multiparticulate formulation. 
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1.2. Taste Masking  

As many drugs are bitter and unpleasant, taste masking techniques are employed to 

enhance palatability and therefore increase patient compliance.22 Three main 

approaches to achieve taste masking are:  

i. using peripheral interactions, where specific compounds are used to antagonise 

particular taste receptors; 

ii. utilising central cognitive interactions whereby a strong taste or aroma is used 

to reduce the perception of unpleasant drugs to the brain; 

iii. encapsulation, where the drug is physically prevented from interaction with the 

active sites by either modifying solubility or by using a physical barrier, i.e. 

coatings.22,23  

Various techniques in the approach to taste masking include the use of flavourings, 

sweeteners and amino acids, polymer coating of the drug, ion exchange resin for 

binding to acidic bitter compounds, inclusion complexes, and microencapsulation.23,24  

1.2.1. Taste Masking Techniques 

Generally, taste masking using the addition of sweeteners, flavourings and amino 

acids are the simplest method, particularly for paediatric formulations, liquid 

formulations, and chewable tablets. However, for extremely bitter drugs, particularly 

those of a high dose and highly water-soluble drugs, it is far less effective.25,26 

Therefore, the application of coatings is one of the more effective and widely used 

taste masking methods. The various types of taste masking coating systems are shown 

in Figure 1.3.24,26    

 

Figure 1.3. Classification of patented taste masking coatings, where the system used 

in this study is highlighted in red. (Adapted from Bansal et al., 2009).26 
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1.2.2. Taste Masking Manufacturing Processes 

There are numerous manufacturing processes for the application of taste masking 

coatings, which include melt and liquid extrusion, spray and freeze-drying from 

aqueous dispersions, and coatings with lipids or waxes to name a few. Coating 

applications are the most effective for taste masking of tablets or mini tablets due to 

the application of a uniform physical barrier.16 

Conventional methods for applying coatings include liquid melt or powder coatings 

with lipids, waxes, or polysaccharides. More modern methods use film coatings, 

widely used in taste masking multi-unit solid dosage forms, where coatings can be 

applied by continuous manufacturing process, usually spray coating (or drying) and 

hot melt extrusion,27 or the process of microencapsulation.22  

1.2.2.1. Spray Coating by a Fluidised Bed Coater Technology 

In addition to taste masking, coatings serve other purposes as well, such as protection 

against moisture and UV, control of bioavailability of drugs, and to improve cosmetic 

appearance.28 Spray coating is a common method to apply polymer and/or drug 

solution or aqueous dispersion onto drug containing cores. Tablets and larger oral 

dosage forms are typically coated using a drum coater, whilst fluid bed coaters are 

used for particulates.28,29    

In a fluid bed coater, the particulates are placed into a processing chamber and 

maintained in the fluidised state controlled by a heated air current, which keeps the 

particulates in motion, whilst a liquid suspension (coating fluid) is uniformly sprayed 

on and quickly dried onto the particulates.30–32 There are several techniques in which 

to spray the aqueous dispersion in a fluid bed coater, such as top spray, bottom spray, 

wurster (most common for small particulates), and rotator with side spray (Figure 

1.4).32,33    
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Figure 1.4. Various types of fluid bed coaters, (a) top spray, (b) bottom spray,  

(c) wurster, and (d) rotator with side spray. (Teunou and Poncelet, 2002).33 

The wurster process is a form of bottom spray coating (Figure 1.5), whereby the spray 

nozzle is built-in to the base, which results in the spray pattern occurring alongside the 

air flow feed.31 This fluid bed system is fitted with a wurster chamber (draft tube), 

which is a cylindrical column that separates the bed coater into different regions. 

Particles are drawn in and move upwards by the air flow current into the spray region 

of the wurster chamber and are wetted by the coating liquid. This coating of particles 

occurs concurrently as the atomising air is simultaneously injected with the coating 

liquid through the spray nozzle.31,33,34   

 

Figure 1.5. Wurster fluidised bed spray coating system. (KuShaari et al., 2006).34   
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Next, the drying process occurs in the expanded region, the upper part of the chamber, 

where the particles are suspended to prevent agglomeration. The coated particles then 

fall downwards through the fountain region and flow to the bottom, where they are 

drawn in again by the air flow current, resulting in a continuous coating process. The 

wurster chamber allows for increased acceleration and continuous recirculation of 

particles which increases collisions between droplets and particles in the spray region, 

thereby improving the coating efficiency and reducing the spray drying time compared 

to other fluid bed coaters.31,33,34 
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1.3. Stimuli Responsive Polymers 

Stimuli responsive or ‘smart’ polymers are polymers that are characterised by changes 

in their physicochemical properties in response to the changes in their surrounding 

environment from an external stimulus.35–37 These characteristic changes can be 

alterations in conformation and/or solubility, alterations of the hydrophobic/ 

hydrophilic balance or the release of a bioactive (drug) molecule.38  

Their response is typically determined by the presence of functional groups on or 

within the polymer chain.35,36 The stimuli that trigger a response can be classified into 

three main groups: physical (e.g. temperature, electric field, light, ultrasound, 

mechanical stress), chemical (e.g. pH, ionic strength), and biological (e.g. enzymes, 

biomolecules), shown in Figure 1.6 along with typical responses.36–39 

 

Figure 1.6. Common stimuli and responses of smart polymers. Stimuli highlighted 

according to physical (orange), chemical (green), and biological (blue) 

classification. (Adapted from Schmaljohann, 2006).38 

The most important stimuli systems, particularly in the biomedical field are those 

polymers sensitive to pH and temperature.40   
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1.3.1. pH Responsive Polymers  

pH responsive polymers are susceptible to numerous changes, such as conformation 

and structural changes, surface activity, solubility, chain configuration and many more 

in response to changes of the surrounding pH solution.39 The range of pH along the GI 

tract varies greatly from the moment of consumption, from the neutral environment of 

the saliva in the oral cavity, to the acidic environment of the stomach to the basic 

environment of the intestines (Table 1.1).38 For this reason, pH responsive polymers 

are highly suitable for targeted and controlled oral drug delivery.39 

pH responsive polymers have an ionisable group attached to a hydrophobic 

backbone.39,40 They are defined as polyelectrolytes due to the presence of weakly 

acidic or basic groups that can either donate or accept protons respectively, in response 

to the pH of their surrounding environment.37,39,41 Upon the ionisation of the pendant 

functional groups, the resultant protonation or deprotonation leads to changes in the 

net electrostatic charge of the polymer chain. In turn this alters the conformational 

structure and hydrodynamic volume,37,39,42 which can result in shrinkage, swelling or 

dissolution.39,41 The effects of protonation and deprotonation can result in an increase 

of electrostatic charge, causing electrostatic repulsion between polymer chains and 

consequently the opening or extension of polymer chains from a collapsed state. For 

a  decrease in electrostatic charge the opposite effect would occur.35,39,43 

It should be noted that ionisation of polyelectrolytes is more complex than the 

monoacidic or monobasic counterparts, due to of electrostatic repulsion exerted by 

adjacent ionised groups. This therefore results in the differing dissociation constant 

(Ka).
40 

1.3.1.1. Types of pH Responsive Polymers  

pH responsive polymers can be classified into two groups, i) polymers with acidic 

functional groups (polyacids or polyanions) and ii) polymers with basic functional 

groups (polybases or polycations).39,42,44 

Polyacids generally have a carboxylic acid (-COOH) functional group. Common 

examples include poly acrylic acid (PAA) or poly methacrylic acid (PMA).39,41 



Chapter 1 

11 

Polyacids at low pHs (pKa dependent) are in a collapsed ‘unswollen’ state as the 

pendant acidic group will be in its protonated, unionised form.41 However, in basic 

pHs it donates protons and thus forms an anionic charged molecule, causing physical 

changes (swelling) of the polymer due to their electrostatic repulsion. Thus, for 

polybases the inverse is true.41,42  

Polybases typically have an ammonia (-NH2) functional group, for example poly(N,N-

dimethylaminoethyl methacrylate) (PDMAEMA) or, poly(N,N-diethylaminoethyl 

methacrylate) (PDEAEMA).41,44 The pendant functional group accepts protons at low 

pH values, forming a cationic polyelectrolyte and increasing the electrostatic charge 

between protonated neighbouring functional groups. This leads to expansion of 

polymer chains, an increase of the hydrodynamic diameter of the polymer, and induces 

swelling.35,41 In other words, polybasic pH responsive polymers swell at pH < 7 and 

thus can be utilised as a polymer coating to inhibit the release of drug in the oral cavity, 

as illustrated in Figure 1.7. Consequently, this makes an ideal polymer for taste 

masking.43,45   

 

Figure 1.7. Schematic of a drug loaded particle in a polybasic polymer coating, 

shown in a neutral to basic pH environment and in an acidic environment. The 

former is the collapsed state where the tertiary amine group is in the unprotonated 

form and thus the drug remains encapsulated. The latter shows the amine groups to 

where they are protonated in the low pH environment, and swell in response, thus 

releasing the drug into the external environment. (Adapted from Grainger and El-

Sayed, 2010).42 
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1.3.2. Kollicoat® Smartseal 30 D  

The Kollicoat® Smartseal 30 D (KCSS, Figure 1.8) is a synthetic, lipophilic, aqueous 

dispersion of a methyl methacrylate (MMA) and diethylaminoethyl methacrylate 

(DEAEMA) polybasic copolymer,46 and as such, it contains a C–C backbone which 

classifies it as a linear non-biodegradable polymer.47 KCSS is synthesised by free 

radical emulsion polymerisation.46 

  

Figure 1.8. Methyl methacrylate and diethylaminoethyl methacrylate copolymer, 

Kollicoat® Smartseal 30 D polymer structure, where n = 7 and m = 3.46 

The copolymer dispersion has a solids content of 30 %, stabilised with approximately 

0.6 % macrogol cetostearyl ether and 0.8 % sodium lauryl sulfate.22,46,48 It occurs as a 

milky white liquid, with a faint characteristic odour.22,46 Both MMA and DEAEMA 

are known to be hydrophobic.42,49,50 Therefore, KCSS is a brittle, lipophilic polymer 

and therefore requires a plasticiser to fully function as a film forming polymer, KCSS 

has a glass transition temperature (Tg) of ca. 63 °C and a minimum film forming 

temperature (MFFT) of 57 °C.46,51 

KCSS has a reported molar ratio of monomers MMA and DEAEMA in the copolymer 

is 7:3. It also has a reported molecular weight of ca. 200,000 g/mol determined by size 

exclusion chromatography (SEC) coupled with light scattering. Laser scattering 

determined that the average particle size of polymer droplets in the dispersion is ca. 

150 nm.46,51 These properties of the KCSS polymer were examined by nuclear 

magnetic resonance (NMR) and gel permeation chromatography (GPC).  
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From NMR analysis, it was found that the calculated molar ratio differs from that of 

the reported value for MMA:DEAEMA at 10:4. The GPC data revealed a similar 

molecular weight, where KCSS has a number average molar mass, Mn and dispersity, 

Đ values of 270,00 g/mol and 8.39 respectively.  

The pH responsiveness of the KCSS polymer is due to the tertiary functional amine 

groups of the DEAEMA polymer and thus its hydrophilicity is dependent upon the pH 

environment.50 In acidic conditions (a pH lower than DEAEMAs pKa of ca. 7.3) the 

tertiary amine groups are protonated and become more hydrophilic thus resulting in 

an increased solubility.50,52,53 KCSS is therefore insoluble at basic and neutral pH 

media and rapidly dissolves at pH < 5.5 due to the protonation of DEAEMAs tertiary 

amine.51,54 As a result, it can be referred to as a ‘reverse enteric coating polymer’.29,48 

These changes in solubility in response to pH are important in enabling drug release 

in the GI tract. Also, it is used to mask the taste of drugs by providing a physical barrier 

against physiological pH of saliva (5.8 – 7.6),55 as well as for moisture, which 

preserves the potency of the drug as well as masking any odour.46 

The pH responsiveness of this polymer coating is used to exploit the differences in pH 

of the GI tract for drug targeting and delivery. When a drug is orally administered, it 

experiences pH conditions ranging from ca. pH 7 to 1 as it travels through the GI 

tract.48,56 Therefore, the KCSS coating offers an effective barrier against dissolution 

in saliva.  
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1.3.3. Polymer Film Formation  

Aqueous polymer dispersions have characteristically low viscosity and high solid 

contents, which leads to a rapid coating process. On the other hand, organic solutions 

present considerable disadvantages, for example residual solvents left in the film 

coating. Furthermore, aqueous polymeric dispersions offer safer and more 

environmentally friendly alternative to the use of solvents. Consequently, aqueous 

polymeric dispersions are favoured for pharmaceutical formulations.57     

The process of film formation for aqueous polymeric dispersions is complex, 

beginning with the atomisation of fine droplets from the dispersion onto the substrates 

surface, followed by water evaporation in the drying stages, where the polymer 

particles/spheres come into close contact with one another. Continued drying and 

further water evaporation allows the polymer particles to deform, coalesce and the 

polymer chains to fuse resulting in the formation of a continuous film.58,59 The process 

is outlined in the schematic shown in Figure 1.9.  

 

Figure 1.9. Schematic of film formation mechanism from aqueous polymer 

dispersions. (Adapted from Sonar and Rawat, 2015).60   
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1.3.4. Drug Release Mechanisms  

There are several biological and chemical mechanisms in which drugs can be released, 

including, but not limited to, dissolution, diffusion, osmosis, partitioning, creation of 

hydrostatic pressure, swelling, and erosion. Commonly, drug delivery involves one or 

more of these mechanisms of release.11,61,62 The transport of solutes from a non-

degradable polymeric system is predominately considered as diffusion driven. Hence, 

these polymers are typically fabricated into ‘matrix’ or ‘reservoir’ systems, as shown 

previously in Figure 1.2.19 The mechanism in which drug release occurs from reservoir 

coated beads/pellets is a complex process depending on many variables such as the 

type and thickness of coating, the type of drug and inert core used.63–65 

1.3.4.1. Drug Release Mechanisms from Reservoir Polymer-Coated 

Multiparticulates  

One such mechanism is diffusion of drug release through a continuous polymer film 

that surrounds a drug loaded inert core (reservoir system), which serves as a rate-

controlling membrane.19,21,63 Drug release from a diffusion-controlled system 

typically occurs in a two-step process: i) the surrounding medium penetrates the 

release unit and dissolves the contained drug, which forms a concentration gradient of 

dissolved drug, and ii) the dissolving drug will diffuse through the pore of the release 

unit or the surrounding membrane and therefore be released.11  

An ideal drug release from a reservoir system via diffusion, based on Fick’s law (vide 

infra, Section 1.5.2.1.1) can be distinguished into two subclasses, either i) non-

constant activity source (first order release), or ii) a constant activity source (zero order 

release). Where the former describes the situation at which the released drug molecules 

are not replaced, the drug concentration at the surface of the inner membrane 

continuously decreases with time. For the latter, drug released molecules are replaced 

by the (partial) dissolution of drug crystals or amorphous aggregates, resulting in a 

saturated solution at the inner membranes surface.62 If there is no swelling or 

dissolving of the polymer coating (rate controlling membrane) then the system is to be 

in perfect sink conditions. However, in practice these systems are far from perfect, 

with the norm more inclined to a ‘non-ideal’ system.  



Chapter 1 

16 

A non-ideal system can include crack formations within the film coating from the 

build-up of hydrostatic pressure due to swelling or (partial) dissolution. Therefore, 

mathematical calculations based on this theory of release kinetics is complex and 

insufficient.62,66,67 Furthermore, if a coating is heterogeneous and contains pores or 

cracks, these pores can fill with solution upon contact with the aqueous medium and 

thus facilitate diffusion.63,68  

Dissolution can be defined as the process where solute molecules (e.g. APIs) are 

dissolved in a solvent vehicle. This process, specifically for drug release, involves the 

transfer of drug molecules or ions from its solid phase into the external surrounding 

medium, typically water or tissue. It occurs as the drug molecules are solvated and 

thus separated from the solid. The solution becomes saturated when it reaches the limit 

of the solubility of the drug.11,61     

Osmosis can be defined as the movement of a solvent from a compartment with a low 

concentration of solute to a compartment with a high concentration. For 

multiparticulates, the drug solution can flow through the pores formed during the 

uptake of water. The mechanism of osmosis can occur when the aqueous media passes 

through the film coating, which results in the dissolution of the soluble components 

(the drug and excipients) from within the core, generating an osmotic pressure inside 

the coated MP, which influences the rate of drug release from these pores.11,63   

Furthermore, some coatings are fabricated with the intent to gradually erode with time, 

subsequently releasing the contained drug within the MP bead/pellet in a controlled 

approach. This therefore defines the drug release mechanism of erosion.11 It should 

also be noted that the type of drug used contributes greatly to the drug release as it 

depends on the solubility of the drug into the aqueous medium. A high drug solubility 

results in a high concentration gradient and consequently a faster release of drug.55,63 

The overall drug release and its corresponding rate from a coated MP bead is governed 

by one or more of the release mechanisms described above.    
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1.4. Traditional Dissolution Testing 

In the pharmaceutical industry, in vitro dissolution testing is employed to validate 

initial testing of potential drug formulations and to identify crucial manufacturing 

variables.69 It is vital process in the development and quality control of a solid dosage 

form. Dissolution testing is routinely used to determine the rate of release of a 

drug/API, as the intended drug would rapidly dissolve in the test medium.70,71 

The United States Pharmacopoeia (USP) guidelines of dissolution testing require the 

use of a cylindrical dissolution vessel with a hemispherical base filled with an aqueous 

solution, at a stable temperature of 37 °C and stirred at a constant rate.72,73 There are 

seven types of USP dissolution apparatuses outlined in the USP Chapter <711>.69,74 

However, official methods and regulations primarily recommend the use of USP 

Apparatus I and II, particularly for solid oral dosage forms, and are shown in Figure 

1.10.74,75 In USP Apparatus I, the dosage form is placed in a basket attached to the end 

of a rotating spindle, usually rotated at 100 rpm, which introduces agitation into the 

system.8,74 USP Apparatus II, on the other hand uses a paddle typically rotated between 

50 – 75 rpm, and the oral dosage form is released directly into the vessel. Typically, 

both Apparatus I and II have a medium volume of 900 mL, though this can vary 

between 500 – 1000 mL.8 

     

Figure 1.10. Schematic of USP Apparatus I and II. (Reproduced from Antech).76  

USP dissolution testing methods require a complimentary method of analysis. The 

resultant dissolution media is typically analysed through a series of sample aliquots 

taken at varying time intervals, which measure the concentration of drug release with 

time.8,72,77  
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The most widely used analytical techniques are UV-visible spectrometry and high-

performance liquid chromatography (HPLC).8,72,77 However, these traditional 

dissolution methods rely on the drug release into the bulk, increasing with time, 

measured at regular intervals. Therefore, this methodology lacks the ability to measure 

the solution concentration in real-time.  

Whilst USP apparatuses have attempted to replicate the conditions of the GI tract and 

have been used routinely for many years, none of these methodologies have been able 

to accurately replicate in vivo conditions.78 Although the USP Apparatus II has been a 

staple in industry dissolution testing for over 30 years, there remain several drawbacks 

associated with it. These limitations include poor reproducibility of results and high 

variability of results, and complex hydrodynamics dependent upon the positions of the 

oral dosage form, which can land at various locations within the vessel which can 

significantly alter the velocities and strain rate, thus introducing variability into the 

dissolution testing system.69,71 Furthermore, factors such as tablet size and shape can 

influence the movement of the tablet during dissolution testing.79  

There have been many studies that indicate that the hydrodynamics of USP Apparatus 

II plays a significant role in the lack of reproducible results, however this comes with 

no substantial resolve in the matter. The complex hydrodynamics can be attributed to 

the regions above and below the paddle impeller. Axial velocities are much smaller 

than the tangential velocities and therefore the recirculation in the USP Apparatus II 

is inadequate, resulting in a weak flow.80 Furthermore, below the paddle a ‘coning’ 

effect can be observed where a tablet rapidly disintegrates during a dissolution test, 

resulting in aggregating particles forming a rotating cone under the paddle impeller.8  

Ultimately, the hydrodynamics located near the bottom of the dissolution vessel where 

the tablet typically resides largely contributes to the high variability of results from 

dissolution testing.71 It should also be noted that the large volume of dissolution media 

required for USP Apparatus I and II are unphysiologically realistic.81 Therefore, a 

reproducible placement of the tablet within a smaller volume of dissolution media is 

highly desirable. Thus, this thesis endeavours to resolve and improve upon the 

hydrodynamic concerns using a rotating disc electrode approach as well as employing 

simultaneous real-time analysis of the dissolution process, building upon the existing 
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industrial dissolution testing methods and eliminating the need of a secondary method 

of analysis.  

1.5. Electroanalytical Methods 

The use of electrochemical methods in analytical chemistry can be utilised to study an 

analyte by measuring the current and/or potential difference detected by electrodes 

within an electrochemical cell containing electrolyte(s). The chemical phenomena 

involved in electrochemistry is associated with charge separation, where this often 

leads to charge transfer, which can occur homogenously in solution, or 

heterogeneously on electrode surfaces.82 Electrochemical based applications are 

becoming increasingly employed to study in vitro electroactive compounds of 

pharmaceutical forms and physiological fluids.83,84 

1.5.1. Potentiometry  

Potentiometry is a static interfacial electroanalytical method, whereby the 

concentration of an analyte is determined by the measurement of a potential difference 

(in volts) as a result of charge transfer between two interfaces, a reference electrode 

and indicator electrode.85 As a static system, there is no net electrochemical reaction 

and therefore no flow of current, essentially in a state of equilibrium.86,87 

The following equation demonstrates an overall general electrochemical cell reaction:  

 aA + bB ⇌ cC + dD  (1.1) 

where, a is the number of moles for its corresponding chemical species A and so on. 

The electrode potential, E, is measured in relation to the redox reactions occurring at 

the two electrodes, demonstrated by the Nernst equation:85,86      

 𝐸 = 𝐸0 −
𝑅𝑇

𝑛𝐹
𝑙𝑛 (

𝑎(𝐶)𝑐 ⋅ 𝑎(𝐷)𝑑

𝑎(𝐴)𝑎 ⋅ 𝑎(𝐵)𝑏
) (1.2) 

where, E0 is the standard rate constant, R is the molar gas constant in J K−1 mol−1, T is 

the temperature in K, n is the number of electrons transferred, F is Faradays constant 

(96495 C mol−1) and a is the activity of the species involved, defined by: 
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 𝑎 =  𝛾𝐶  (1.3) 

where, γ is the activity coefficient and C is the concentration. 

The activity coefficient is a thermodynamic factor to validate for any nonconformities 

from an ideal behaviour in a chemical mixture, and typically has a value between 0 

and 1. In low concentrations of solute the behaviour is close to ideal, and thus has an 

activity coefficient close to 1.85,88,89 Therefore, under these conditions the Nernst 

equation can be applied using concentration, 

   𝐸 = 𝐸0∗ +
2.303𝑅𝑇

𝑛𝐹
𝑙𝑜𝑔 (

[𝐴]𝑎 ⋅ [𝐵]𝑏

[𝐶]𝑐 ⋅ [𝐷]𝑑
) (1.4) 

where E0* is stated as,  

   𝐸0∗ = 𝐸0 +
𝑅𝑇

𝑛𝐹
𝑙𝑜𝑔 (

𝛾𝐴
𝑎 ⋅ 𝛾𝐵

𝑏

𝛾𝐶
𝑐 ⋅ 𝛾𝐷

𝑑) (1.5) 

Reference electrodes have a stable and well-known, reproducible electrode potential 

and operates to preserve a constant potential independent of the solution conditions. 

The internationally accepted reference electrode is the standard hydrogen electrode 

(SHE).85,86 Common reference electrodes include the silver/silver chloride (Ag/AgCl) 

and mercurous chloride (Hg/Hg2Cl2), referred to as the saturated calomel electrode 

(SCE).90 Typically, the reference electrode is encased in glass tube, containing a 

saturated chloride solution (KCl) and a ceramic frit, depicted in Figure 1.11. 

Potentiometry can also be applied to ion selective electrodes (ISEs), by which ion 

concentration can be determined via the ion transfer across a glass membrane. The 

difference in charge either side of this membrane results in a potential difference. The 

most common ISE is a pH electrode, made from a glass membrane that is highly 

sensitivity to H+ ions.85 pH is defined by,  

 𝑝𝐻 =  −𝑙𝑜𝑔 (𝑎𝐻+) (1.6) 

Therefore, the potential difference measured across the glass membrane can be 

correlated via a calibration curve to the concentration of H+ ions in solution, resulting 

in the measurement of pH.85   
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1.5.2. Dynamic Electrochemistry  

If we consider a one electron redox reaction of a species between its reduced form, R, 

and its oxidised form O,  

 R 

𝑘𝑓

⇌
𝑘𝑏

O +  n𝑒− (1.7) 

where kf is the forward rate constant and kb is the backward rate constant. Where no 

external driving force is applied, the forward and backward reactions occur at the same 

rate (kf = kb) and thus the species are in equilibrium.86  

In dynamic electrochemistry, the application of an applied potential perturbs the 

typical equilibrium of a redox couple. This therefore drives the reaction in one 

direction resulting in a net electron transfer which is simultaneously measured as the 

faradaic current.85,86 Figure 1.11 shows a standard three electrode electrolytic cell 

typically employed in dynamic electrochemistry.   

 

Figure 1.11. Schematic of standard three electrode electrolytic cell (not to scale).  

A potential is applied via the potentiostat between the working and reference 

electrodes, which results in the transfer of electrons at the surface of the working 

electrode, producing a measurable current (i).  
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The potentiostat applies an equal opposing current (-i) to the counter electrode, 

allowing the current flow between the working and counter electrode.85,86  

The working electrode is commonly fabricated using a metal or carbon. Its surface is 

a crucial element within an electrochemical cell, as the electrode material, geometry, 

and topographical irregularities can impact the electrochemical response.91 Electrodes 

come in a variety of sizes (ranging from macro to nanoelectrodes) and geometries, 

such as inlaid-disc, hemispherical, band and ring to name a few.92 

Resistance, R, is a typical occurrence within electrochemical cells, arising due to 

current passing through electrodes, wiring, through solution and the electrode- 

solution interface. If the current generated is too large (in the µA range and above), 

then the presence of a counter electrode is necessary to prevent the passing of current 

between the working and reference electrode and to counteract the effect of ohmic 

drop (iR), which occurs when R from the passing current becomes too large. This 

would therefore result in a disproportion between potential applied and the potential 

experienced at the working electrode, and consequently reduce the current flow. A Pt 

wire with a large surface area is a commonly employed as a counter electrode. 

Additionally, the ohmic drop effect can be counteracted by the addition of high 

concentrations of inert salt (background electrolyte), to decrease the solution 

resistance.85,86   

1.5.2.1. Electrode Reaction Rates and Mass Transport 

The electrode reaction pathway (current) can be complex and occurs in a sequence 

involving several steps (Figure 1.12). The rate of these reactions is thus determined by 

the slowest step of the sequence, the processes include: i) mass transport of 

electroactive species to the electrode surface, ii) electron transfer at the electrode 

surface, iii) chemical and/or surface processes, such as adsorption or desorption, that 

precede or succeed the electron transfer. The net rate of reaction, i.e. the measured 

faradaic current is ultimately limited by either the rate of mass transport, defined by 

the mass transport coefficient (kt) or by the rate electron transfer, defined by the 

electron transfer coefficient (kr).
85,86,90 



Chapter 1 

23 

 

Figure 1.12. Schematic of electron transfer and mass transport pathway at the surface 

of an electrode. (Adapted from Bard and Faulkner, 2001).86  

The faradaic current that occurs from the electron transfer at the electrode-solution 

interface, and is proportional to the rate of reaction, can be expressed by  

Equation 1.8:85,86 

 𝑖 =  𝑛A𝐹𝐽 (1.8) 

where n is the number of electrons transferred in the faradaic process, A is the electrode 

area (cm2), and J is the flux (mol cm-2 s-1). 

Reactions controlled by mass transport to the surface of an electrode can occur by 

either one or a combination of three different modes: diffusion, convection, and 

migration.  

1.5.2.1.1. Diffusion  

Diffusion is defined as the net movement of chemical species down a concentration 

gradient, from regions of high concentration to regions of lower concentration. When 

a chemical species undergoes a redox reaction at the surface of a working electrodes, 

the surface concentration of the species, Cs, is lower than that of the bulk 

concentration, C*.85,86   
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Species consequently diffuse from the bulk to the surface, moving down the 

concentration gradient, generating a diffusion layer with time.85,86 This process is 

illustrated in Figure 1.13.      

 

Figure 1.13. Illustration of diffusion layer at an electrode in 1D, where δ is the length 

of the diffusion layer.86 

a) Fick’s Laws of Diffusion 

Fick proposed two laws that govern diffusion in solution, as shown in Equations 1.9 – 

1.13 below. They demonstrate the relationship between the flux of a substance and its 

concentration as a function of time and position.85–87   

Fick’s first law states that the flux of a species, i.e. the rate of diffusion, is directly 

proportional to the concentration gradient, 

  𝐽 = −𝐷
𝜕𝑐∗

𝜕𝑥
 (1.9) 

For a one-dimensional system (x dimension), where D is the diffusion coefficient in 

cm2 s−1, and δc*/δx is the concentration gradient.  

Under a mass transport-controlled process, governed by diffusion only, the following 

equation can be applied: 

 𝐽 = −𝑘𝑡𝐶∗ (1.10) 

Where kt is defined as: 

 𝑘𝑡 =
𝐷

𝛿
 (1.11) 

where, δ is the diffusion length in cm. 
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Fick’s second law is valid for planes parallel to one another and perpendicular to the 

diffusional direction, i.e. linear diffusion conditions. It associates the change in 

concentration with time, relative to the change in flux at point x.    

 
𝜕𝑐

𝜕𝑡
= 𝐷

𝜕2𝑐

𝜕𝑥2
 (1.12) 

For diffusion towards a spherical electrode, where the lines of flux are not parallel but 

rather perpendicular to the sphere, Fick’s second law is expressed as: 

 
𝜕𝑐

𝜕𝑡
= 𝐷

𝜕2𝑐

𝜕𝑟2
+

2

𝑟

𝜕𝑐

𝜕𝑟
 (1.13) 

where r is the distance from the centre of the electrode.  

b) Geometry of Electrodes 

In the three dimensions, the geometry of the working electrode will contribute to the 

shape of the diffusion field that arises, as well as the timescale at which the experiment 

occurs. A macroelectrode typically has a radius on the millimetre or centimetre scale.93 

Linear (or planar) diffusion controls mass transport to the electrodes surface.92 When 

the radius of the electrode surface is reduced, the electrode can be defined as a 

microelectrode, with dimensions on the micrometre or sub-micrometre scale (but 

smaller than 50 µm).87 Ultramicroelectrodes (UMEs) typically have a diameter range 

of 1 – 25 µm.94 This ultimately increases the diffusional flux of species to the electrode 

surface. Therefore, microelectrodes have a non-planar or radial diffusion field.93  

The diffusion fields for different electrodes geometries are shown in Figure 1.14.        

 

Figure 1.14. Diffusion field profiles for a) macroelectrode, b) microelectrode and c) 

hemispherical electrode.  
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1.5.2.1.2. Convection 

Convection is the movement of species, either by force attributed to a temperature, 

pressure, or mechanical gradient, or by natural convection due to density gradients.85,86  

In one dimension it can be expressed as:  

 𝐽𝑥 = 𝜈𝑥𝐶∗ (1.14) 

where, Jx, and νx is the flux and velocity in the x-direction, respectively.  

In solution, convection is typically generated by heating, stirring (hydrodynamics), 

such as the use of the rotating disc electrode.85,86 

1.5.2.1.3. Migration  

Migration is the movement of charged species along an electric field, down a potential 

gradient.85,86 Here, in a one-dimensional potential field, it can be expressed as: 

  𝐽𝑥 = −
𝑧𝐹

𝑅𝑇
𝐷𝐶∗

𝜕𝜑

𝜕𝑥
 (1.15) 

where, z is the charge of the species, and δφ/δx is the potential gradient. The effects of 

migration are usually mitigated by addition of background electrolyte.   

1.5.2.1.4. Nernst-Planck Equation  

As previously described, the flux, J, measures the rate of mass transport to an 

electrode, and therefore Equations 1.9, 1.14 and 1.15 can be combined to describe the 

one-dimensional mass transport to an electrode, shown by the Nernst-Planck equation:  

 𝑗𝑥 = −𝐷
𝜕𝑐 ∗

𝜕𝑥
−

𝑧𝐹

𝑅𝑇
𝐷𝐶∗

𝜕𝜑

𝜕𝑥
+ 𝜈𝑥𝐶∗ (1.16) 

The three terms represent diffusion, which is described by Fick’s first law, migration 

of species in a solution, and convection of the solution, respectively.  
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Mass transport can be simplified and easier to quantify by making one or more of the 

terms in the Nernst-Planck equation negligible by experimental design. The 

convection term can be made redundant by maintaining room temperature and 

atmospheric pressure (1 atm), whilst also avoiding the flow or stirring of solution for 

the duration of the experiment. As previously mentioned, the effects of migration can 

be mitigated by the addition of background electrolyte, typically the addition of an 

insert salt in excess (0.1 M KCl, KNO3). The background electrolyte concentration is 

normally of 100-fold increase of the analyte (faradaic species) concentration. Its 

presence therefore increases conductivity of the solution and decreases the size of the 

diffusion layer at the electrode-solution interface.85–87 This reduces the change in 

potential to within electron tunnelling distance, which allows for diffusion-control to 

the electrode surface.86     

1.5.2.2. The Electrode-Solution Interface  

The electrode/solution interface was originally established by Helmholtz, which was 

later modified by Gouy, Chapman and Stern.85–87,95,96 In 1853, Helmholtz identified 

that at an electrode/electrolyte interface, two layers of oppositely charged ions would 

form, separated by a distance, denoted H.96,97 The Helmholtz model was later modified 

by Gouy in 1910,98 and Chapman in 1913.96,99 The Gouy-Chapman model took into 

consideration that ions are mobile in aqueous electrolyte, whereby the ions are not 

closely packed together near the electrode surface, but rather the ions of opposing 

charge to the electrode are distributed into a region of thickness, larger than H. This 

region can be identified as the diffuse double layer (DDL).85–87,95,96 In 1924, Stern100 

then incorporated both the Helmholtz model and the Gouy-Chapman model, which 

included both the compact layer consisting of solvated ions close to the electrode and 

the DDL.96  

Therefore, the electrode/solution interface can be described as an electrical double 

layer comprised of the electrical charge at the electrode surface and the charge of the 

ions within the solution located at a small distance from the surface of the electrode. 

When a surface is placed in an electrolyte solution, this electrical double layer forms 

owing to the assembly of counter ions at the electrode-solution interface to balance 

the charge. Hence, a positively charged electrode would attract a layer of negative ions 

and vice versa. The two parallel layers that form the double layer are referred to as the 
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Inner Helmholtz Plane (IHP) and the Outer Helmholtz Plane (OHP).85–87 A more 

general model for the electrical double layer is shown in Figure 1.15.   

The IHP is the layer closest to the electrode, consisting of solvent molecules and 

surface-adsorbed (desolvated) ions, whilst the OHP consists of solvated ions at the 

closest approach to the surface. These solvated ions at the OHP are freer than those at 

the IHP and therefore can disperse into the three-dimensional region (the DDL) which 

extends into the bulk solution.85–87     

 

Figure 1.15. Schematic of electric double layer at the electrode-solution interface for 

a positively charged electrode.  

The double layer structure acts as a capacitor enabling the storage of charge. 

Therefore, when a potential is applied to an electrode, the presence of the double layer 

results in a charging (non-faradaic) current to pass through the cell.85–87  
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1.5.2.3. Voltammetry 

Voltammetry is one of the simplest and most common electrochemical techniques. 

Here, the current is measured as the potential applied at the working electrode is 

altered with time, which initiates a redox process. The potential is typically scanned 

linearly from a point where there is no electron transfer (ET) to a potential that is past 

E0*, at a scan speed measured in Vs-1. This difference between E – E0* is known as the 

overpotential, η. In linear sweep voltammetry (LSV), only the forward scan is carried 

out, whereas cyclic voltammetry (CV) scans in both the forward and reverse direction. 

The typical response for a one electron oxidation process, for the potential change with 

time and the current response as a function of applied potential is illustrated in Figure 

1.16, at a macroelectrode disc.82,85–87,101 

 

Figure 1.16. Cyclic voltammogram for an oxidation process, a) potential sweep – 

voltage with time, b) current response with time. Potential is swept from Es to Ef to 

Es again. The anodic and cathodic peak potentials are shown by Epa and Epc 

respectively, with ip as the peak current for the forward scan. 

The oxidation or reduction of an analyte at a potential is identified as a positive anodic 

peak or negative cathodic peak, respectively. The distinctive peaks in a cyclic 

voltammogram (CV) are formed from the formation of the diffusion layer close to the 

electrodes surface. As the potential at the working electrode increases in the forward 

scan, this causes the oxidation of the analyte, and thus the electrons are transferred to 

the electrode at an increasing rate, which results in the rise of the current.  
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The chemical species linearly diffuse down the concentration gradient to the 

electrodes surface (Figure 1.13), until the point at which diffusion is unable to sustain 

the rate of surface ET. Thus, the current reaches its peak (ip) at Epa and subsequently 

decays (Figure 1.16). For a reversible reaction (diffusion-controlled), in the backward 

direction, the potential sweep is reversed, therefore, species that were oxidised before 

are now reduced, producing the peak at Epc.
82,85–87,101     

1.5.2.3.1. Ultramicroelectrodes (UMEs) 

For disc-shaped UMEs, the resulting cyclic voltammogram shape obtained differs 

from that of a macroelectrode. For a diffusion controlled reversible system, the current 

rises, reaches a steady state and subsequently retraces the curve for the reverse 

potential, as shown in Figure 1.17.82,85–87,101 This steady state response is due to the 

hemispherical diffusion, as the smaller electrode surface enhances the mass transport 

rate (Figure 1.14).  

 

Figure 1.17. Cyclic voltammogram for an oxidation process at a disc UME, where 

ilim is the steady state (limiting) current and E1/2 is the half wave potential. 

The steady state, or limiting current is related to the electrode radius and the 

concentration of species, which can be described by Equation 1.17,  

 𝑖𝑙𝑖𝑚 = 4𝑛𝐹𝐷𝑎𝐶∗ (1.17) 

where, a is the radius of the (ultra) microelectrode (in cm).  
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1.5.2.3.2. Hydrodynamic Voltammetry  

As discussed previously, convection (Equations 1.14 and 1.16) can be a contributing 

factor in mass transport, by increasing the flux towards the electrode surface and thus 

increasing the current (via rotation of the electrode or heating or solution or electrode). 

Therefore, hydrodynamic methods can benefit from this increased faradaic signal via 

convection.   

a) Rotating Disc Electrode (RDE)  

Since the establishment of the convective-diffusion equation for mass transport-

controlled processes by Levich in 1942,102 the rotating disc electrode (RDE) has been 

an important tool to study electrode reaction mechanisms and their kinetics.103 When 

an electrode is rotated, the mass transport is controlled by convective-diffusional 

mechanisms. This flow obeys the theory of hydrodynamics, hence the name 

hydrodynamic voltammetry.104  

The benefits of the RDE are, i) development of a diffusion layer where the thickness 

does not change with time, ii) an electric double-layer that has an insignificant effect 

on the measurement, and iii) defined theory and mathematical constructs to relate 

experimental parameters to the mass transport of the reactants to the electrodes surface 

almost completely due to convection.104,105     

When the working electrode is rotated about its vertical axis, the solution responds to 

this motion by the formation of a layer (referred to as the hydrodynamic boundary 

layer), which creates a centrifugal force where the electrolyte solution moves away 

from the centre of the electrode disk surface. Bulk solution moves upwards by laminar 

flow, perpendicular to the electrode to replace the boundary layer, as shown in the 

schematic in Figure 1.18. This rotational movement results in a well-defined solution 

flow pattern.85,86,92,105 The electroactive reactant is transported to the electrode surface 

via convective diffusion. Equation 1.18 evaluates the thickness of this hydrodynamic 

boundary layer (δH),86,92,104,106   

 𝛿𝐻 = 3.6 (𝜐
𝜔⁄ )

1
2⁄  (1.18) 

where, ν is the kinematic viscosity of the solution in cm2/s and mass transport is 

dependent on the angular velocity, ω (ω = 2πf/60, where f is the rpm).85,86,104 
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Figure 1.18. Schematic of rotating disc electrode for (a) solution flow towards 

electrode surface and (b) flow of solution near the electrode surface, where the 

vertical dotted line represents the diffusion layer, δ and δH is the hydrodynamic 

boundary layer. The grey area indicates the electrode surface and white area 

indicates the (PTFE) insulating material.86,107 

The thickness of the diffusion layer, δ, can be related to the diffusion coefficient, D, 

and the rotation speed of the electrode,85,92,105 given by,  

 𝛿 = 1.61 𝐷
1

3⁄ 𝜔− 1 2⁄ 𝜈
1

6⁄  (1.19) 

Rotation speeds of 100 – 4000 rpm correspond to δ values in the range of 5 – 50 

µm.85,105 The typical diffusion coefficient of species is approximately  

10-5 cm2 s-1.104,108 

Equation 1.19 indicates that the diffusion layer thickness is independent of the disk 

diameter, thus providing a uniform layer across the surface. The steady state (limiting) 

current in a reversible system is therefore proportional to the square root of the angular 

velocity, described by the Levich equation,85,86,92,108  

 𝑖𝑙𝑖𝑚 = 0.62𝑛𝐹𝐴𝐷
2

3⁄ 𝜔 1 2⁄ 𝜈−1
6⁄ 𝐶∗ (1.20) 

The hydrodynamics present in the GI tract are partly due to the contractions within the 

stomach and the small intestine, as well as the presence of liquids and solids.78 The 

fluid in the gastric lumen is typically assumed to exhibit laminar flow.109,110 
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Furthermore, mathematically modelling studies of the small intestine have also 

assumed laminar flow.111 This therefore suggests that the RDE is an appropriate 

technique to use as an in vitro method for dissolution.  

1.5.2.4. Amperometry  

Amperometry or chronoamperometry is a technique where the oxidation or reduction 

of an electroactive species occurs upon the application of an appropriate applied 

potential at an electrode from a steady state anodic or cathodic current of the analyte. 

The working electrode potential is stepped and held at a constant value and the 

resulting current generated from the faradaic reaction is directly proportional to the 

concentration of the analyte, which is measured as a function of time. Therefore, when 

a potential step is applied, from one at which no reaction occurs, to a constant potential 

where ET transfer occurs at a diffusion-controlled rate, the process is controlled by 

mass transport with the development of a diffusion field previously shown in Figure 

1.14. Illustrated in Figure 1.19 is the resulting current as a function of time.85,86,93,112 

 

Figure 1.19. Current-time transient after a step in potential. 

Amperometry can utilise the current measurement as a function of time to determine 

the behaviour of a drug dissolution rate over time. However, it is important to note 

that for extended periods of time, analytes can cause fouling of the electrodes surface 

and therefore this must be taken into experimental consideration. This is an issue that 

is explored in Chapter 4.       
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1.5.3. Electrochemical Analysis of Pharmaceuticals  

Whilst electrochemistry is well-established in the analytical field, it is an emerging 

tool for use in analysis in the pharmaceutical industry. Many active pharmaceutical 

ingredients are electrochemically active compounds, and as such are suitable for 

analysis by electrochemical methods. Furthermore, electrochemical methods have 

several advantages including, rapid analysis times, simultaneous determination of 

several analytes, a wide range of temperatures, solvents, electrolytes and small sample 

volumes can be used.113  

Electrochemical methods of detection are not without its limitations, however with the 

knowledge of these limitations, experiments can be crafted to overcome them. As 

mentioned previously, fouling of an electrodes surface is a primary concern in an 

electroanalytical measurement. Fouling can be mitigated by use of inert materials for 

the electrodes surface, application of synthetic membranes, or a short/pulsed 

electrochemical detection.114 Furthermore, for the detection of multiple analytes it is 

imperative to know the electrochemical potentials of the redox reactions of each 

analyte to determine which analyte is responsible for each signal.  

1.5.3.1. Acetaminophen – An Electroactive Compound 

Acetaminophen (APAP, also known as paracetamol; N-acetyl-p-aminophenol) is one 

of the most commonly prescribed and widely available over the counter non-steroidal 

anti-inflammatory drug, used as an antipyretic and painkiller.83,84,115 Not only is APAP 

economical and easy to manufacture, but it is also an electroactive substance, with a 

distinct electrochemical signature. It is therefore for these reasons that makes APAP 

an ideal substance to study as a model API in electrochemical based dissolution 

experiments, as carried out in this thesis. APAP has been extensively studied 

electrochemically under several different types of techniques and working electrodes, 

thus the overpotentials observed for the oxidation process vary in the literature 

depending on the experimental conditions, such as pH.83,84,115–122 

APAP undergoes electrochemical oxidation in solution to its oxidised state, N-acetyl-

p-benzoquinone-imine (NAPQI), which is a quasi-reversible two-electron transfer 

(ET) process in the anodic region.83,84,121 This protonated form of NAPQI can convert 

to p-benzoquinone following a series of chemical reactions (Figure 1.20).83,118,123   
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Figure 1.20. Electrochemically behaviour of APAP under acidic conditions. APAP 

undergoes an oxidation mechanism to form NAPQI (II) undergoes protonation 

reaction to form intermediate III, which is less stable but still electrochemically 

active, this intermediate rapidly yields a subsequent hydrate, intermediate IV, which 

is electrochemically inactive. Only under extreme acidic conditions is p-

benzoquinone (V) formed, which is a slow transformation from (IV).83,118 

As the mechanism involves protons, the reversibility (peak to peak separation from 

Epa to Epc) is therefore pH dependent.84 It should be noted that the occurrence of 

NAPQI is pH dependent. APAP is oxidised to NAPQI, by the loss of two electrons 

and two protons, and at pH values above 5 NAPQI is relatively stable in its 

unprotonated form.83,84,124  
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Under acidic conditions NAPQI is protonated, to a less stable form, intermediate III, 

which is still however electrochemically active. This protonated form of NAPQI is 

then quickly transformed to a hydrate, intermediate IV, which is not electrochemically 

active. However, the transformation from intermediate IV to p-benzoquinone (V) is 

very slow and only occurs under extreme acidic conditions of ca. pH ≤ 1. 83,84,124 

Due to APAPs pH dependence, NAPQI and its subsequent reactions are not present in 

appreciable concentrations at the electrode surface during the cyclic sweep.83 Thus, 

the cathodic (reduction) peak is unsuitable for quantitative analysis. However, the 

anodic (oxidative) peak can be used as the peak is proportional to the concentration of 

APAP.83 It is for these reasons that the cyclic voltammograms studied in this thesis 

focuses solely on the anodic region.  

The type of polymer and applicability of the taste masking approaches discussed 

previously varies depending on the drug used and the desired dosage form. Currently 

there is no universal inhibitor of drug bitterness that does not affect other taste modes, 

such as sweetness.25 APAP is one such API suitable for coating by a water-insoluble 

polymer, such as the KCSS, as it possess a bitter taste, is characteristically slightly 

water soluble, and is suited as a dosage form as a multiparticulate.25,125,126 Therefore, 

along with these and the electrochemical properties described, APAP is highly suited 

as a model drug to test the KCSS polymers dissolution parameters.  
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1.6. Scanning Probe Microscopy (SPM) 

Scanning probe microscopy (SPM) incorporates a series of techniques adept in 

measuring surface topography. SPM stems from the scanning tunneling microscope 

(STM), which was first established by Binning and Rohrer in 1981.127,128 SPM 

techniques utilise a fine probe tip, often with piezoelectric actuators that can control 

movement with precision across a surface. This results in three-dimensional, high-

resolution images which can reach nanometre to sub nanometre ranges dependent on 

the technique, the number of data points, and the size, quality, and sharpness of the 

probe. These SPM techniques are applied to study the polymer film surface as an 

isolated film and as a multiparticulate. 

1.6.1. Atomic Force Microscopy (AFM) 

One SPM technique is the atomic force microscopy (AFM), first introduced by 

Binning and Rohrer in 1986.127 AFM is a widely used technique to study biological 

cells, crystalline properties, characterisation of pharmaceutical drugs and polymer 

properties.66,127,129,130   

AFM maps the topography of a substrates’ surface by using a sharp silicon or silicon 

nitride tip (< few tens of nm radius), attached to the end of a cantilever, which is 

generally 50 – 300 µm long, 20 – 60 µm wide and 0.2 – 1 µm thick. This tip (or probe) 

is moved in and out of contact with the sample surface in the z plane by the use of a 

piezo crystal but remains held in close proximity (100 Å or less) to the surface of the 

sample of interest. Whilst the tip scans the surface in the xy plane, tracing and retracing 

the surface, the attractive or repulsive forces sensed by the tip results in the deflection 

to the cantilever, thus producing the topographical map of the surface. The cantilever 

deflections are detected by a laser beam which is reflected from the back side of the 

reflective cantilever and into a photodiode detector.129 A schematic of the fundamental 

components of an AFM are shown in Figure 1.21. 
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Figure 1.21. Illustration of key aspects of AFM set up and scanning modes. a) 

Schematic of AFM detection method, the laser beam is reflected from the back of 

the reflective cantilever and into the photodiode detector, which measures the 

cantilever deflection (not to scale) and b) illustration of the movement of the 

cantilever in each mode. (Part b reproduced from Asmatulu and Khan, 2019).131  

1.6.1.1. Principle Modes of AFM Imaging 

There are three common modes for AFM: i) contact mode, ii) non-contact mode and 

iii) tapping mode, shown in Figure 1.21b. In contact mode is where the tip is brought 

to the surface and remains in contact with the surface for the duration of the scan. The 

tip therefore experiences a small force (nN) due to the interaction of the atoms of the 

surface. A feedback loop is utilised to maintain the deflection cantilever constant. As 

the cantilever is deflected by the laser the z height is adjusted by the piezoelectric 

scanner to return to the original deflection point, or ‘set point’. Contact mode uses 

constant force and height. Therefore, this mode is typically used for substrates that are 

hard and flat, where contact with the tip causes minimal damage to the surface.129,132  

For softer samples, tapping mode is usually preferred. Here the tip comes into to 

contact with the surface and then withdraws as it scans, thus minimising surface 

damage. The cantilever oscillates near the surface at its resonant vibrational frequency. 

As the cantilever oscillates the tip establishes intermittent tip-surface contact. The 

topography of the surface is mapped by a feedback mechanism in which the z-height 

of the cantilever is altered in order to maintain the oscillation amplitude.129,130,132,133   
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Conversely, in non-contact mode, the tip does not make contact with the substrate 

surface. Similarly, to tapping mode the cantilever tip is oscillated in the air at its 

resonant frequency (at a smaller amplitude than in tapping mode).129    

During the AFM scan the cantilever deflection versus the movement of the piezo is 

measured (Figure 1.22), which can be converted into a force versus tip-sample 

separation measurement, by the calibration of the spring constant and the sensitivity 

of deflection, calculated by Hooke’s law,129   

 𝐹 = −𝑘𝑥 (1.21) 

where, F = force (N), k = the cantilever spring (probe force) constant, (N/m) and x is 

the deflection distance (m). 

 

Figure 1.22. Schematic of force curve for cantilever deflection vs. piezo movement. 

Approach of cantilever tip to surface (blue line) and retraction (red line), where k is 

the cantilever spring constant and x is the deflection of the cantilever. Contact mode 

operates where the Coulomb force is highly repulsive. Non-contact mode operates 

far away from the surface and is sensitive to attractive van der Waals forces. Tapping 

mode oscillates in the region between contact mode and non-contact mode.  
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1.6.2. Scanning Ion-Conductance Microscopy (SICM) 

Scanning electrochemical probe microscopy (SEPM) is a class of SPM techniques in 

which an electrochemical signal is used to detect and map the surface of a substrate. 

One such technique is scanning ion conductance microscopy (SICM), which was first 

introduced by Hansma et al. in 1989 to image nonconductive surfaces submerged in 

an electrolyte solution. As a non-contact and non-invasive method, SICM is suitable 

for imaging soft samples, such as biological cells.134–137     

SICM operates in a conducting electrolyte solution bath (typically of high ionic 

strength). It utilises a feedback mechanism of the current produced between two 

Ag/AgCl quasi-reference counter electrodes (QRCEs), in which one electrode is 

placed into a glass or quartz nanopipette and the other is used as a stand-alone 

electrode, positioned in the bulk electrolyte solution. A potential bias is applied 

between these two QRCEs in order to initiate and drive an ionic current through the 

end of the nanopipette, illustrated in Figure 1.23.135,136,138 

 

Figure 1.23. Schematic of scanning ion conductance microscope (SICM) set up.  

a) A nanopipette filled with electrolyte in close proximity to the sample surface. The 

applied bias between the electrode inside the nanopipette and the electrode in the 

bulk generates a n ion current, which is utilised in feedback control. The nanopipette 

is mounted on a piezoelectric positioner which controls the movement of the 

nanopipette in the x, y, and z directions. b) and c) show typical nanopipettes, where 

b) is a single and c) is dual barrel pipette, both of which operate as probes in SICM. 

(Reproduced from Chen, Zhou and Baker, 2012).135 
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The magnitude of the generated ion current is characterised by the resistance between 

the probe and the electrolyte solution when the tip of the probe is positioned away 

from the substrate surface in the bulk. When the probe is positioned closer to the 

substrate surface the ionic current consequently decreases. This change in the ionic 

current response is used as the feedback signal, or a sensor to map the topography of 

the substrates surface as the tip moves in the x, y plane.135,136,139   

1.6.2.1. Feedback and Scanning Modes 

1.6.2.1.1. Feedback Modes 

SICM can operate using the two most common feedback modes, i) direct current mode 

(DC) (non-modulated), ii) distance modulated mode (DM). More recently, the bias 

modulation mode (BM) has been introduced.135,136,140 All three feedback modes and 

their corresponding approach curves are illustrated in Figure 1.24.  

 

Figure 1.24. Schematic of different SICM feedback modes. a) Direct current mode, 

where the surface is detected by a decrease in the ionic current, b) distance 

modulation mode, where the probe is oscillated in the vertical direction, thereby 

producing an AC signal between the two QRCEs at the tip-substrate separation, and 

c) bias modulation mode, where harmonic oscillation is applied to the voltage 

between the two QRCEs and the surface is detected through a change in the AC 

phase. (Diagrams edited and reproduced from Chen, Zhou and Baker, 2012 and 

graphical schematic adapted from Kang et al., 2016).135,136,140  
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The approach curves illustrated along with their corresponding feedback modes in 

Figure 1.24 show the feedback response of the relative probe-to-substrate distance, 

d/r, where d is the physical probe-substrate separation and r is the opening radius of 

the probe. The set value for curves for Figure 1.24b and 1.24c relates to a set point at 

a value used to prevent the tip from moving closer to the surface, it can therefore be 

used for feedback during imaging.140   

The DC feedback mode is the most widely used (Figure 1.24a). Here the probe 

approaches the surface, and the ionic current is observed for a percentage decrease 

(typically 1 – 5 %) from the value at which the probe was in the bulk. This reduction 

in current is the result from the increase in resistance from the system, when the 

distance resistance between the probe and the substrates surface is similar to that of 

the probe opening.136,141 Therefore, the DC ion current is sensitive to the tip-surface 

distance and used to sense the substrates surface.135,136   

The second feedback mode is distance modulation (Figure 1.24b), which utilises an 

induced alternating current (AC) as a feedback signal. In this mode, an oscillation is 

applied to the tip via the z piezoelectric positioner. Upon approach to the surface an 

AC signal of the ionic current is induced, which can then be recovered at the same 

frequency as the physical oscillation by the use of a lock-in amplifier. The AC 

amplitude of the ionic current increases as the probe approaches the surface.135,136,140  

The third feedback mode (Figure 1.24c) is a more recent development in SICM 

imaging by Unwin et al.142 This approach utilises bias modulation to achieve a 

feedback mechanism. Harmonic oscillation of the potential bias is applied between the 

two QRCEs, generates an oscillating ion current, which allows for the extraction of 

the AC phase for feedback and is therefore used to detect the surface 

topography.136,140,142 As the AC phase is very sensitive to the probe-substrate 

separation, it can be used for precise positioning of the probe.140    
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1.6.2.1.2. Scanning Modes 

Once a suitable feedback mode has been selected for an SICM experiment, the 

scanning of the probe relative to the surface must be considered. This can be achieved 

by either i) a raster scan pattern, ii) constant-distance mode, or iii) ‘hopping’ or 

‘standing approach’ mode. For the raster scan pattern (Figure 1.25a), the substrate is 

moved after a series of measurements in the x direction, followed by a translation in 

the y direction. In constant-distant mode (Figure 1.25b), the z-positioner is frequently 

adjusted for the duration of the scan, in order to maintain a constant separation between 

the probe and the surface. However, if there are distinct features with a significant 

difference in height present on the surface, this can potentially damage the tip of the 

probe. ‘Hopping’ or ‘standing approach’ mode (Figure 1.25c) can overcome this issue, 

by retracting the probe to a safe distance. After a translation in the x or y direction an 

approach to the surface is made following a raster pattern, in which a pixel by pixel 

image is produced.135,136   

 

Figure 1.25. Scanning modes of SICM. a) Raster scan, showing a typical pathway 

of scanning by the probe relative to the substrates surface during an SICM 

experiment, b) constant distance scanning mode, where the probe-substrate 

separation is kept constant via the adjustment of the z positioner, thus maintaining 

the feedback threshold, and c) hopping mode, where the prob approaches the surface 

and withdraws before reaching the surface at each imaging point. (Reproduced from 

Page et al.,2017).136  

  



Chapter 1 

44 

1.6.2.2. Surface Charge Mapping 

Since its establishment in 1989, SICM has predominately been used in high resolution 

topographical imaging of soft samples, such as living cells.134,135,137 Over the years, 

the SICM technique has developed further than topographical mapping. Functional 

maps demonstrating interfacial properties such as charge separation within a sample 

can be mapped simultaneously, without probe-surface contact.138–140 

Surface charge occurs when a surface has either a net density of positively or 

negatively charged species, such as ions or electrons.143 When a surface is placed into 

the SICM electrolyte bath, the surrounding electrolyte counteracts the charge 

discrepancy at the surface by the formation of a solvated layer of counter ions, i.e. the 

ions with the same charge as the surface are repelled. In other words, an electric double 

layer forms.  

Surface charge is a central interfacial property which determines physical and 

chemical interactions at surfaces.139,144 Biological interfaces, catalysts, sensors and 

colloidal systems are known to have strong influences of surface charge.144 Surface 

charge can be also be present on surfaces such as glass or quartz.145 Surfaces are 

usually characterised by both topographical features and heterogeneous charge 

distributions, therefore SICM presents itself as a suitable technique for probing the 

local surface charge simultaneously.139 The presence of surface charge can occur 

through different characteristics, such as protonation or deprotonation of functional 

groups, adsorption of charge ions onto a surface. The magnitude of surface charge can 

be quantified to surface charge density, given by C m-2.139,146 SICM and its ability to 

map the charge of a surface is utilised to study the charge distribution of the KCSS 

polymer in varying pH electrolyte solutions in Chapter 6.  
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1.7. Research Aims 

The fundamental aims of this research are to understand the dissolution of an 

electrochemically active API from a pH responsive reverse enteric polymer coating in 

the form of a multiparticulate oral dosage form. Various electrochemical techniques 

are utilised to map the dissolution process in real time under in vitro conditions. 

Furthermore, imaging techniques are employed to fully comprehend the polymer 

coating as a single entity and what effect this may have on API release.  

To begin with, Chapter 2 describes an overview of the materials, instrumentation and 

experimental techniques used throughout this thesis. 

Chapter 3 focuses on the particle size distribution of the multiparticulate beads both 

quantitatively and qualitatively. This chapter also serves as a proof of concept that API 

dissolution from a single MP bead can be electrochemically detected, by both ex situ 

and in situ measurements, with and without the Kollicoat® Smartseal 30 D (KCSS) 

polymer coating. As a small-scale dissolution testing set up, it utilises microelectrodes 

to determine APAP release and concentration in a small volume of dissolution media.  

Chapter 4 elaborates on the findings discovered in the previous chapter. Here, the 

electroanalytical techniques are applied in a bulk measurement of the 

multiparticulates. Here, the in vitro release of APAP from the KCSS polymer coating 

is from multiple units of MP beads in various dissolution media that mimic simplified 

simulated biological fluids at a temperature range of 20 – 40 °C. These include HCl 

as gastric fluid, acetate and citrate buffers, and simulated saliva.  

Chapter 5 focuses on the polymer film as a single entity in the form of an isolated film 

cast on a glass slide. This study stresses the importance the effect of film formation 

can have on the API release. It takes a closer look at the physical and chemical 

mechanisms in which the polymer behaves under acidic media. The physical response 

of the polymer film is examined under the scanning probe techniques AFM, alongside 

NMR analysis of the chemical structure which demonstrates the chemical changes 

under acidic dissolution.  
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Chapter 6 utilises SPM techniques to further study the KCSS polymer film coating as 

part of the MP bead formulation. Using the non-invasive SICM technique, in situ 

topographical maps of the surface along with the corresponding charge distribution 

mapping of the surface were able to be determined in varying pHs.  

Lastly, the final chapter summarises the findings of each chapter presented in this 

thesis.  
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2. Chapter 2 

Experimental  

This chapter provides a brief overview of the chemicals and materials used, as well as 

sample preparation, instrumentation, and experimental set up. A more comprehensive 

description of the work undertaken is specifically detailed in each chapter.  
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2.1. Chemicals and Materials 

All chemicals were used as received and all solutions were prepared with high purity 

water with a resistivity of 18.2 MΩ cm at 25 °C (Purite, Select HP or Direct-QUV3, 

Millipore). Chemicals were weighed using a four decimal place analytical balance 

(Sartorius, A2008) and pH measurements were performed using a Mettler Toledo 

InLab Expert Pro pH meter. The chemicals and materials used in this thesis are 

detailed in Tables 2.1 and 2.2. For simplicity, trademark symbols are not included in 

this chapter. It should be noted that the production of all samples used in this thesis 

was formulated by the author, with any assistance stated in the declaration. 

Table 2.1. List of chemicals used in this thesis.  

Chemical Details Supplier 

Potassium Chloride > 99.99 % Sigma-Aldrich 

Acetaminophen 99.99 % purity Sigma-Aldrich 

Hydrochloric Acid 37 % Sigma-Aldrich 

Acetic Acid Glacial Sigma-Aldrich 

Sodium Acetate Anhydrous, 99 % Fisher Scientific 

Citric Acid 99.5 % Fisher Scientific 

Sodium Citrate Tribasic dihydrate Sigma-Aldrich 

Multiparticulate Formulation Made at Pfizer Pfizer 

Kollicoat Smartseal 30 D Aqueous dispersion BASF 

Triethyl Citrate Plasticiser  Pfizer 

Sodium Hydroxide  98 %  Sigma-Aldrich  

Acetone ≥ 99 % Sigma-Aldrich 

Methanol-d4 ≥ 99.8 atom % D Sigma-Aldrich 

Ferrocenylmethyltrimethylammonium 

(FcTMA+) iodide 
99 % Strem Chemicals  

 



Chapter 2 

60 

Table 2.1. List of chemicals used in this thesis. (Continued) 

Chemical Details Supplier 

TRIS Buffer 99.9 %  Sigma-Aldrich  

Sodium Chloride > 99 % Sigma-Aldrich 

Sodium Bicarbonate > 99.7 % Sigma-Aldrich 

Potassium Phosphate Dibasic, 99+ % Fisher 

Magnesium Chloride Hexahydrate 99–102 % Sigma-Aldrich 

Calcium Chloride > 96 % Sigma-Aldrich 

Sodium Sulfate Anhydrous, ≥ 99 % Fisher 

Sulfuric Acid  95-98 % Sigma-Aldrich 



Chapter 2 

61 

Table 2.2. List of materials used in this thesis. 

Material Details Supplier 

Ag wire  

99.99 % purity, 0.25 mm, and 0.125 

mm diameter for bulk and 

nanopipette QRCE respectively  

Goodfellow 

Cambridge Ltd 

Au wire  
75 µm Au diameter, purity 99.99 % 

PTFE insulation 12 µm thickness 

Goodfellow 

Cambridge Ltd 

Alumina Slurry 0.05 µm suspension Buehler 

Pt wire Counter electrode 
Goodfellow 

Cambridge Ltd 

SCE reference 

electrode 
Commercial standard 

I J Cambria 

Scientific Ltd 

Superglue  Loctite 

Glass Capillaries 
Borosilicate glass, 1.2 mm OD, 0.69 

ID 

Harvard 

Apparatus 

Epoxy   Araldite  

Luer lock syringe 1 mL Medicina 

Filter  0.2 µm 
Sartorious 

Minisart 

MicroFil 34 gauge 
World Precision 

Instruments 
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2.2. Preparation of Multiparticulate Formulation Beads 

The multiparticulate (MP) beads used in this thesis follows a reservoir coating system, 

as outlined in Chapter 1, Section 1.1.2. Briefly, the core of the formulation was made 

from microcrystalline cellulose (MCC) spheres (Cellets® 700, IPC GmbH, Germany) 

which have a typical diameter range of 700 – 1000 µm, were first coated by the API 

suspension, followed by the polymer suspension by a fluid bed coater (Glatt GmbH, 

Germany) using the bottom spray coating method (Wurster process) described in 

Chapter 1, Section 1.2.2.1.  

The MCC cores were used as the starting material (Formulation Stage 1). The API 

used was 40 % w/w acetaminophen (APAP) with hydroxypropyl methylcellulose 

(HPMC) as a binder to form a liquid suspension, which then coated the MCC spheres 

in an 85 % w/w layer (Formulation Stage 2). A Kollicoat® Smartseal 30 D (KCSS) 

polymer suspension was prepared, comprised of 33.3% w/w methyl methacrylate and 

diethylaminoethyl methacrylate copolymer dispersion (BASF, Ludwigshafen, 

Germany), 1.5 % w/w of triethyl citrate (TEC) as plasticiser, 0.1 % w/w of butylated 

hydroxy toluene (BHT) as antioxidant, 8.4 % w/w of talc for anti-tacking, and  

56.67 % w/w of purified water, resulting in a 20 % solid content spray suspension and 

50 % polymer content in the dried film.  

The coating suspension preparation process is illustrated in Figure 2.1. Briefly, BHT 

was dissolved in TEC and mixed for 5 min at 50 °C until a clear solution is obtained, 

before being allowed to cool to room temperature. Half of the required purified water 

was added to the copolymer dispersion whilst mixing. The BHT/TEC solution was 

slowly added to the KCSS solution over a period of 5 min. Any BHT/TEC remaining 

was washed with the remainder of purified water and then added to the KCSS solution. 

Talc was slowly combined into the KCSS solution over a 5 min period, and then mixed 

in a vortex for a minimum of 1 hour. 
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Figure 2.1. Preparation of the KCSS coating suspension. (Reproduced from BASF, 

2019).1   

The API coated MCC spheres were then spray coated with 15 % (w/w) polymer layer 

(Formulation Stage 3). Each dispersion layer (APAP and KCSS polymer) was sprayed 

at atomised air pressure of 1.5 bar via the spray nozzle in the fluid bed coater. The 

process parameters for spray coating were adopted from the BASF guidelines.1 

Placebo beads were also made, where the MCC core was coated with the KCSS 

polymer only, with the absence of the API (Formulation Stage 2P). Placebo beads 

were produced without the API layer as some experiments (Chapter 6) required a sole 

focus on the polymer layer itself, thus making the presence of a middle layer 

redundant. The middle layer of the MP bead was not replaced with a non-active 

ingredient, as this may have unfavourably and inadvertently affected the experimental 

outcome. The final MP formulation beads were ca. 900 – 1000 µm in diameter. The 

size of which was determined by calibrated optical images of arrays of particles. The 

area of each individual bead was then calculated automatically and converted to a 

diameter assuming the beads were perfect spheres (detailed in Chapter 3, Section 

3.3.1). All MP formulations produced, along with the corresponding materials were 

supplied by Pfizer, Sandwich, Kent, UK, except where stated.  
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2.3. Preparation of Isolated Polymer Films 

An ideal polymer film exists when a continuous interpenetrated network of polymer 

chains is created, to produce a homogenous polymer film without defects.2 Three key 

parameters for optimum film formation are the minimum film forming temperature 

(MFFT), the glass transition temperature (Tg) and the use of a plasticiser. For KCSS, 

the MFFT and Tg are approximately 57 °C and 63 °C respectively.3  

The MFFT is the temperature required to form a continuous film under defined drying 

conditions. In the process of drying above this temperature, the particles become in 

direct contact with one another and form dense sphere packing, due to the evaporation 

and surface tension between the polymer and water. The process of film formation 

must occur at a temperature which exceeds the MFFT, to allow the polymer spheres 

to deform due to sufficient capillary force applied, coalesce and the polymer chains to 

fuse, resulting in the formation of a clear, continuous, homogenous film.4–7  

The Tg is the temperature at which the mechanical behaviour of the polymer film 

begins to change. When the temperature increases above the Tg, it transforms the 

polymer from a hard, brittle ‘glassy’ state into a rubbery state. This change is due to 

the increased movement in the polymer chain and elasticity.4,6  

The KCSS polymer is comprised of methyl methacrylate (MMA) and 

diethylaminoethyl methacrylate (DEAEMA). Poly(MMA) homopolymer is a hard 

polymer, with a Tg of ca. 105 – 120 °C, and poly(DEAEMA) homopolymer is soft, 

with a Tg of ca. 20 °C.8 As the KCSS polymer has a single value for the Tg (63 °C),1 

it suggests that the two monomers are compatible within the copolymer, and a single 

phase is formed where the polymer chains amalgamate.9   

Figure 2.2 outlines schematically the steps required for film formation from an 

aqueous polymer dispersion. Step 1 occurs as water evaporation takes place removing 

water at a constant rate, the temperature is increased above the MFFT and the polymer 

spheres being to deform (step 2). Coalescence occurs at step 3 at temperatures above 

the Tg forming a clear, continuous, homogenous film.4–7 
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Figure 2.2. Steps of the film formation process for an aqueous polymeric 

dispersion.5,10 

Another important component in the film formation process is the use of a plasticiser, 

especially important for polymers brittle in nature, such as KCSS.3 Plasticisers not 

only reduce the intermolecular forces between the polymer chains and the internal 

stresses within the film, but they also allow for lowering of the Tg, thereby increasing 

the films flexibility of the polymer chain and decreasing the chances of cracking 

occurring.  Furthermore, plasticisers can alter the mechanical properties of the film, as 

they soften the polymer spheres enabling coalescence with ease. For aqueous 

dispersions, the plasticiser must enter the polymer phase to be able to soften the 

polymer spheres.5 
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The polymer suspension for the film formation upon a glass slide was prepared using 

the KCSS aqueous dispersion (8.333 g, BASF), and 15 % w/w (0.375 g) of TEC as 

the plasticiser relative to the polymer. The resultant suspension was then pipetted on 

a precleaned (with acetone and allowed to dry) 15 mm × 15 mm × 0.55 mm glass slide  

(Agar Scientific), before being cast on using a K Control Coater (Model 101, RK 

PrintCoat Instruments Ltd.), fitted with a micrometre adjustable applicator at a 

constant speed of 2 m/min (Figure 2.3). After each film had been cast, the glass slide 

was annealed at either 70 °C or 90 °C for 18 hours. The resultant films were 

continuous, transparent, and free from visible defects.  

 

Figure 2.3. K Control Coater. a) Model 101 and b) an example glass slide with the 

adjustable micrometer applicator.  
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2.4. Electrode and Nanopipette Fabrication 

2.4.1. Ultramicroelectrode Fabrication 

A 25 µm diameter Pt ultramicroelectrode (UME) disc was prepared by sealing Pt wire 

in a borosilicate glass capillary (with an inner diameter (ID) of 1.16 mm and outer 

diameter (OD) of 2 mm) (Figure 2.4). The UME fabrication procedure used here was 

originally developed by Wightman and Wipf in 1989.11,12  

 

Figure 2.4. Pt ⌀ 25 µm ultramicroelectrode. 

Firstly, the glass capillary was pulled into two separate halves using a heated coil 

micropipette puller (PB-7, Narishige Co. Ltd.). The end of the tip was heat sealed by 

rotating it in a Bunsen burner flame. A 0.5 cm length Pt wire was inserted into the 

glass capillary until it reached the sealed end. The glass was then melted around the 

metal wire by insertion into the heated coil of the micropipette whilst under vacuum 

via rubber tubbing connected to the open end of the glass capillary. 

A Cu wire (⌀ 0.25 mm) was soldered to the Pt wire at the open end of the capillary, 

which was subsequently sealed using Araldite to ensure the connection did not break. 

The Pt wire at the opposite end of the glass capillary was revealed by coarse polishing 

using 600 grit polishing paper. Once the wire was revealed, the sides of the tip were 

polished into a conical shape to ensure the Pt wire was centrally located and to ensure 

a ratio of Pt wire to glass radius (RG value) of less than 10. 

The tip surface was flattened and smoothed by bringing it into perpendicular contact 

with a 3 µm diamond lapping disc fixed onto a polishing wheel spinning at 200 rpm, 

followed by a 0.1 µm and finally 0.5 µm diamond lapping disc. The electrode was 

then polished by manually using an alumina polish suspension (0.05 µm 

MicroPolish™ slurry, Buehler) on a polishing pad (MicroCloth, Buehler). Followed 

by a further polish in water on a polishing pad. This manual polishing was carried out 

before and after every experiment.  
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2.4.2. Microwire Electrode (MWE) Fabrication 

Similar to the UME fabrication, the borosilicate glass capillary was pulled in two using 

a heated coil micropipette puller (PB-7, Narishige Co. Ltd.). The sharp end of the tip 

was then cut off, exposing a small puncture at the tip. The Au 75 µm diameter wire 

was cut to a few mm long and the end of the wire was heated to produce small ball of 

gold, a long Cu wire (⌀ 0.25 mm) was attached to the gold ball and affixed to the Au 

wire with silver conductive adhesive paint.    

Once dry the Au/Cu wire was then pushed through the glass capillary so that the Au 

wire was exposed at the tip of the capillary. The remaining length of the Cu wire from 

the open end of the capillary was then wrapped around the top of the glass capillary. 

Both ends of the glass capillary are carefully sealed off with Araldite (Figure 2.5).  

 

Figure 2.5. Au ⌀ 75 µm microwire electrode (MWE) used for directly single MP 

bead dissolution analysis. 

A common cleaning method for such electrodes is cleaning by potential cycling, where 

the electrode is placed in a weak sulfuric acid solution and the electrode potential is 

cycled until a stable CV is attained.13 The MWE was cleaned by potential cycling in 

0.5 M H2SO4 (Sigma-Aldrich) using an SCE reference electrode (IJ Cambria) and a 

potentiostat (CHI 730A, CHInstruments) at potentials -1 to 1.5 V for several cycles 

until a stable CV was achieved. However, a more effective cleaning method was to 

cut the exposed electrode surface. The electrode size was then re-characterised vide 

infra after any cutting of the MWE had occurred.     
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2.4.3. Nanopipette Fabrication for SICM 

The nanopipettes used in the scanning ion conductance microscopy (SICM) 

experiments were fabricated from 150 nm borosilicate glass capillaries (o.d. 1.2 mm, 

i.d. 0.69 mm, Harvard Apparatus) that were pulled in two by a laser puller (P-2000, 

Sutter Instruments) using a custom-made two-line program. A schematic of the laser 

pulling procedure is shown in Figure 2.6. 

The program parameters used are as follows: 

Line 1: Heat 330, Fil 3, Vel 30, Del 220, Pul -;  

Line 2: Heat 330, Fil 3, Vel 40, Del 180, Pul120.  

The inner radius of the nanopipette probe was was found to be 75 ± 8 nm, determined 

using a Zeiss Gemini 500 SEM operating in scanning transmission electron 

microscopy mode. 

 

Figure 2.6. Fabrication of nanopipette a laser puller (P-2000, Sutter Instruments). 

(Reproduced from An and Jhe., 2019).14 

2.4.3.1. Quasi-Reference Counter Electrode  

The Ag/AgCl quasi-reference counter electrode (QRCE) were fabricated in house by 

electrolysis of a silver wire in saturated KCl solution. The working electrode that was 

placed into the nanopipette was made from 0.125 mm silver wire (99.99 % purity 

Goodfellow, Cambridge), and the bulk electrode was made from a 0.25 mm silver wire 

(99.99 % purity Goodfellow, Cambridge). 
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2.5. Instrumentation, Analysis and Characterisation  

2.5.1. Characterisation of Microelectrodes  

The Pt UME and Au MWE were characterised under the optical microscope and by 

the steady state current produced in 500 µM FcTMA+ to calculate the electrode 

surface, as described by Equation 1.17 (Chapter 1, Section 1.5.2.3.1) as is common 

practice in the literature.15,16 The resultant size of the electrodes were found to be  

25 µm and 72.5 µm in diameter for Pt UME and Au MWE, respectively.  

Furthermore, cyclic voltammograms were carried out in 500 µM FcTMA+ electrolyte 

with and without a Pt counter electrode to validate the use of a two-electrode set up in 

Chapter 3. The CVs shown in Figure 2.7, demonstrate the experimental set up with 

and without the use of a Pt counter electrode in 500 µM FcTMA+ electrolyte solution. 

This was carried out to confirm that the use of a counter electrode was not necessary. 

 

Figure 2.7. CV of a) Pt UME and b) Au MWE to validate the two-electrode set up 

in 500 µM FcTMA+ solution at scan rate 0.01 V/s. 

As there is no substantial difference between the CVs with and without the Pt counter 

electrode for both the UME and MWE, the use of a two-electrode set up was therefore 

validated.  
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2.5.2.  Scanning Ion Conductance Microscopy Set up 

The fabricated nanopipettes were filled with electrolyte (50 mM KCl) using a 1 mL 

luer lock syringe (Medicina) passing through a 0.2 µm filter (Sartorious Minisart) and 

a MicroFil (World Precision Instruments, 34 gauge). Depending on the experiment the 

pH was adjusted using 0.1 M HCl and 0.1 M NaOH. The nanopipette electrolyte 

solution was filtered from the bulk solution. Two fabricated Ag/AgCl QRCE were 

used, with the smaller wire inserted into the nanopipette.  

The nanopipette probe was mounted onto a micropositioner (Newport, M-461-XYZ-

M) for rough positioning of the probe over the sample. A two-axis xy piezoelectric 

positioning system with a range of 300 μm (NanoBioS300, Mad City Laboratories, 

Inc.), while the vertical movement in the z direction to the substrate was controlled 

using a piezoelectric positioning stage of range 38 μm (P-753-3CD, Physik 

Intrumente). The piezoelectric positioners, along with the sample were mounted inside 

a thermal insulated faraday cage, assembled on an air pressurised optical table 

(Newport, RS 2000) to avoid mechanical vibrations. 

The electrochemical measurements were collected by bespoke instrumentation built 

in-house. Control of probe position, voltage output, and data collection was via 

custom-made programs in LabVIEW (2017, National Instruments) through a field 

programmable graphics array (FPGA) card (7852R, National Instruments).  

2.5.3. Atomic Force Microscopy  

Atomic force microscopy (AFM) is a scanning probe technique used to map high 

resolution images on the nanoscale. AFM was used to image the polymer film cast 

onto a glass slide as well as the surface of MP beads. The morphology of these samples 

was extracted from AFM images produced using a Bruker Innova® AFM in tapping 

mode in air at room temperature. A silicon single cantilever probe (RFESP-75, Bruker) 

was used, with dimensions 225 µm length, 35 µm width and tip radius of 8 nm, 

resonance frequency of 75 kHz and spring constant of 3 N/m. The scan rate was 3 Hz 

with a resolution of 512 lines and 512 samples per line. All AFM images were 

processed using the Scanning Probe Image Processor program (SPIP 6.0.14, Image 

Metrology).  
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2.5.4. Nuclear Magnetic Resonance (NMR) 

Nuclear magnetic resonance (NMR) spectroscopy has many advantages in 

pharmaceutical and polymer applications due to its ability to provide quantitative 

information on a molecular level. It is a powerful tool to determine a polymers 

structure and detect the presence of functional groups.17 The foundation of NMR is 

built upon the magnetic properties of atomic nuclei. A spectrum can be generated for 

a molecule that contains atoms whose nuclei have non-zero magnetic moments, such 

as 1H, 13C, 14N, 15N, and 19F.18 

A sample is placed inside a radio frequency (rf) coil in a magnetic field of known 

strength. Rf pulses are used to characterise the resonant frequency of atomic nuclei 

depending on its chemical or environmental surroundings. The interaction of the 

nuclear magnetic moment with the external magnetic field, B0, produces a nuclear 

energy level diagram.18 When the nucleus is perturbed from its original equilibrium 

state, the nucleus exhibits a characteristic decay signal back to the equilibrium. The 

signal produces a spectrum that can map the chemical structure of the molecule (Figure 

2.8).19  

 

Figure 2.8. Formation of NMR signal 
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The atom’s electrons are circulated along the direction of the applied magnetic field, 

causing a small opposing magnetic field at the nucleus. As the electron density around 

the nuclei varies depending on the nuclei and the molecule bonds, resulting in different 

opposing magnetic fields. This phenomenon is referred to as a chemical shift and this 

information is utilised in the characterisation of the molecular structure.18,19  

NMR spectroscopy was used to analyse the KCSS polymer emulsion and the acid 

treated KCSS emulsion, where 50 mL HCl (0.01 M) was added to the KCSS emulsion 

and under continuous stirring for 28 days. Aliquots of the acid treated KCSS were 

taken after 24 hours, 7, 14, 21 and 28 days. All emulsion samples were subsequently 

lyophilised (water removed and freeze dried under vacuum to produce a solid phase 

sample). Deuterated methanol was added to each lyophilised sample to give a 

concentration of 40 mg/mL before NMR spectroscopy was performed by 1H NMR 

with the Bruker Avance III HD 500 MHz.    

2.5.5. Dynamic Mechanical Analysis (DMA) 

Dynamic mechanical analysis (DMA) refers to the application of an oscillating force 

to a sample and analysing the materials response to that force.20 It is a technique 

commonly used to characterise a material’s property as a function of temperature, 

time, frequency, stress, and atmosphere.21 

One common use of DMA is the measurement of various temperature transitions of a 

polymer. DMA has a greater sensitivity to measure the Tg compared to that of 

differential scanning calorimeter (DSC) or the differential thermal analyser (DTA). 

DMA applies an oscillatory force at a set frequency to the samples and reports the 

changes in damping (energy dissipation in a material) and elasticity (ability to recover 

from deformation).20     

DMA works by supplying an oscillatory force, which applies a sinusoidal stress to  the 

sample, this generates a sinusoidal strain. By the measurement of both the amplitude 

of the deformation at the peak of the sine wave and the lag between the stress and 

strain sine waves, quantities like the modulus, viscosity, and damping can be 

calculated (Figure 2.9). The applied force is referred to as stress, σ, and when a 

material is subjected to a stress the material is exhibit a deformation or strain, γ.20    
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DMA measure the stiffness and damping which are reported as the storage modulus 

and tanδ, respectively. The modulus is dependent on the temperature and the applied 

stress, it indicates how the material will work in certain real world applications.20,21  

 

Figure 2.9. Operation of Dynamic Mechanical Analyser. a) Perkin Elmer DMA 

8000, b) Analytic train, where the force motor is used to generate the sinusoidal 

wave, c) The relationship of the applied sinusoidal stress to strain, with the resultant 

phase lag and deformation, where Fd is the dynamic (or oscillatory) force and Fs is 

the static (or clamping) force. (a and b Reproduced from Menard, 1999).20,21  

DMA was performed using the Perkin Elmer DMA 8000 on a lyophilised KCSS 

powder heated from of -30.00 °C to 280.00 °C at 2.00 °C/min. 
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2.5.6. Field Emission - Scanning Electron Microscopy  

Field emission - scanning electron microscopy (FE-SEM) is used to image the 

topography of a surface with a resolution of 10 nm; advanced instruments can achieve 

ca. 2.5 nm resolution.22  

A high energy electron beam is generated under vacuum via an electron gun with an 

accelerating voltage (0.1 – 30 kV) towards the surface of the sample. The electron 

beam is focused onto the sample and scans the surface. As the electrons interact with 

the sample, emission of photons and electrons occur, such as secondary electrons, 

backscattered electrons. Secondary electrons reveal the surface structure and thereby 

provide topographical information.23,24 

For the SEM images of the MP beads, the beads were first sputter coated with gold in   

a ca. 80 nm thick layer (Emitech/Quorum sputter Quorum technologies), which 

provided a conductive layer to improve the quality of the images acquired. The MP 

bead samples were then recorded using the secondary electron detector on a Zeiss 

Supra 55-VP operating at 15 kV.  

In scanning transmission electron microscopy (STEM) mode, the electron beam is 

focused to a fine spot, and raster scanned over the samples surface and signals are 

collected point by point to form an image.25  

The geometry of the nanopipettes were recorded by using the in-lens and STEM 

detector on the Zeiss Gemini 500 SEM (operating in scanning transmission electron 

microscopy mode at 21 kV). 
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3. Chapter 3 

Multiparticulate Formulations: 

Single Bead Dissolution Analysis 

Multiparticulates are useful as oral drug delivery systems, particularly for paediatric 

and geriatric patients who suffer from difficulty swallowing. Therefore, it is common 

for multiparticulates to be coated in a taste masking polymer. It is known that 

heterogeneity exists in individual multiparticulate (MP) beads. However, current 

dissolution methods do not detect for these differences as testing is usually done on a 

large number of particles at once. In this study, microelectrodes of two different 

geometries are used to analyse the time evolution of the diffusion field of an active 

pharmaceutical ingredient (API) as it is released from individual MP beads. The 

differences are observed and discussed in terms of microscopic analysis of particle 

morphology. This analysis allowed for the factors affecting the formulation and 

uniformity of multiparticulates to be identified. A number of variables were 

investigated, including the presence of a pH responsive polymer coating, the MP bead 

size, pH, and the distance of the electrode from the MP bead. From this small scale 

study, it was shown that the agitation of the MP bead in the dissolution media resulted 

in a more uniform API release. Furthermore, mechanistic information was obtained 

with respect to the start of the dissolution process, whereby sequential spikes of API 

release were observed. This technique allows for the detection of individual MP bead 

behaviour in dissolution media, which can be utilised to better understand how MP 

beads behave collectively as a dose.  
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3.1. Introduction  

Oral drug delivery is the most common and popular route for drug administration for 

several reasons, primarily patient compliance.1,2 Challenges remain regarding 

palatability and dysphagia (difficulty in swallowing) however, particularly among 

paediatric and geriatric patients.1,3 Altering oral drug medication palatability has 

generally been achieved through the sensory modification of taste via the addition of 

flavourings and sweeteners to the formulation, however, more effective methods 

involve a sugar or polymer coating.4,5 Multiparticulate (MP) formulations often 

provides a solution to both dysphagia and taste masking issues, whilst also incurring 

the benefits of improved stability, reduced bulkiness and weight, and more accurate 

dosing.6 MP formulations are predominately oral dosage forms that consist of multiple 

small discrete drug delivery units, often spherical particles 0.15 – 3.0 mm in 

diameter.6–8 MP formulations can be used to modify the release of the drug or to mask 

the taste by coating the spherical particles in a film protection layer.6–9  

When an oral drug is ingested it experiences a range of different pHs on its journey 

from the oral cavity through the gastrointestinal (GI) tract,10,11 enabling release to be 

targeted via the use of a coating with a pH-dependent solubility.12 One such coating is 

based on a methyl methacrylate (MMA), 2-(diethylamino)ethyl methacrylate 

copolymer (DEAEMA), (marketed as Kollicoat® Smartseal 30D, KCSS). It contains 

a tertiary amine functional group which is unprotonated at a neutral pH but becomes 

protonated in acidic media, resulting in swelling and dissolution of polymer and an 

immediate release of the drug.4,13–21  

MP formulations can be administered in a variety of ways, such as through 

compression into tablets, dosages contained in capsules, sachets, or in a dispenser 

which can be further administered by sprinkling it onto food.3,6,22–24 Furthermore, MP 

formulations facilitate dosage specificity due to the small drug containing particles, 

thus allowing flexibility for dose-weight proportionality, as well as modulation of drug 

release by the application of coatings resulting in distinct drug release profiles.6 

Therefore, this highlights the importance of understanding the MP beads at a singular 

level.  



Chapter 3 

80 

Polymeric coatings in MP formulations can occur in either a matrix (monolithic) 

system or reservoir system. In matrix systems the drug is dispersed within a water-

insoluble polymer matrix, whereas in a reservoir system the polymer film surrounds 

the drug.25,26 Both of these can be described as diffusion-controlled release systems.25 

In this study, a reservoir coated system is used, where a microcrystalline cellulose 

(MCC) core is coated with a layer of an active pharmaceutical ingredient (API), which 

is then encapsulated with a layer of KCSS polymer.  

In vitro dissolution testing in industry is required for oral dosage forms, particularly 

in the early stages of development. However, much of the dissolution testing occurs 

in bulk and over a long time periods, with analysis taken at intervals.27 This method 

can miss out on the dissolution behaviour at earlier times. Acetaminophen (APAP, 

also known as paracetamol or N-acetyl-p-aminophenol) was selected as the API in the 

MP formulation as a model case. APAP is an electroactive substance, and is also one 

of the most commonly prescribed and widely available over the counter non-steroidal 

anti-inflammatory drugs, used as an antipyretic and painkiller.28–30 Its redox activity 

arises from the quasi-reversible two-electron oxidation to from N-acetyl-p-

benzoquinone-imine (NAPQI).29–31 Using an API with redox activity, enables the use 

of electrochemical detection methods. Therefore, individual MP formulation beads 

can be analysed in situ to understand the variation in dissolution amongst individual 

beads and thus better understand dosage levels required.  

Herein, the particle size distribution of the MP beads at each stage of the 

coating/layering stages during the formulation process were investigated. The 

resultant variations observed were then studied to determine whether they had any 

effect on the amount of API released. This was achieved by the employment of 

microscale electrochemical techniques to detect API dissolution in situ, enabling the 

release rate to be quantified and comparisons made based on the presence of the KCSS 

polymer. Dissolution measurements were carried out under various experimental 

conditions and parameters, testing release of APAP as a consequence of the polymers 

response to pH media that mimics gastric fluid (HCl).  
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3.2. Experimental 

3.2.1. Multiparticulate Formulation Samples  

The multiparticulate bead samples were prepared according to Chapter 2, Section 2.2 

and detailed in Table 3.1, by spray coating method using a fluid bed coater via the 

wurster process. The microcrystalline cellulose (MCC) cores (Cellets® 700, IPC 

GmbH, Germany) were the starting material for the MP beads and thus Stage 1 of the 

formulation process. A layer of APAP coats the MCC cores producing the 

MCC+APAP beads at Stage 2. Upon the APAP layer, the polymer KCSS encapsulates 

the bead, forming a three-layer MP bead, MCC+APAP+KCSS at Stage 3. Placebo 

beads (MCC+KCSS) were also used in this study, where the MCC core was coated 

with the KCSS polymer directly, in a two-layer MP bead absent of the ‘middle’ API 

layer, Stage 2P. 

Table 3.1. Stages and details for the formulation of MP beads. 

Formulation 

Stage (FS) 
Materials Details 

1 MCC core Starting material/ inert core 

2 MCC core + APAP layer API layer only 

2P MCC core + KCSS layer Placebo beads 

3 
MCC core + APAP + 

KCSS layers 

Final formulation polymer coating 

encapsulating the API layer 
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3.2.2. Sample Imaging using Optical and Scanning Electron 

Microscopy  

The size distribution of the MP beads was characterised using optical microscopy. 

Image analysis was performed using ImageJ. Calibrated optical images of arrays of 

particles were automatically segmented using the threshold and watershed algorithms. 

The area of each individual bead was then calculated automatically and converted to 

a diameter assuming the beads were perfect spheres. Furthermore, the MP beads sizes 

were examined before and after dissolution. The MP beads at different stages of 

formulation were adhered to a scanning electron microscope (SEM) stub using carbon 

tape and a thin layer of super glue, the MP beads were then sputtered with gold before 

being examined under the Field Emission SEM at an accelerating voltage of 15.00 kV, 

unless stated otherwise. For examination of topographical effects under varying pH 

media, individual placebo KCSS coated MP beads were adhered to SEM stubs, placed 

in 25 mL of either 0.1 M or 0.01 M HCl solution with a magnetic stirrer at a rotation 

speed of 700 rpm and left for an hour at room temperature, as shown in Figure 3.1. 

These MP beads were then subsequently sputtered with gold and examined under the 

SEM, as described in Chapter 2, Section 2.5.6. 

 

Figure 3.1. Schematic of MP KCSS polymer coated placebo bead in a tube filled 

with acidic dissolution media in preparation for SEM imaging. MP placebo bead 

adhered to SEM stub and placed downwards into the acidic solution of HCl (0.1 or 

0.01 M), with a magnetic stirrer placed at the bottom of the tube, where the apparatus 

is held over a magnetic stirrer. (not to scale). 
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3.2.3. Dissolution Media Solutions  

The HCl solutions were made by diluting HCl (37 %, Sigma-Aldrich, UK) to make 

0.1 M and 0.01 M HCl, corresponding to pH of 1.0 and 2.0, respectively. All solutions 

were prepared in deionised water (18.2 MΩ cm at 25 °C, Direct-QUV3, Millipore). 

The pH of solutions was measured using pH probe (Mettler Toledo, InLab® Expert 

Pro) connected to pH meter (Mettler Toledo, SevenEasy™). Due to the concentration 

of HCl used and the small scale set up, the addition of supporting electrolyte was not 

required.  

3.2.4. Electrochemical Materials and Instrumentation 

Electrochemical measurements were performed using a two electrode set up mounted 

inside a Faraday cage (to reduce electrical noise) on top of an optical table (Newport, 

RS 2000), connected to potentiostat (CHI 730A, CHInstruments), with a saturated 

calomel electrode (SCE, IJ Cambria) as the reference electrode and either a ⌀ 25 µm 

Pt ultra-microelectrode (UME) or a ⌀ 72.5 µm Au microwire electrode (MWE) in 

diameter as the working electrode depending on the type of experiment. To confirm 

that a two-electrode set up was suitable i-v (current-voltage) curves with and without 

a (Pt) counter electrode were measured and found to be the same.  

To measure the total amount of APAP in each MP bead, individual MP beads at Stage 

2 of the formulation process (no KCSS polymer coating) were placed in separate vials 

containing 1 mL of 0.1 M HCl dissolution media and left for a 24-hour period. In this 

way dissolution occurred in a stagnant solution; thus, motion was introduced to the 

same parameters to determine the effect this had on the release of APAP. Vials were 

agitated for ca. 2 minutes using a vortex mixer (Classic Vortex mixer, Fisher 

Scientific) at 200 rpm as soon as the DM was added and just before the electrochemical 

measurements were taken, at the start and end of the 24-hour period.  
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Cyclic voltammograms (CVs) were then measured on the resultant solution using a Pt 

UME. Before a CV measurement, the Pt UME, was gently polished to a mirror finish 

with an aqueous alumina slurry (0.05  µm, MicroPolish™, Buehler) against a soft 

microfiber polishing pad (MicroCloth, Buehler), which was then subsequently 

polished on a clean wetted microfiber polishing pad, to produce clean reproducible 

electrode surfaces. 

For direct API detection from a single bead, an Au MWE was used as the working 

electrode. The MWE surface protrudes out of the tapered glass capillary, and thus 

allows for a more hemispherical diffusion and a shorter distance from the tip of the 

electrodes to the beads surface, compared to that of an inlaid disc UME, a crucial 

configuration given the curvature of the beads surface. Furthermore, the larger size of 

the MWE compared to that of the UME increases the sensitivity to small 

concentrations.  

The MP bead was adhered onto a square-shaped scored glass slide using a thin layer 

of superglue (Loctite®) and then analysed under the optical microscope before and 

after dissolution. The glass slide holding the bead was then adhered to the base of a 10 

mL glass petri dish using adhesive double-sided tape. These experiments were 

performed within a Faraday cage, where the Au MWE was positioned above the MP 

bead using a z-axis micropositioner (Physik Instrumente) for precise movement and 

translation of the MWE in the vertical direction under control. This was executed 

under the observation through a 3-megapixel digital camera (PixeLink PL-B776U) 

with a 4X magnification lens, as shown in Figure 3.13. The distance of MP bead and 

the MWE tip was captured to calculate the distance between the two. Once the 

electrode was positioned, the desired potential (0.8 V) was applied. The dissolution  

media (DM) was added last due to ensure the initial response was recorded.  
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3.3. Results and Discussion 

3.3.1. Size Distribution of Multiparticulate Beads  

This study focuses on the API dissolution analysis from a polymer coated single MP 

bead. To determine the variation of the MP bead size, microscopic analysis was 

performed on beads at the different stages of formulation. Here, the layering stage of 

the formulation process that contributed to the most variation was established.   

The diameter, circumference (circum.), perimeter, and circularity were calculated 

using ImageJ analysis from the area outlined of each individual bead at each stage of 

formulation. Representative images used in the analysis are shown in Figure 3.2, 

starting with the microcrystalline cellulose (MCC) cores (a), then the addition of the 

APAP layer (b), a placebo MP bead with layer of the KCSS polymer only coating the 

MCC core (c) and the final formulation comprising of all three layers (d).  

 

Figure 3.2. Representative optical image with area boundary used to calculate the 

diameter at different formulation stages of the multiparticulate spherical beads, a) 

MCC core (Cellets® 700), b) MCC core with the APAP layer, c) Placebo bead - 

MCC core with KCSS layer, and d) MCC core, with APAP layer and KCSS outer 

layer. 
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The average bead size values for the particle size distribution for the different 

formulation stages (FS) are shown in Table 3.2 and Figure 3.3. From this data, the 

calculated thickness of the APAP layer and the KCSS polymer layer are approximately 

32.5 µm and 12.5 µm, respectively.  

Table 3.2. Mean particle-size distribution of bead size at each formulation stage for 

parameters, diameter, circumference, perimeter, and circularity.  

* Circum. is the calculated circumference from the diameter 
** Perimeter is the outline of the bead  
† Circularity is defined by 4π(area/perimeter2) 

 

Figure 3.3. Average particle size distribution of bead size at different stages of 

formulation for parameters, diameter, circumference, perimeter, and circularity. The 

left axis shows diameter, circumference and perimeter are shown graphically as bar 

charts with their corresponding error bars. Circularity is given by the right axis with 

the average shown along with its corresponding error bars.  

Bead Type  

(Formulation 

Stage) 

Mean 

Diameter  

(µm) 

Mean 

Circum.* 

(µm) 

Mean 

Perimeter** 

(µm) 

Mean 

Circularity† 
N 

MCC Core 

(FS 1) 
876 ± 50 2751 ± 156 2966 ± 188 0.87 ± 0.03 34 

MCC+APAP 

(FS 2)  
941 ± 36 2955 ± 113 3206 ± 125 0.86 ± 0.01 30 

MCC+KCSS 

(FS 2P) 
884 ± 61 2776 ± 191 3014 ± 204 0.87 ± 0.01 29 

MCC+APAP 

+KCSS (FS 3) 
966 ± 47 3035 ± 149 3277 ± 160 0.87 ± 0.01 28 



Chapter 3 

87 

From Table 3.2 and Figure 3.3 the difference between the circumference and perimeter 

values shows a difference between the roundness of the bead size. The perimeter 

values and its corresponding standard deviation are larger than the calculated 

circumference values (from the diameter), suggesting that the calculated 

circumference has undergone a smoothing process based on a perfect circular shape. 

Furthermore, the circularity has been calculated where a value of 1.0 indicates a 

perfect circle, and a value closer to 0.0 represents an increasing elongated shape.  

As the circumference has been calculated from the diameter, it assumes a perfect 

circle, and therefore can be considered as a smoothing process. However, the perimeter 

data is given by the outline of the bead itself. Therefore, the comparison between the 

circumference and perimeter can be compared, suggesting a deviation from a perfect 

sphere. A box plot for the calculated circumference, perimeter, and circularity for the 

bead sizes at the different formulation stages is shown in Figure 3.4.  

From Figure 3.4a, both the circumference and perimeter follow the same trend in bead 

size and therefore both can be used to determine the difference in size between the 

different stages of formulation. Furthermore, for both perimeter and circumference, 

the MCC+KCSS (FS 2P) is shown to have the largest interquartile range (IQR), whilst 

MCC+APAP (FS 2) has the smallest. However, for both these parameters the mean of 

FS 2P is similar of the MCC starting material itself. This suggests that the KCSS 

polymer may require the APAP layer to evenly coat the multiparticulate. The 

calculated circumference has outliers whilst the perimeter parameter does not. Given 

that the circumference was calculated through the diameter and therefore assumes a 

perfect circle this was not unanticipated. From the circularity data shown in Figure 

3.4b, the demonstrates similar trends in mean, median and IQR across all formulation 

stages. However, the MCC core showed the most outliers, and this therefore highlights 

the importance of the sieving stage before starting the formulation process. 

Additionally, the MCC+ APAP (FS 2) data shows a larger deviation in the MP circular 

shape at this stage. This correlates to the roughness observed in the corresponding 

SEM images vide infra.   
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Figure 3.4. Boxplots for statistical analysis on bead size at different formulation 

stages for parameters of a) calculated circumference (orange), perimeter (green), and 

b) circularity (multi-coloured) with corresponding mean (grey square), median 

(central line), the IQR is shown where the whiskers extend to 1.5x of the IQR and 

the outliers (red diamond) are values that lie outside this range.  

a)

b)
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A one-way analysis of variance (ANOVA) test was used to determine whether the 

different bead sizes at each formulation stage had any statistically significant 

differences. A significant difference in bead size was observed at the different stages 

of the formulations for the three parameters circumference, perimeter, and circularity 

(p < 0.05).  

The differences between the four formulation stages were established by the Tukey 

post-hoc test shown in Table 3.3 and Figure 3.5. The parameters for both 

circumference and perimeter show the same trend in significant difference for all 

factors. However, as seen previously the circularity parameter appears to have a 

smaller deviation in bead size across the different formulation stages, suggesting that 

the addition of each layer does not significantly change the circular shape. The Tukey 

test supports this data in all cases, except for factor MCC+KCSS compared with 

MCC+APAP where a difference in circularity has been deemed to be significant.  

Table 3.3. Tukey means of comparison test at the 95 % confidence level stating the 

significant difference between each of the 4 formulation stages for the parameters of 

circumference, perimeter, and circularity. A difference where p < 0.05 is considered to be 

significant. 

Formulation Stages 
Significant Difference 

Circum. Perimeter Circularity 

MCC+APAP  / MCC p < 0.05 p < 0.05 p = 0.3 

MCC+KCSS / MCC p = 0.9 p = 0.7 p = 0.7 

MCC+KCSS  / MCC+APAP p < 0.05 p < 0.05 p < 0.05 

MCC+APAP+KCSS  / MCC p < 0.05 p < 0.05 p = 1.0 

MCC+APAP+KCSS / MCC+APAP p = 0.2 p = 0.4 p = 0.1 

MCC+APAP+KCSS / MCC+KCSS p < 0.05 p < 0.05 p = 0.9 
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Figure 3.5. A graphical analysis of the means of comparison Tukey test method of 

the four formulation stage for a) calculated circumference, b) perimeter and c) 

circularity parameters. Red line indicates a significant difference and black lines 

indicates no significant difference. If the data range line does not contain zero (does 

not cross the vertical interval line at 0) the corresponding means are significantly 

different).  

a)

b)

c)
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Table 3.3 and Figure 3.5 show that there is no significant difference between 

MCC+KCSS (FS 2P) and MCC (FS 1) or between MCC+APAP+KCSS (FS 3) and 

MCC+APAP (FS 2) for all parameters. This therefore suggests that the KCSS layer 

has no significant effect on the bead size in terms of the calculated circumference, 

perimeter, and circularity. However, a significant difference is observed between 

MCC+KCSS (FS 2P) and MCC+APAP (FS 2), this suggests that the majority of the 

bead size contribution can be attributed to the APAP layer. This is also observed in 

Figure 3.4. Overall, circularity is largely similar across the formulation stages and the 

statistical analysis shows that KCSS polymer layer generally has the least impact on 

the bead size.  

Further to the statistical analysis conducted, SEM images were taken to visually 

investigate the structural changes that each coating layer made, Figures 3.6 – 3.9. The 

MCC (Figure 3.6) is relatively smooth, with minimal contoured topography. With the 

addition of the APAP layer (Figure 3.7), the MP bead surface becomes rougher with 

a flaky appearance and drug particles can be observed. The addition of the KCSS 

polymer layer (Figure 3.9), the surface of the final MP bead becomes smoother again. 

The placebo bead (Figure 3.8) however, appears smoother than that of the MCC core, 

with cracks similar to FS 3 observed. This suggests that the ‘cracking’ is due to the 

polymer layer itself, rather than the substrate underneath.  

When combined with the statistical analysis, this could suggest that the KCSS layer 

fills any gaps within the topography of the APAP layer, and therefore has minimal 

contribution to the overall bead size. The results obtained here for the final stage of 

the formulation is comparable to that of the literature for the spray coating Wurster 

process.32  
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Figure 3.6. SEM images of MCC core – Formulation Stage 1. a) mag = 70 X, WD 

= 8 mm, b) mag = 50 K X, WD 4 mm, c) mag = 1 K X, WD 4 mm, d) mag = 300 X, 

WD 4 mm. 

 

Figure 3.7. SEM images of APAP coated MCC cores – Formulation Stage 2. a) mag 

= 70 X, WD = 7 mm, b), mag = 1 K X, WD = 4 mm, c) mag = 3 K X, WD 4 mm d) 

mag = 30 K X, WD = 4 mm. 
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Figure 3.8. SEM images of KCSS polymer coated MCC cores – Formulation Stage 

2b. a) mag = 200 X , WD = 4 mm, b) mag = 30 K X, WD = 4 mm, c) 1 K X, WD = 

4 mm, d) mag = 300 X, WD = 4 mm. 

 

Figure 3.9. SEM images of KCSS polymer coated APAP layered MCC cores – 

Formulation Stage 3. a) mag = 65 X, WD = 7mm, b) mag = 50 K X, WD = 4 mm, 

c) mag = 1 K X, WD = 4 mm, d) mag = 300 X, WD = 4mm.  
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The data and statistical analysis shown in Tables 3.2 and 3.3, along with Figures 3.3 – 

3.5, demonstrate that there are several variations in particle size observed between the 

different stages of formulation. The origin of similar variations when using a 

conventional bottom spray Wurster process (Figure 3.10) have been investigated in 

previous studies. Firstly by Sudsakorn and Turton in 2000,33 and then by Luštrik et al. 

in 2012.34 Both these studies have used single layer coatings, in contrast to the two 

layer coatings used here.  

 

Figure 3.10. Wurster process in a fluid bed coater on coating of MP formulation 

beads. (Reproduced from Foroughi-Dahr et al., 2019).35 

Sudsakorn and Turton suggested that this variation is due to the mass of coating 

deposited on the bead sizes of different diameters. Here, larger particles accelerate in 

the vertical direction slower than smaller particles, which allowed the larger ones to 

move closer to the centre of the tube and consequently closer to the spray area. As the 

smaller particles have a more prominent vertical acceleration this causes them to move 

closer to the wall of the chamber and therefore further away from the spray zone. As 

a result, smaller particles are shielded from the coating dispersion droplets by the 

larger particles. It is also suggested that the mass coating per particles is not necessarily 

proportional to the surface area of the particle, but there is a strong correlation between 

the average mass of coating gained by a given particles and the diameter of the 

particle.33 
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Luštrik et al., suggested that the variation was due to the uniformity of the coating 

thickness, where the largest beads gained more of the coating dispersion compared to 

that of the smaller beads. This attributed to the possibility that larger particles entered 

the chamber spray zone more often as smaller particles and had a greater acceleration 

and consequently higher velocities compared to their larger counterparts. This meant 

that smaller particles had longer trajectories and therefore longer circulation times 

causing in a decrease in turns through the spray zone, resulting in a reduced layer of 

coating.34  

3.3.2. Cyclic Voltammetry on Total Dissolution of Acetaminophen 

only Single Multiparticulate Bead 

3.3.2.1. Dissolution without Agitative Motion  

To determine whether APAP could be detected from a single MP bead, individual 

beads without the complex nature of the KCSS polymer coating (Stage 2 of the 

formulation) were left for an extended period of time to allow complete APAP release 

into solution which could then be analysed electrochemically. This experiment further 

lends itself to the detection of the variation in APAP dosage per MP bead, as suggested 

by the variation in the sizes of the beads themselves. Individual MP beads were placed 

in 1 mL of 0.1 M HCl dissolution media and left for a 24-hour period. Cyclic 

voltammograms were then measured on the resultant solution using a Pt 25 µm UME.  

The CVs of the resultant solution from the single bead dissolutions are shown in Figure 

3.11, where the differences in the dosage of APAP in individual beads are 

demonstrated. Here, it can be confirmed that small amounts of APAP from a single 

MP bead can be detected electrochemically. From this, the concentration of APAP 

was calculated from the CVs using Equation 3.1 for diffusion to a disc-shaped UME 

for the steady-state current at 0.9 V,36–38 

 𝐶∗ =  
𝑖𝑙𝑖𝑚

4𝑛𝐹𝐷𝑎
 (3.1) 

where, 𝑖𝑙𝑖𝑚 is the current at steady state in Amperes, C* is the concentration in mol 

cm-3, n is the number of electrons involved in the reaction, where APAP has a 

reversible two-electron oxidation, F is Faraday’s constant, 96485 C mol-1, D is the 
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diffusion coefficient of APAP at 4.12×10-6 cm2/s (for a 1 mM APAP solution using a 

⌀ 25 µm Pt UME),39 and a is the Pt electrode radius in cm. From this, the calculated 

concentration of APAP was converted into mass (dosage) of APAP contained in a 

single MP bead, with a mass range of 82 – 155 µg, with an average of 115 ± 33 µg, as 

detailed in Table 3.4. 

 

Figure 3.11. Cyclic voltammogram of resultant bulk solution from an APAP coated 

bead after a 24-hour period of dissolution in 1 mL of 0.1 M HCl using a Pt 25 µm 

UME as the working electrode and a scan rate of 0.01 V/s. 

Table 3.4. Steady state (limiting) current based on the corresponding CVs from dissolution 

of MP beads into a 1 mL solution of 0.1 M HCl and the calculated mass of APAP from each 

corresponding MP bead.   

Bead ilim (10-9 A) APAP mass (µg) 

1 2.15 82 

2 2.50 95 

3 3.39 129 

4 4.07 155 

Average 3.03 115 ± 33 

 

 



Chapter 3 

97 

The current density observed in Figure 3.11 suggests a significant variation in APAP 

concentration. This current density variation supports the particle size distribution of 

the MP beads observed in Section 3.3.1.  

3.3.2.2. Dissolution with Agitative Motion 

As the dissolution occurred under stagnant conditions the local concentration detected 

may not represent the average bulk concentration. Therefore, the experiment was 

repeated (with an APAP coated bead in the absence of the KCSS polymer) with the 

addition of solution agitation to establish if this provided a more uniform release of 

APAP. As the acidic DM was added to the single bead, motion was applied for ca. 2 

minutes at the start and end of the 24-hour dissolution period, where  the ‘start’ of 

dissolution occurred immediately after the MP APAP coated bead had been placed in 

the solution and the ‘end’ just before the electrochemical measurement commenced. 

Additionally, analysis of the MP bead size under the optical microscope before and 

after the dissolution process were taken. 

Agitation of the dissolution media led to higher current densities, as well as a more 

consistent CV profile as shown in Figure 3.12, thus indicating the significance of 

motion for the completion of the dissolution. As the size of each MP bead was 

analysed before and after dissolution, Table 3.5 can quantitatively support the particle 

size distribution observed in Section 3.3.1, where the APAP concentration and thus its 

consequent dosage was also calculated using Equation 3.1.  
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Figure 3.12. Cyclic voltammogram of resultant bulk solution from an APAP only 

coated bead in 1 mL of 0.1 M HCl, with ca. 2 minutes agitation of solution at the 

start and end of 24-hour period of dissolution using a Pt 25 µm UME as the working 

electrode and a scan rate of 0.01 V/s. 

Table 3.5. Particle size distribution and the dosage of APAP (µg) from the dissolution of 

single MP APAP only coated bead with motion. 

Bead 
APAP Mass 

(µg) 

Bead Size Percentage 

Difference (%) Before (µm) After (µm) 

1 127 1076 1030 4.3 

2 162 950 920 3.2 

3 134 920 895 2.7 

4 137 975 930 4.6 

Average 139.8 ± 15.4 980 ± 68 944 ± 59 3.7 ± 0.9 

 

Here, the largest bead size (represented by its diameter) did not necessarily equate the 

largest mass of APAP. Furthermore, the bead with the highest dosage of APAP did 

not have the largest decrease in size. Additionally, the size of the MP bead is unable 

to be attributed to a specific stage in the formulation, as the size of a particular MCC 

core before coating it with the API layer is unknown.  
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It is possible, however, to indicate from this that the thickness of the coating of the 

API layer is on average 3.7 ± 0.9 % of the total diameter. However, these observations 

must be mitigated due to the small sample size analysed. 

3.3.3. Direct Acetaminophen Detection from a Single Polymer-

Coated Multiparticulate Bead  

The detection of APAP from dissolution into the bulk DM with agitation showed an 

average concentration of 139.8 ± 15.4 µg/cm3 as demonstrated in Section 3.3.2.2. 

Direct detection of the dissolution of APAP from a MP bead with and without the 

polymer coating into the acidic DM of varying pH can be investigated in real time to 

determine the effect of APAP dissolution rate the KCSS polymer coating has, given 

by the measured i-t profile.  

For direct analysis of a single bead, time dependant APAP release was detected in situ, 

in real time. Given the curvature of the MP bead sample, a MWE was used instead of 

an in-laid disc UME as the protrusion of the tapered electrode surface in the MWE 

allowed for a shorter distance between the bead and the electrode tip (which proved to 

be of great importance, vide infra), whilst allowing a more hemispherical diffusion to 

the electrode tip.  

A single APAP containing KCSS polymer coated MP bead was adhered onto a glass 

slide which was itself adhered to a small glass petri dish. Optical images were taken 

of the adhered bead to the glass slide before and after dissolution of a two-hour period. 

The Au MWE was lowered towards the centre of the bead. Preliminary testing of the 

MP bead coated with the KCSS polymer demonstrated that a measuring potential of 

0.8 V ensured the current was mass transport limited for pH 1.0 – 2.0. Once the 

potential was applied the dissolution media was then added. The schematic shown in 

Figure 3.13 demonstrates the experimental set up. Using a camera, the distance 

between the bead and MWE tip was captured. The tip to bead distance (TBD) was 

estimated by calibrating the distance to the size of the bead from optical microscopy 

using ImageJ, and then the distance observed between the top of the bead and the tip 

of the MWE was calculated relative to the bead size, as shown in Figure 3.14.  
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Figure 3.13. a) Schematic of the electrochemical set up for API detection from single 

MP bead dissolution. MP bead adhered to glass slide attached to the bottom of the 

petri dish and the camera positioned on the same plane as the MP bead. The Au 

MWE positioned centrally over the bead using the micropositioner, with the SCE 

reference electrode in the bulk. (not to scale). b) Image showing the micropositioner 

for the working electrode inside the Faraday cage, along with the Au MWE and 

placement of the petri dish for the sample.  
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Figure 3.14. MP spherical bead glued onto the glass slide surface with the Au MWE 

positioned above the centre, demonstrating the set up before (a) and after (b) the 

addition of solution. 

3.3.3.1. Factors Affecting Single Bead Dissolution Detection  

From the size distribution discussed above in Section 3.3.1, visual differences were 

observed in the layering of the formulation process resulting in bead size variation. 

Further to this, dissolution of APAP only MP bead demonstrated discrepancies in the 

APAP concentration per bead. Thus, this was used as a basis to investigate the effect 

that KCSS polymer coated APAP MP bead size had upon the dissolution profile.  

3.3.3.1.1. Effect of polymer coating and pH on release of APAP 

Here, the release of APAP from a FS 2 MP (APAP only MP bead) was compared to 

that of FS 3 MP where the KCSS polymer coating is present, in DM ranging from 0.01 

M to 0.1 M HCl. An average of three repeats for each i-t curve with the standard 

deviation (SD) is shown in Figure 3.15. For the APAP only MP bead an almost instant 

spike results in the detection of APAP defined by the increase in current density that 

occurs at ca. 6 s. This, therefore, demonstrates that APAP is highly soluble under these 

conditions, as there is not the physical barrier of a polymer film. The rate of drug 

permeation through a (polymer) film coating is dependent on the solubility of the drug 

in the dissolution media, therefore high solubility results in a high concentration 

gradient, and thus a faster release of drug.13 From the literature, the dissolution of 

APAP, is not known to be pH dependant between pH 1 and 7.40 Thus, the difference 

with pH (Figure 3.15) is likely due to the presence of the KCSS polymer.  
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Faster protonation of the tertiary amine groups on the polymer at lower pHs, increases 

the polymer’s solubility, which ultimately releases more of the drug. A low average 

lag time is observed for ca. 80 s before a significant increase in current density for the 

KCSS coated beads in 0.1 M HCl DM. However, a slower, less distinct lag time for 

0.01 M HCl is observed. This therefore supports the notion that for this system drug 

release occurs faster at lower pHs.  

 

Figure 3.15. Averaged amperometric release profiles (i-t curves) in real-time of 

APAP dissolutions from multiparticulates at a fixed potential based on the steady 

state current (0.8 V). This demonstrates the effect of the presences of the KCSS 

polymer coating in a 1 mL solution of pH 1.0 and 2.0 at concentrations 0.1 M and 

0.01 M HCl, respectively. The shading represents the SD, where N = 3. 

It should be considered that part of this lag time is due to the dissolved APAP reaching 

the electrode. As a general rule, the timescale for diffusion based on a random walk 

can be given by,37,41  

 𝑡 =  
𝑑2

𝐷
 (3.2) 

where, d is the distance in cm based on an average TBD of  66 µm, with the value of 

the diffusion coefficient, D as 4.12×10-6 cm2/s. Thus, the time taken for the diffusion 

APAP to reach the electrode is calculated at 5.3 s.   
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The SEM images in Figure 3.16 show the topographical changes of the KCSS polymer 

coated placebo beads after 60 minutes of dissolution in 0.1 M HCl and 0.01 M HCl 

(ca. pH 1 and pH 2) respectively. At 0.1 M there are more changes to the surface, 

showing an increased surface roughness compared to that at 0.01 M HCl. Both, 

however, demonstrates topographical changes after compared to before dissolution 

(Figure 3.8). These topographical changes relate to the dissolution profiles shown at 

the corresponding pHs.   

 

Figure 3.16. SEM images of individual beads after 60 minutes in acidic media: a) 

0.1 M HCl, EHT = 3 kV, mag = 65 X, WD = 5 mm. b) 0.01 M HCl, EHT = 2 kV, 

mag = 70 X, WD = 7 mm.  

3.3.3.1.2. Effect of Bead Size and Tip-Bead Distance  

There are experimental aspects to consider that may affect the outcome of the 

dissolution profile. As previously discussed, the difference in the MP bead size 

contributed variation in the dosage of APAP, therefore the bead size was investigated 

by direct detection from a single bead. Furthermore, the placement of the MWE may 

present an importance in the resulting dissolution profile, thus the distance between 

the tip of the MWE was another factor that was investigated.  

Table 3.6 shows the results and the corresponding parameters from the beads 

investigated. After dissolution, the bead size is expected to decrease as APAP has been 

confirmed to dissolve into the DM. Furthermore, the SEM images shown in Figure 

3.16 show signs of erosion of the polymer layer which indicates that the polymer layer 

has been reduced, this is notion is explored further in Chapter 5. 
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Table 3.6. Bead size before and after single bead dissolution in 1 mL of 0.1 M HCl 

dissolution media calculated by measuring the diameter of the bead, and the calculated 

distance between the MWE tip and the centre of the bead. 

 

From the size distribution discussed above in Section 3.3.1, there are visual differences 

observed in the layering of the formulation process. This was used as a basis to 

investigate the effect that KCSS polymer coated APAP MP bead size had upon the 

dissolution profile. Three sizes (990 – 1160 µm) were investigated as shown in Figure 

3.17. In order for the bead size to be analysed, the resulting dissolution profiles were 

compared to those with consistent tip-bead distance at ca. 60 µm. Here, largest bead 

produces highest peak current density which correlates to the release of APAP and its 

subsequent conversion to its oxidised state.   

The dissolution profile and data found in Figure 3.17 and Table 3.6 respectively, 

indicates that the bead size is not necessarily indicative of the APAP dosage per bead, 

which corresponds to the data detailed and discussed in Section 3.3.2. However, an 

interesting trend in lag time is demonstrated by the increasing size of the bead shown 

in the inset of Figure 3.17, where the lag time for initial spike increases at ca.  

88 s, 99 s and 145 s corresponding to bead sizes 990 µm, 1033 µm and 1160 µm 

respectively. This could be due to a larger surface area for protonation of the tertiary 

amine groups to occur, thus increasing the time take for APAPs response.   

 

Bead 
Diameter Difference 

 Tip-bead 

Distance (µm) Before (µm) After (µm) (µm) (%) 

1 1025 970 55 5.37 120 

2 1020 910 110 10.78 20 

3 1033 1010 23 2.23 63 

4 990 955 35 3.54 61 

5 1160 1030 130 11.21 66 

Average 1046 ± 66 975 ± 47 71 ± 47 6.6 ± 4.1 66 ± 36 
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Figure 3.17. Averaged amperometric release profiles (i-t curves) in real-time of 

APAP dissolutions from multiparticulates at a fixed potential based on the steady 

state current (0.8 V). This demonstrates the effect of the variation of MP bead size 

at a constant distance (ca. 60 µm) from the MWE in a 1 mL solution of 0.1 M HCl. 

Sequential spikes of similar trend are observed for the three varying bead sizes. This 

could suggest sudden dissolution events occurring through larger expansions of the 

polymer chains within the coating. This demonstrates the value of mechanistic 

information from single dose measurement in which may be lost in dissolution testing 

of bulk/whole dosage. These spikes in the data, therefore, suggest that the dissolution 

profile is not homogeneous. 

Further to this, Figure 3.18 shows the visual changes observed before and after 

dissolution as detailed in Table 3.6. From the loss of APAP from the bead and into the 

bulk, the bead size as expected decreases in size after dissolution and appear to have 

a smoother edge. It is likely that the majority of the size reduction size is due to the 

release of APAP from the encapsulated coating into the bulk DM. Moreover, as 

previously discussed, the SEM data vide supra suggests the dissolution of the polymer 

layer which would also contribute to the decrease in MP bead size.  
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Figure 3.18. Example of the KCSS polymer-coated MP spherical bead before and 

after 2 hours of APAP dissolution in 0.1 M HCl acidic media. 

The distance between the MWE tip and the centre of the MP bead were investigated 

at ca. 20, 60, 120 µm, which is shown in Figure 3.19. Here the dissolution profiles 

differ more significantly in relation to the distance from the MWE compared to the 

variation observed for the bead sizes. A TBD of 20 and 63 µm yield a similar lag time 

of ca. 120 and 100 s respectively, at 120 µm a longer lag time of ca. 190 s is observed 

in the inset.  

 

Figure 3.19. Averaged amperometric release profiles (i-t curves) in real-time of 

APAP dissolutions from multiparticulates at a fixed potential based on the steady 

state current (0.8 V). This demonstrates the effect of the variation of the distance 

between the bead and the tip of the MWE in a 1 mL solution of 0.1 M HCl. 
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In addition to this, the dissolution profiles peak at lower current densities the further 

away from the MWE tip. This data therefore demonstrates that the smaller separation 

distance means that the diffusion front reaches the electrode sooner and is more 

concentrated. As this diffusion field spreads out it becomes more dilute and thus the 

current density is lower when the electrode is at a further distance. This 

methodological approach offers an insightful way to investigate diffusion fields, 

however this method needs further development to achieve more consistent control of 

the distance separation between the electrode tip and the surface of the bead.    

This study investigates the profile as APAP is released from the MP bead and then 

detected by the electrode. Therefore, the local concentration detected for a single bead 

may be higher. The findings shown in this study is comparative to a study led by 

Borgquist et al., 2004,42 which demonstrated that single multiparticulates showed a 

wide range of drug release profiles, where size was the biggest contributor to 

variations in the dissolution profile. Furthermore, these variations significantly 

decreased when the number of MP beads is increased.42 Multiparticulates are usually 

taken in a dosage form rather than a single unit, therefore depending on the dosage 

required the variation effects can be minimised.  

3.3.3.1.3. Comparison of Acetaminophens Total Concentration Detected 

Integration of the area under each curve in Figures 3.15, 3.17, and 3.19, yields the total 

concentration of APAP detected for the variables; presence of polymer, bead size and 

tip to bead distance (Table 3.7).  

When considering the presence of polymer (Figure 3.15), under pH 1 (0.1 M HCl) 

conditions approximately two times the concentration of APAP is released compared 

to that of pH 2 (0.01 M HCl). In contrast at pH 2, in the absence of the KCSS polymer, 

there is only a 33 % increase in APAPs total concentration. The bead size variable 

(Figure 3.17) seems to have less of an impact on the total concentration of APAP 

released, with the smallest bead size contributing to the largest amount of APAP 

released. For the tip to bead distance (Figure 3.19), there was minimal difference 

between a distance of 20 and 63 µm, but the total concentration released substantially 

reduced at a distance of 120 µm. 
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Table 3.7. Calculated values of the total concentration of APAP released from the i-t 

dissolution profiles for variables for the presence of polymer, bead size and tip to bead 

distance. 

 Variable Conditions APAP Conc. (µM) 

Presence of polymer APAP + KCSS, pH 1 1.29 

APAP + KCSS, pH 2 0.63 

APAP only, pH 2 0.84 

Bead Size  

(polymer present, pH 1) 

990 µm 1.82 

1033 µm 1.73 

1160 µm 1.18 

Tip to Bead Distance 

(polymer present, pH 1) 

20 µm 1.54 

63 µm 1.73 

120 µm 0.68 

 

The calculated total concentrations of APAP release observe the same trend for their 

corresponding release profiles discussed previously. Furthermore, it is important to 

note that beyond reaching the peak of the dissolution profiles, the current density is 

continually decreasing due to fouling of the electrode surface, thus the total APAP 

concentration detected does not necessarily equate to the total concentration released. 

Also, given the small sample size it is ambitious to establish a solid pattern, however, 

this data gives a promising indication on the trends of API release for these different 

variables.  

 

 

3.4. Further work 

Current density demonstrates the rate of APAPs release, which is in theory 

proportional to the polymers dissolution, however as the pH of the surface is unknown 

and the rate of dissolution is proportional to pH surface, which is not well defined, the 

single bead dissolution analysis can only provide a basis for further work. Therefore, 

in the following chapter a rotating disc electrode (RDE) was used to control mass 

transport and other conditions and thus the rates can be calculated.  
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The results obtained in this study prove to be promising, however improved control 

over mass transport and smaller, more consistent electrode-bead separation are 

required. Scanning electrochemical microscopy (SECM) or scanning ion conductance 

microscopy (SICM) are both methods of precisely positioning electrodes near the bead 

which may offer such improvements. Furthermore, there is also the potential to 

laterally scan the electrode during dissolution to spatially map the dissolution profile 

and this is explored later (Chapter 6).  

3.5. Conclusions  

This study has demonstrated an experimental setup to detect APAP release during 

dissolution of single MP beads. The variability in the dissolution of each bead 

depended on the exact formulation, as well as its size. The role of agitation in ensuring 

total dissolution (as seen by much more consistent final APAP concentrations after 24 

hours dissolution) was demonstrated. The fine control over the electrode positioning 

revealed the sensitivity of this technique to electrode positioning and highlighted the 

importance of this parameter for future studies. This demonstrated the benefit of using 

electrochemical detection in dissolution testing as not only can the dissolution-time 

profile be traced, but using a single bead utilises the electrochemical sensitivity of the 

system.  

As a method development study, the aims set out have been achieved. The API release 

from individual beads has been successfully measured and it has been demonstrated 

how the polymer coating impacts dissolution rates. However, it has also been shown 

that the results are sensitive to agitation and electrode position, which adds uncertainty 

to the extrapolation of these individual results to a multiparticulate dose as a whole. 

Therefore, to evaluate the behaviour of potential ‘whole’ doses, a rotating disc 

electrode (RDE) approach will be introduced in the following chapter.   
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4. Chapter 4 

In Situ Rotating Disc Electrode 

Dissolution Measurement of 

Acetaminophen from Suspended 

Polymer-Coated Multiparticulates 

Herein, the use of the rotating disc electrode (RDE) technique for in situ measurement 

of dissolution kinetics of polymer-coated (multiparticulate) MP formulations is 

demonstrated. A KCSS polymer-coated redox active acetaminophen core is used to 

study the effects of pH on dissolution in buffered and unbuffered media. Whilst in 

unbuffered media dissolution does not occur above pH 3.0, in the presence of buffers 

dissolution proceeds up to pH 5.0. This highlights the significant effect that buffer 

equilibria have on the process of dissolution. In general, the technique developed in 

this chapter improves the time resolution available for dissolution measurements by 

working in situ. It is applicable to the study of release of any electroactive species of 

interest, with the ability to identify key phases within the dissolution process.   
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4.1. Introduction  

In vitro dissolution measurements are designed to quantify the amount of drug released 

into solution over time under well-defined conditions. U.S. Pharmacopeia (USP) 

Dissolution Apparatus II is the pharmaceutical industry standard when it comes to the 

measurement of dissolution rates of solid dosage forms. A solid is introduced into the 

dissolution media and stirred at a rate of 50 – 100 rpm, with sample aliquots extracted 

from the resultant solution at specified time points and analysed by UV 

spectrophotometry or high performance liquid chromatography (HPLC) techniques.1,2  

Such ex situ approaches have limited time resolution, however, which can be 

problematic when the measurement of fast dissolution kinetics is required, such as 

with instant release formulations. As a result in situ techniques involving the 

electrochemical detection of analytes are increasingly being employed in in vitro 

studies  involving electroactive compounds of pharmaceutical forms and physiological 

fluids, as well as to obtain thermodynamic and kinetic data.3–5 Furthermore, these 

methods provide a continuous measurement without requiring titration or interval 

sampling.6,7 

Multiparticulates (MP) are versatile in their ability to be administered, for example 

they can be sprinkled on to food such as yoghurts, apple sauce or consumed in a liquid 

carrier.8 Therefore, a selection of unbuffered and buffered pHs along with a wide range 

of temperatures were selected for this study. Physiological fluid secreted by the 

stomach is primarily hydrochloric acid and is found to have a pH of ca. 1.0 – 2.0 ([H+] 

= 0.01 – 0.1 M) in the fasted state and can range from pH 3 – 7 ([H+] = 1 – 10-4 mM) 

in the fed state.9–11 Temperatures of intake of food and fluids have been known to 

affect gastric function within the range of ca. 21 – 44 °C,12 furthermore intra-oral 

conditions are known to experience a wide array of temperatures (ca. 5.6 – 58.5 °C) 

across a 24-hour period dependent on a variety of factors, not limited to the intake of 

food and fluids, with the most common temperature of 35 – 36 °C.13–15 Furthermore, 

food or drink carriers with a particularly low or high temperature or pH may alter the 

effectiveness of the polymers taste masking property.  
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This chapter builds upon the foundation of data seen in Chapter 3, here a dosage of 

MP beads is studied in a continually stirred environment rather than a single bead in a 

stagnant environment, with the notion of mimicking and enhancing the experimental 

parameters presented by USP Dissolution Apparatus II. On major issue with this USP 

apparatus is the complexity of the complex hydrodynamics involved depending upon 

the position of the drug particle in question.1,16 

The use of the rotating disc electrode (RDE) rectifies the experimental factors faced 

in the previous chapter, such as electrode position. Furthermore, the RDE method is a 

hydrodynamic steady-state technique in which the working electrode itself is in 

motion, allowing for the control of mass transport.17,18 The spinning motion causes 

solution at the electrode surface to be constantly removed in a direction parallel to the 

electrode surface due to the centrifugal force. The solution is then replaced by bulk 

solution moving perpendicular up to the surface. Existing pharmaceutical RDE 

methods use powders or pressed tablets confined to the centre of the electrode.6,19 The 

well-defined hydrodynamics at the surface of the RDE ensures dissolved compound 

is rapidly transported from the dissolving surface to the electroactive surface, allowing 

the current to provide near-instant feedback on the dissolution process. Despite the 

advantages, the RDE has yet to be extended to the analysis of modern oral dosage 

forms, where multiple active pharmaceutical ingredient (API) containing particles are 

fully suspended in the dissolution media of interest and instantaneously analysed.  

Herein, the RDE method is demonstrated as a means of quantifying the dissolution 

kinetics of acetaminophen (APAP) polymer-coated MP formulations, which are fully 

suspended in the dissolution medium. Measurements were designed to mimic in vivo 

conditions as far as possible and follow the USP Apparatus II approach in terms of 

stirring and the use of multiple API particles. Variations in the dissolution rates as a 

function of pH, temperature, and the presence of pH buffers were examined. 

  



Chapter 4 

117 

4.2. Experimental 

4.2.1.  Multiparticulate Formulation 

The multiparticulate bead samples were prepared according to Chapter 2, Section 2.2. 

Briefly, the core of the formulation was made from microcrystalline cellulose (MCC) 

spheres (Cellets® 700, IPC GmbH, Germany), which were coated by the API 

suspension, followed by the KCSS polymer suspension by a fluid bed coater (Glatt 

GmbH, Germany) using the bottom spray coating method (Wurster process).20,21 The 

API liquid suspension was made from APAP at 40 % w/w with hydroxypropyl 

methylcellulose (HPMC) as a binder, which coated the MCC spheres in an 85 % w/w 

layer. A suspension was made using the MMA-DEAEMA copolymer dispersion 

(Kollicoat® Smartseal 30 D, BASF, Ludwigshafen, Germany), resulting in a 20 % 

solid content in the spray suspension and 50 % polymer content in the dried film. The 

API coated MCC spheres was then spray coated with 15 % w/w polymer layer. Each 

dispersion layer (APAP and KCSS polymer) was sprayed at atomised air pressure of 

1.5 bar via spray nozzle in the fluid bed coater. The resulting MP formulation bead 

size of the was on average ca. 966 ± 47 µm, characterised by the optical microscope 

in Chapter 3, Section 3.3.1. All MP formulations were produced at Pfizer, Sandwich, 

UK.   

4.2.2.  Dissolution Solution Media  

Unbuffered HCl and buffered simulated saliva (SS) was used to simulate the 

dissolution response towards digestion in the stomach and within the oral cavity at a 

common temperature range for both physiological regions and to account for 

administrative temperatures, thus a temperature range of 20 – 40 °C was used.  

Acetate and citrate buffers are commonly used to simulated biological fluids, in 

particular Simulated Intestinal Fluids (SIF).22–24 Acetate buffer solutions up to pH 5.0 

were therefore used to represent the ‘middle’ fed state simulated gastric fluid 

(FeSSGF) and simulated intestinal fluid, specifically the duodenal fluid in the fed state 

(FeSSIF). For comparison, citrate buffer up to pH 5.0 was also used to represent 

FeSSIF.9,25–29 Furthermore, citric acid is commonly found in foodstuffs and known to 

cause acidity in the oral cavity.30  
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The HCl solutions were made by diluting 1.0 M and 0.1 M stock of HCl (37 %, Sigma-

Aldrich, UK) to the correct pH within the range 2.0 – 4.0 for a 25 mL solution. Acetate 

buffer stock (100 mM) was made from glacial acetic acid (Fisher scientific, UK) and 

sodium acetate anhydrous (Fisher scientific, UK) which was then diluted to a 25 mL 

solution corresponding to the pH range 3.6 – 5.0. A citrate buffer stock (100 mM) was 

made from citric acid (Fischer Scientific, UK) and sodium citrate (Sigma-Aldrich, 

UK), which was then diluted to a 25 mL solution corresponding to the pH range 3.0-

5.0. The composition of simulated saliva (SS) used can be found in the study by Sun 

et al., 2014.31 All dissolution media were ‘blanks’ as they were prepared without the 

addition of enzymes, surfactants or bile salts.  

Each of the dissolution media had 0.1 M KCl (Sigma-Aldrich, UK) incorporated to 

them as supporting electrolyte to maintain a steady ionic environment for dissolution. 

All solutions were prepared in deionised water (18.2 MΩ cm at 25 °C, Integra HP, 

Purite, U.K.). The pH of all solutions was measured using pH probe (Mettler Toledo, 

InLab® Expert Pro) connected to pH meter (ultrabasic, Denver Instrument), directly 

before the first and after the last electrochemical measurement. The pH probe was 

calibrated using standard buffer solutions of pH 2, 4, 7 and 10 (Traceable to NIST, 

Fisher scientific, UK). 
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4.2.3. Electrochemical Materials and Rotating Disc Electrode 

Instrumentation 

Traditional dissolution testing methods (USP apparatus) generally use a rotation rate 

of up to 150 rpm,32 however for this particular system it was imperative that the beads 

be suspended in solution, the lowest possible rotation rate to achieve this was 2000 

rpm, given the weight of the MP beads which was necessary to suspend the MP into 

the bulk solution – i.e. to evenly disperse the solids through the dissolution media, as 

the GI tract is not a static system.33 This resulted in a trade-off for accuracy of the 

hydrodynamic rates of dissolution against the level of fouling. RDE measurements 

were performed on a RDE710 rotating system (Gamry Instruments) at a constant 

rotation speed of 2000 rpm, connected to potentiostat (CHI 1105A, CHInstruments).  

Electrochemical measurements were performed in a 3-neck 50 mL round-bottom flask 

to ensure a consistent flow of MP in suspension a system controlled by convective 

diffusion, using a standard three-electrode configuration, Pt counter electrode and a 

saturated calomel electrode (SCE) as the reference. Before each dissolution and cyclic 

voltammetry (CV) measurement, the Pt RDE working electrode (5 mm diameter), was 

polished to a mirror finish with an aqueous alumina slurry (0.05 µm, MicroPolish™, 

Buehler) against a soft microfiber polishing pad (MicroCloth, Buehler), which was 

then subsequently on a clean wetted microfiber polishing pad, to produce clean 

reproducible electrode surfaces. All experimental measurements took place in a 

temperature-controlled environment. Those measurements for 25±1 °C and above 

were controlled by placing the round bottom flask in a water bath (Tempette® TE-8A, 

Techne) with temperature monitored by a glass thermometer.  
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4.2.4. Rotating Disc Electrode Detection Method of Acetaminophen  

To demonstrate the use of the RDE in the analysis of fast dissolution kinetics, the 

release of APAP from a MP formulation was first measured in HCl solutions between 

pH 2.0 – 4.0, at temperatures between 20 – 40 °C. The particles studied consisted of a 

microcrystalline cellulose core coated in APAP and then encapsulated in KCSS with 

an average thickness of and 32.5 µm and 12.5 µm, respectively. In a typical experiment 

100 mg of MP bead particles were loaded into a three-neck round bottom flask along 

with a Pt RDE, a Pt counter electrode, and an SCE reference electrode (Figure 4.1). Pt 

was chosen as the RDE material as it showed the least fouling at higher APAP 

concentrations in preliminary tests (as compared to Au and glassy carbon). Once the 

RDE was rotating and the desired potential applied, the dissolution media (DM) was 

added to start the dissolution. 

   

Figure 4.1. Schematic of the rotating disc electrode apparatus to study the varying 

conditions required to breakdown the Kollicoat® Smartseal 30D (KCSS) polymer of 

the multiparticulate (MP) formulation beads, resulting in the electro-actively 

traceable dissolution of APAP, zoomed in on the cross-section of a MP bead. (not 

to scale). 
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4.3. Results and Discussion 

4.3.1. Rotating Disc Electrode Calibration for HCl and Simulated 

Saliva Dissolution Media  

The RDE was held at 1.0 V versus SCE for all experiments, a potential at which APAP 

oxidation current is mass transport limited at all temperatures and pH values studied 

(Figure 4.2a). Since current density increases as a function of temperature the steady 

state (limiting) current density (ilim) was calibrated to the APAP concentration at each 

experimental condition via a series of calibration measurements in APAP solutions of 

known concentration (Figure 4.2b and Table 4.1).  

  

Figure 4.2. (a) Rotating disc cyclic voltammograms of 2.0 mM APAP dissolved in 

acidic media at temperatures between 20 – 40 °C. (b) Calibration curve using 

limiting current at 1.0 V as a function of APAP concentration between 20 – 40 °C. 

Scan rate: 0.1 V/s and solution: HCl pH 2.0 for both (a) and (b). 

(a)

(b)
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The calibrations show APAP powder dissolved in the corresponding bulk dissolution 

media at varying pHs and temperatures, with a response relative to concentration and 

the calibration found to be linear. Thus, the mass-transport-limited current from the 

oxidation of APAP can be used to determine APAPs concentration. 

Typically, CVs for APAP in (buffered) solutions have shown small electrochemical 

shifts to the negative potentials with increasing pH, indicating proton involvement in 

the oxidation of APAP.4,5,34 However, these experiments occur within the steady state 

and all at a relatively low pH, therefore altering the pH within this acidic range at a 

fixed temperature (30 °C) shows minimal shifts in peak potential. This is observed in 

Figure 4.3, where similar CV responses are observed for different pHs. It should be 

noted that pHs above 3.5 had a different calibration range, focusing on the lower 

concentrations and therefore the calibration current density values for APAP 

concentration 0.2 mM were taken and scaled 10x for comparison to pH 2.0 – 3.0 at 

APAP concentration 2 mM, this is reflected in Figure 4.3, where pH 3.5 and 4.0 have 

a less pronounced sigmoidal shape due to the lower concentration of APAP used. 

Furthermore, the current density range for pH 2.0 – 4.0 is 3.1 – 3.5 mA/cm2 at ilim, 

showing a difference of 0.4 mA/cm2 overall between the pH range.  

   

Figure 4.3. Rotating disc cyclic voltammograms of APAP dissolved in acidic DM at 

30 °C, where APAP concentration in HCl DM solution was 2.0 mM and 0.2 mM for 

pH 2.0 – 3.0, and pH 3.5 and 4.0 respectively, where the latter has been scaled x10, 

to lie on the same scale for 2.0 mM APAP at. Scan rate of 0.1 V/s. Limiting current 

at 1.0 V. 
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These calibration curves show the effect of dissolved APAP powder in each DM, the 

peak steady state ilim for pH 3.5 and 4, suggests a holding potential of slightly less than 

1.0 V, ca. 0.95 V should be used. However, to ensure correct peak potentials were 

chosen for all pHs and temperatures based on real samples, extensive preliminary 

testing was carried out using the MP beads under the DM conditions that were used in 

the final experiments to test the limiting currents between 0.9 and 1.0 V. This 

ultimately showed that the ilim of 1.0 V was the most appropriate potential across these 

pHs.   

 

Table 4.1. Calibration slopes for acidic (HCl, pH 2.0 – 4.0) and simulated saliva (pH 6.8) 

dissolution media. 

pH 
Temp. 

(°C) 
Slope R2 pH 

Temp. 

(°C) 
Slope R2 

2.0 

20 1.293 0.997 

3.5 

20 1.694 0.989 

25 1.446 0.998 25 1.839 0.989 

30 1.571 0.997 30 2.021 0.991 

35 1.700 0.996 35 2.163 0.992 

40 1.861 0.996 40 2.355 0.993 

2.5 

20 1.294 0.997 

4.0 

20 1.530 0.983 

25 1.438 0.997 25 1.669 0.986 

30 1.585 0.997 30 1.807 0.986 

35 1.728 0.997 35 1.967 0.987 

40 1.894 0.997 40 2.131 0.989 

3.0 

20 1.268 0.999 

6.8 

20 1.875 0.984 

25 1.399 0.999 25 2.082 0.975 

30 1.538 0.999 30 2.308 0.972 

35 1.673 0.999 35 2.524 0.970 

40 1.821 0.998 40 2.750 0.982 
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4.3.2. Effect of pH and Temperature on Dissolution in HCl Media 

A similar amperometric response was observed during dissolution at all pH values up 

to and including pH 3.0 (Figure 4.4, showing average of 3 repeats). An initial spike at 

time, t = 0 s is observed, corresponding to the addition of the DM and the start of the 

dissolution measurement, followed by a rapid decay to a short-lived steady state with 

a pH-dependent lifetime, before then rising exponentially to a peak (ip) and then 

decaying.  

The rise in current corresponds to an increased rate of APAP oxidation at the electrode, 

as protonation of the tertiary amine group of the encapsulating KCSS polymer causes 

rapid dissolution and release of APAP (the mechanism of this occurrence is discussed 

in Chapter 5).4,19,35–38 The subsequent fall in current is attributed to fouling of the 

electrode via adsorption of APAP oxidation products.39 This was confirmed by 

removing the RDE, polishing it to expose fresh electrode surface and replacing it in 

the solution. Subsequent cyclic voltammetry revealed limiting currents in excess of 

the original peak current (denoted by the ‘x’ end point in Figure 4.5), confirming the 

current decrease was not due to a decrease in APAP concentration. From the similar 

currents measured by post-dissolution cyclic voltammetry following experiments at 

pH values up to and including pH 3.0, at temperatures between 20 °C and 40 °C, it 

can be determined that complete APAP dissolution occurred in each case. The extent 

of fouling increased considerably from pH 2.0 to pH 3.0, but only slightly with 

increasing temperature (Figure 4.6). 

At pH 3.5 and above there is a dramatic difference in the current response, with an 

order of magnitude lower current density, and no discernible peak or decay in current 

on the timescale of the measurement (Figure 4.5). Cyclic voltammetry after removing 

and polishing the electrode reveal some dissolution had occurred past the peak as 

shown by the difference of peak height, ip (colour coded triangle) and the ‘end point’ 

from ilim of the CV (shown on the i-t curve as a colour coded ‘x’) for pHs 2.0 – 3.0. 

With increasing pH, the difference between the peak height and end point becomes 

greater, consistent with increasing fouling effect with increasing pH as shown in 

Figure 4.6. 
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Figure 4.4. Averaged amperometric release profiles (i-t curves) of APAPs 

dissolution (N=3) from 100 mg of MP beads in real-time at a fixed potential based 

on the limiting current (1.0 V), measured by current density (mA/cm2) shown in (a) 

HCl DM at temperatures 20 °C (solid line) and 40 °C (dotted line), (b) HCl DM at 

temperatures 25 °C (solid line), 30 °C (dotted line), and 35 °C (solid line of alternate 

shades). 

(a)

(b)
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Figure 4.5. Averaged amperometric release profiles (i-t curves) of APAPs 

dissolution (N=3) from 100 mg of MP beads in real-time at a fixed potential based 

on the limiting current (1.0 V), shown by the calculated APAP concentration (mM) 

at HCl DM pH range 2.0 – 4.0. Inset: Zoom from time 0 – 200 s at 20 °C.  

 

Figure 4.6. Fouling effect of acidic dissolution media (pH 2.0 – 3.0) at temperature 

(20 – 40 °C) on the Pt RDE surface, comparing the percentage change from the 

current density (mA/cm2) at the peak height of the i-t curve and the limiting current 

density of the CV in the bulk solution post cleaning of Pt electrode surface. The % 

fouling is shown as 100 x (ilim – ip)/ilim. 
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Following preliminary measurements (i-t curves) the dissolution experiments reported 

were stopped a minimum of ca. 10 minutes after the current peak. Taste masking 

guidelines suggest that less than 10 % dissolution should occur in 5 minutes in a 

neutral medium. Taste masking is achieved when the release of the API is minimal 

Taste masking is achieve when the release of the API is minimal (and below the 

bitterness threshold of the oral cavity).40  

The final current densities, measured after polishing the electrode and therefore free 

of fouling effects, can be converted into APAP concentrations using the calibration 

curves introduced above (Figure 4.2b and Table 4.1) to illustrate the pH and 

temperature dependence of the dissolution (Figure 4.7), the current density values 

calculated from ilim and the corresponding APAP concentration values are shown in 

Table 4.2. On the timescale of the final measurement, dissolution at pH ≤ 3.0 is rapid 

but decreases significantly with increasing pH. 

A two-way analysis of variance (ANOVA) statistical test was conducted to examine 

the effects of pH and temperature on the average APAP concentration post dissolution. 

There was a statistically significant interaction between the effects of pH and 

temperature on the average concentration of APAP, [F(16, 50) = 2.57, p = 0.006].  

A Tukey post-hoc means of comparison analysis test was conducted. Between pH 2.0 

and 2.5 for all temperatures there was no significant difference. Additionally, elevated 

temperatures of 35 and 40 °C showed no significant difference between pHs 2.0, 2.5 

and 3.0. Normality checks and Levene’s test were carried out and the assumptions 

were met. These pH and temperatures with no significant differences have been 

denoted in Figure 4.7 with a red line, and those with significant differences are not 

labelled. A significant difference was observed for all other pHs at all other 

temperatures (p < 0.05).  
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Figure 4.7. Average APAP concentration values after the averaged dissolution 

release profile from the MP beads where N=3, calculated with error bars from the 

limiting current density (ilim) of cyclic voltammogram (at 1.0 V) after cleaning of the 

Pt WE, for (a) APAP conc. vs. temperatures 20 °C – 40 °C at different pHs, and (b) 

APAP conc. vs. pH range 2.0 – 4.0 at different temperatures. Those with no 

significant difference for a significance level of α = 0.05 between given pHs and 

temperatures have been labelled with a red line.  

(a)

(b)

No significant difference (p > 0.05) 

No significant difference between 
pH 2 and 2.5 (p > 0.05) 
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Table 4.2. Average current density and APAP concentration values at 1.0 V corresponding 

to ilim for HCl DM for pH 2.0 – 4.0 and SS at pH 6.8 at temperatures 20 – 40 °C. 

 

pH 
Temp. 

(°C) 

Current 

Density 

(mA/cm2) 

Current 

Density (SD) 

(mA/cm2)  

APAP 

Conc. 

(mM) 

APAP 

Conc. (SD) 

(mM)  

2.0 

20 2.7 0.1 2.1 0.04 

25 3.0 0.04 2.1 0.03 

30 3.3 0.03 2.1 0.02 

35 3.6 0.2 2.1 0.1 

40 3.9 0.1 2.1 0.04 

2.5 

20 2.7 0.03 2.1 0.03 

25 3.0 0.1 2.1 0.1 

30 3.3 0.1 2.1 0.04 

35 3.6 0.1 2.1 0.04 

40 3.9 0.03 2.1 0.02 

3.0 

20 2.8 0.04 2.2 0.03 

25 3.1 0.03 2.2 0.02 

30 3.5 0.01 2.2 0.01 

35 3.8 0.1 2.2 0.1 

40 4.0 0.03 2.2 0.02 

 20 1.0 0.1 0.6 0.04 

 25 1.2 0.1 0.7 0.1 

3.5 30 1.1 0.1 0.5 0.1 

 35 1.6 0.4 0.7 0.2 

 40 1.8 0.1 0.8 0.1 

 20 0.4 0.1 0.3 0.03 

 25 0.3 0.02 0.2 0.01 

4.0 30 0.3 0.1 0.2 0.1 

 35 0.3 0.01 0.2 0.01 

 40 0.4 0.1 0.2 0.04 

 20 0.7 0.1 0.4 0.03 

 25 0.7 0.5 0.3 0.3 

6.8 30 0.9 0.2 0.4 0.1 

 35 0.7 0.03 0.3 0.01 

 40 0.5 0.03 0.2 0.01 
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4.3.3. Dissolution Rate in HCl and Simulated Saliva Media  

More insight can be gained by taking advantage of the high time resolution intrinsic 

to the electrochemical methodology, and examining the current during the initial 

dissolution period, which conventional dissolution measurements would fail to 

capture. In this region minimal release has occurred so fouling is absent, and the 

current can accurately report on the solution concentration.  

Here a breakthrough time, τ, is defined by the time taken for the measured APAP 

concentration to reach 50 µM (for pH 2.0 – 3.0) or 5 µM of APAP (for pH ≥ 3.5 where 

polymer dissolution is much slower). These values were chosen to be a minimum level 

above the background that could be detected, and are small values compared to the 

concentration that could be attained if the full amount of APAP available were 

released. This shows in detail the pH dependence of the dissolution rate, which 

decreases significantly with increasing pH and becomes negligible by pH 3.5. This 

trend corresponds to the slower dissolution of the polymer, as demonstrated previously 

by drug release of similar pH-dependent polymers.41 This contrasts with the reported 

solubility below pH 5.5 as the obtained data shows that the polymer is not sufficiently 

soluble for API release to occur in simulated gastric fluid above pH 4.0.42,43  To gain 

further insight into the dissolution kinetics, the temperature dependence of the 

dissolution rate was measured. The transients at higher temperature show a similar 

shape to that observed at lower temperature but with a faster rise in current density 

(and APAP concentration) and a faster subsequent decay due to fouling (Figures 4.8 

and 4.9). The breakthrough rate (τ-1) was analysed using the Arrhenius equation,17,19,44  

 ln
1

𝜏
= ln 𝐴 − (

𝐸𝑎

𝑅𝑇
) (4.1) 

where A is the pre-exponential factor, Ea is the activation energy, R is the gas constant 

equal to 8.314 J/(mol K) and T is the temperature in kelvin (Figure 4.10a).  

Note that due to the wide variation in dissolution rate, breakthrough times at pH 3.5 

and in pH 6.8 for HCl and SS (vide infra), respectively, were calculated based on 

reaching an APAP concentration an order of magnitude lower (5 μM threshold) than 

that of the more acidic pHs (50 μM threshold). The derived activation energies are 

strongly pH dependent, increasing from 7 kJ/mol at pH 2.0 to 22 kJ/mol at pH 3.5 
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(Figure 4.10b, Table 4.3), consistent with the decrease in rate of APAP release as pH 

increases. The relatively low values of Ea for dissolution between pH 2.0 – 3.0 are 

indicative of solution diffusion control,19 while the larger values of Ea at higher pH 

values indicate that a different process begins to control the dissolution rate, such as 

the swelling and subsequent dissolution of the polymer coating. The gradual increase 

in Ea with pH suggests two (or more) processes contribute to the rate-determining step, 

and their relative importance shifts with pH. This is consistent with the literature where 

protonation of tertiary amine groups leads to swelling of the polymer, resulting in the 

expansion of the polymeric chains due to electrostatic repulsion and release of APAP 

into the dissolution medium (the mechanism of this process is discussed in further 

detail in Chapter 5).45–47  

 

Figure 4.8. Amperometric release profile (i-t curve) up to 300s in real-time of APAP 

release from 100 mg of MP beads in HCl dissolution media at pH 2.0, at a fixed 

potential based on the limiting current (1.0 V), shown in APAP concentration (mM) 

at increasing temperatures. Inset: Zoom from time 0 – 50 s, where the grey dotted 

line denotes the breakthrough time, τ. Note the apparent decrease in concentration 

at later times is due to a decrease in current due to fouling and does not represent a 

decrease in APAP concentration. 

It should be noted that there is an offset in the APAP concentration relative to the pH 

shown in Figures 4.8 and 4.9. This is attributed to the varying rate of fouling of the 

electrode vide supra (Figure 4.6) and is not indicative of a decrease in concentration. 

The concentration level in the resultant bulk solution is confirmed by the subsequent 

CV with a polished electrode upon completion of the i-t curve (Figure 4.7).  
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Figure 4.9. Amperometric release profile (i-t curve) up to 300s in real-time of APAP 

release from 100 mg of MP beads in HCl dissolution media, at a fixed potential 

based on the limiting current (1.0 V) shown in APAP concentration (mM) at 

increasing temperatures at (a) pH 2.5, (b) pH 3.0, and (c) pH 3.5 and 4.0 at APAP 

concentration (µM). Inset for a) and b) indicates the zoom the breakthrough time, τ, 

with the grey dotted line.  

(a)

(b)

(c)
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Figure 4.10. (a) Arrhenius plots showing the rate of dissolution of APAP for pH 2.0 

– 3.0 at 0.05 mM and pH 3.5 and 6.8 (SS) at 0.005 mM, where τ is 1/time (s) vs. 

temperature (T) in K. The slope is –Ea/R from the Arrhenius equation. (b) Activation 

energies (Ea) in kJ/mol for calculated at 50 µM and 5 µM for pH 2.0 – 3.0 and  

pH 3.5 and 6.8 (SS) respectively. 

 

 

(a)

(b)
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Table 4.3. The corresponding linear slopes to the Arrhenius plots for HCl dissolution media 

at pH 2, 2.5, 3, 3.5 and 6.8. pH 2.0 – 2.5 calculated at concentrations 50 – 750 µM, pH 3 at 

50 – 500 µM and pH 3.5 and pH 6.8 calculated at 5 µM. The slope (m) is –Ea/R from the 

Arrhenius equation. 

 

  

pH 
APAP Conc.  

(µM) 
Slope R2 

Ea 

(kJ/mol) 

2 

50 -826.56  ±  41.24 0.993 6.9 

75 -1124.10 ±  128.96 0.962 9.4 

100 -1173.39 ±  71.45 0.989 9.8 

150 -1273.81 ±  159.55 0.955 10.6 

200 -1228.67 ±  138.78 0.963 10.2 

250 -1434.70 ±  92.86 0.988 11.9 

500 -1495.97 ±  90.39 0.989 12.4 

750 -1305.61 ±  113.46 0.978 10.9 

2.5 

50 -1598.57  ±  140.84 0.977 13.3 

75 -2018.52  ±  234.86 0.961 16.8 

100 -2149.99  ±  342.84 0.929 17.9 

150 -2369.40  ±  273.65 0.962 19.7 

200 -2406.83  ±  261.41 0.966 20.0 

250 -2461.94  ±  207.69 0.979 20.5 

500 -2636.45  ±  101.08 0.996 21.9 

750 -2666.66  ±  201.94 0.983 22.2 

3 

50 -2174.69  ±  153.26 0.985 18.1 

75 -2379.29  ±  222.09 0.975 19.8 

100 -2433.05  ±  235.15 0.973 20.2 

150 -2461.78  ±  152.48 0.989 20.5 

200 -2601.69 ±  92.60 0.996 21.6 

250 -2690.50  ±  80.49 0.997 22.4 

500 -2569.60  ±  53.18 0.999 21.4 

3.5 5 -2672.25  ±  183.56 0.986 22.2 

6.8 5 -4555.25  ±  1175.11 0.834 37.9 
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The RDE method has been used to confirm the pH-dependent solubility of KCSS in 

HCl solutions. The fast time resolution enables facile measurement of the dissolution 

kinetics at elevated temperature, and subsequent extraction of the apparent activation 

energy. This also suggests that temperature in particular of the food or liquid carrier 

may have an effect on the polymer taste masking ability, as there is the possibility that 

there is some degree of protonation of the tertiary amine group of the KCSS polymer, 

then some of the API may have been released and can be detected in the carrier itself. 

Interestingly the APAP release rate is shown to drop significantly above pH 3.0, with 

a concomitant increase in activation energy, in contrast to the reported solubility up to 

pH 5.5.42,43 Given the significance of this pH range in vivo, where solutions are 

naturally buffered, the origin of the pH-dependence was explored further in pH-

buffered dissolution media. 

4.3.4. Rotating Disc Electrode Calibration for Acetate and Citrate 

Buffer Dissolution Media 

To investigate the effect of buffers on dissolution, the limiting current density was also 

calibrated to APAP concentration (Section 4.3.1) under the relevant buffer conditions. 

Typical calibration plots are shown in Figure 4.11 and calibration data are in Table 

4.4. 

  

Figure 4.11. Example calibration curve for APAP (powder) dissolved in dissolution 

media 100 mM acetate buffer, for pH range 3.6 – 5.0, at limiting current 1.0 V.  
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Table 4.4. Calibration slopes for dissolution media acetate and citrate buffers pH 3.6 – 5.0 

and pH 3 – 5.0 respectively at concentrations 25 mM and 100 mM. 

Buffer pH Slope R2 Buffer pH Slope R2 

 

Acetate 

25 mM 

  

   

Citrate 

25 mM  

3.0 1.248 0.995 

3.6 1.235 1.000 3.6 1.273 0.998 

4.0 1.234 0.994 4.0 1.310 0.999 

4.5 1.283 0.999 4.5 1.381 0.994 

5.0 1.284 0.998 5.0 1.258 0.999 

 

Acetate 

100 mM 

  

   

Citrate 

100 mM  

3.0 1.249 0.999 

3.6 1.315 1.000 3.6 1.227 1.000 

4.0 1.236 1.000 4.0 1.225 0.997 

4.5 1.250 0.999 4.5 1.238 0.998 

5.0 1.297 1.000 5.0 1.185 1.000 

 

4.3.5. Effect of Acetate, Citrate and Simulated Saliva Buffered 

Media on Dissolution 

Many physiological fluids in the gastrointestinal tract are buffered, thus it is important 

to also study MP formulation dissolution in model buffered systems. Both acetate and 

citrate buffers are commonly used to simulated biological fluids with pH values of  

≤ 5.0, such as the fed state of intestinal fluids.22–24 Acetic acid has a pKa of 4.76 at  

25 °C (and 37 °C), and citric acid (a triprotic acid) has a similar pKa2 of 4.76 at 25 °C 

(4.75 at 37 °C).22  

RDE dissolution experiments were carried out over the useful pH range of each buffer, 

at both 25 mM and 100 mM buffer concentrations (Figure 4.12). Similar features to 

that seen from dissolution in HCl at pH ≤ 3.0 were observed at all pH values studies, 

with a pH-dependent steady state region, followed by a rapid rise in current and then 

a decay. Subsequent CV measurement of the APAP concentration with a polished 

electrode revealed that all cases showed ca. 2 mM APAP concentration values post 

dissolution (Table 4.5). A similar response is also observed for the HCl dissolution 

media.   
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Figure 4.12. Averaged amperometric release profiles (i-t curve) across APAP 

dissolutions (N=3) from 100 mg of MP beads, at a fixed potential based on the 

limiting current (1.0 V), in (a) acetate buffer and (b) citrate buffer dissolution media 

at pH range 3.0 – 5.0 measured by current density (mA/cm2) at buffer concentrations 

of 25 mM (dotted line) and 100 mM (solid line). 

 

  

(a)

(b)
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Table 4.5. Average current density and APAP concentration values at 1.0 V corresponding 

to ilim for acetate and citrate buffer DM for pH 3.6 – 5 and pH 3.0 – 5.0, respectively.  

 

From Figure 4.13, the fouling percentage for buffered DM has a general increase as 

the pH increases, following the trend observed for the HCl DM (Figure 4.6). The levels 

of fouling for all buffered media are less than the fouling levels observed for HCl pH 

3.0. This suggests that the overall fouling levels for buffered media are less than those 

for unbuffered, however, there is a caveat as the buffered pHs had shorter dissolution 

times. In which case, HCl DM at pH 2.0, has a similar dissolution timescale to the 

buffered media, which shows that during a short period of time buffers can cause a 

higher level of fouling compared to unbuffered media at pH 2.0. There also does not 

seem to be any particular pattern between the concentration of the buffers and the 

percentage of fouling.  

Buffer pH 

Current 

Density 

(mA/cm2) 

Current 

Density (SD)  

(mA/cm2) 

APAP 

Conc. 

(mM) 

APAP 

Conc. (SD)  

(mM) 

Acetate 

25 mM 

3.6 3.1 0.2 2.5 0.1 

4.0 2.9 0.1 2.3 0.04 

4.5 2.9 0.04 2.2 0.03 

5.0 3.1 0.1 2.4 0.1 

Acetate 

100 

mM 

3.6 2.9 0.1 2.2 0.04 

4.0 2.8 0.1 2.2 0.1 

4.5 2.8 0.2 2.2 0.2 

5.0 2.9 0.00 2.3 0.00 

Citrate 

25 mM 

3.0 3.0 0.03 2.4 0.03 

3.6 3.0 0.2 2.4 0.1 

4.0 2.9 0.1 2.2 0.1 

4.5 2.9 0.01 2.1 0.01 

5.0 2.8 0.1 2.3 0.1 

Citrate 

100 

mM 

3.0 2.7 0.04 2.2 0.03 

3.6 2.8 0.1 2.3 0.1 

4.0 2.8 0.1 2.3 0.1 

4.5 2.9 0.1 2.3 0.04 

5.0 2.8 0.1 2.4 0.1 
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Figure 4.13. Fouling effect of buffered dissolution media (acetate and citrate) at 

concentration levels 25 and 100 mM on the Pt RDE surface, comparing the 

percentage change from the current density (mA/cm2) at the peak height of the i-t 

curve and the limiting current density of the CV in the bulk solution post cleaning 

of Pt electrode surface. The % fouling is shown as 100 x (ilim – ip)/ilim. 

Measurements were also carried out in SS (pH 6.8), which showed a much longer 

steady state period and a much slower increase in current which did not reach a peak 

on the timescale of the measurement (Figure 4.14). This is consistent with the large 

activation energy measured for dissolution in SS, vide supra (Section 4.3.3). 

Significantly, the measurements reveal that dissolution occurs at pH values up to 5.0 

in the presence of buffers, but does not occur at pH values above 3.5 for HCl DM.  

The dissolution of APAP in the SS DM at pH 6.8, is seemingly negligible with the 

release of APAP equating to a concentration range of ca. 0.2 – 0.4 mM with an average 

of 0.31 ± 0.08 mM for temperatures 20 – 40 °C after a period of 90 minutes. 

Furthermore, the breakthrough rate, τ-1, in buffered pH 5.0 solution is comparable to 

the fastest times in HCl at pH 2.0.  
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Figure 4.14. Averaged amperometric release profiles (i-t curve) across APAP 

dissolutions (N=3) from 100 mg of MP beads at a fixed potential based on the 

limiting current (1.0 V), measured by current density (mA/cm2) and calculated 

APAP concentration values for SS DM at 6.8 at temperature 20 °C. Inset: zoom on 

first 2100 s of dissolution for temperatures 20 – 40 °C. 

These results can be understood with reference to the mechanism of APAP release, 

which involves the polymer consuming free H+ as the tertiary amine group becomes 

protonated. The electrostatic repulsion between the like-charged polymer chains 

causes swelling which subsequently facilitates the dissolution of the polymer coating, 

exposing the APAP layer to the dissolution media.45–47 The consumption of H+ raises 

the local pH and leads to dissolution being limited by the rate of diffusion of H+ to the 

polymer surface. 

These buffer effects correlate to a similar trend in the literature for various KCSS 

polymer coated caffeine tablets, pellets and crystals under standard USP dissolution 

testing methods via HPLC analysis in biorelevant media FeSSIF at pH 5.8,48 thus 

corroborating the trends elucidated are due to the protonation interaction of the KCSS 

polymer from the surrounding buffer media. This therefore confirms that KCSS can 

be protonated at pH 5.5 and below depending on the media being in the buffered state.  
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4.3.5.1. Experimental Buffering Effects on Dissolution Rates  

In contrast to unbuffered solutions, buffer solutions of the equivalent pH have a high 

concentration of undissociated buffer at the surface which provides a reserve of H+ via 

dissociation (Equation 4.2).38  

 RCOOH(aq) +  H2O ⇋  𝑅COO−
(aq) +  H3O+  (4.2) 

Thus, while the proton concentration at moderate pH can be substantially perturbed in 

unbuffered media, limiting the rate of dissolution, the concentration is maintained in 

the presence of buffers enabling continuing protonation, and therefore dissolution, of 

the polymer, and rapid exposure of the underlying APAP. The dissolution rate and its 

order with respect to H+ concentration was analysed using log-log plots (Figure 4.15 

and Table 4.6.)  

  

Figure 4.15. Rate plot of APAP dissolution at pH 3.6 – 5.0 and pH 3.0 – 5.0 for 

acetate and citrate buffers respectively at buffer concentrations of 25 and 100 mM. 

Calculated at an APAP concentration of 0.25 mM, τ is the log of the reciprocal of 

time, T (s) vs. pH. Lines show best fit from least squares regression. 
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Table 4.6. APAP dissolution rate of buffers vs. HCl DM 

Dissolution Media Temp. (°C) / Conc. (mM) Gradient 

HCl 20 °C 0.602 

Acetate Buffer 
25 mM 0.266 

100 mM 0.157 

Citrate Buffer 
25 mM 0.172 

100 mM 0.137 

 

The dissolution rate is shown to increase with buffer concentration and have an order 

of much less than one with respect to the H+ concentration, which therefore supports 

the idea that dissolution rate is limited by the supply of H+ in unbuffered media.  

In order to illustrate this analysis, the rate can be given by,  

 𝑟𝑎𝑡𝑒 = 𝑘[H+]𝑛 (4.3) 

 𝑙𝑜𝑔(𝑟𝑎𝑡𝑒) = 𝑙𝑜𝑔 𝑘 +  𝑛 𝑙𝑜𝑔[𝐻+] (4.4) 

 𝑙𝑜𝑔(𝑟𝑎𝑡𝑒) = 𝑙𝑜𝑔 𝑘 −  𝑛 𝑝𝐻 (4.5) 

Thus, the slope of the plot of log(rate) versus pH should be equivalent to the reaction 

order, which is shown in Figure 4.15.  
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4.3.6. Estimation of Timescale for the Protonation of the KCSS 

Polymer Surface 

To rationalise why the buffers had such a dramatic effect, a simple model was 

formulated to estimate the timescale for complete protonation, using a series of 

experimental assumptions under unbuffered conditions. McNamara and Amidon,7 

determined the effect of the buffer concentration by the calculation of pH at the surface 

of the drug versus pH in the bulk. Therefore, by applying this principle, the number of 

tertiary amine groups on the KCSS polymer surface can be calculated to determine the 

rate of protonation at a given pH.   

In the case of HCl DM, the time required for the acid to protonate all the amine groups 

was calculated under the following assumptions, i) all tertiary amine groups are on the 

surface and ii) all tertiary amine groups are exposed to the solution and only release 

APAP after the polymer film has fully dissolved. For protonation to occur, the H+ must 

first diffuse to the polymer surface. Here, Fick’s first law of diffusion is applied as 

shown in Equation 4.6,  

 𝐽𝐻+ = −𝐷𝐻+ (
𝑑𝑐𝐻+

𝑑𝑥
) (4.6) 

where J is the diffusion flux in mol cm-2 s-1, DH
+ is the diffusion coefficient of H+ as 

seen in the literature49 at 7.9×10-5 cm2 s-1 (accounting for the presence of electrolyte), 

dcH+/dx is the concentration gradient, given by the difference in concentration from 

the bulk to the surface (x-coordinate) in mol/cm3 (assuming zero concentration at the 

surface), with a the boundary layer thickness estimated at 100 µm,50 which, as a system 

dependent value was therefore adjusted for the parameters for this system based on 

similar boundary conditions.51  

The effective surface concentration of tertiary amine groups (under assumption i) was 

determined from the volume of the polymer layer on an average sized MP bead, the 

mass of the layer and the formula weight of the polymer and equated to 2.89 mol  

cm-2 of amine groups on the surface. The number of amines on the surface was then 

divided by the calculated flux, J, to obtain the time in seconds it would take for 

sufficient H+ to reach the polymer’s surface and to protonate all the available tertiary 

amines. The variables calculated are shown in Table 4.7, with the corresponding 

values at each pH of the HCl DM is observed in Table 4.8. 
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Table 4.7. Calculated variables for the protonation of the KCSS polymer surface.  

† based on KCSS polymer coating level of 15 % w/w 

‡ based on 50 % polymer content in dried film  

Variable Value  Units Details 

Radius Average bead size 

of MCC+APAP+KCSS  
0.966 mm  

Volume of sphere 0.472 mm3  

Average bead size of 

MCC+APAP only radius 
0.941 mm  

Average bead size of 

MCC+APAP only volume 
0.436 mm3  

Resultant polymer volume 0.036 mm3  

Calculated MW of KCSS 

polymer 
1256.62 g/mol 

Repeating units MMA 

= 7 and DEAEMA = 3 

Resultant MW of total 

amine groups 
418.87  g/mol  

KCSS polymer coating 

level 
15 % w/w  

Average mass per bead  0.662 mg Total mass 

15 % of bead mass† 0.0863 mg From 1 bead 

50 % of KCSS polymer‡ 0.0432 mg  

Polymer mass gain per 

bead† 
8.64×10-5 g  

Polymer mass in dried 

film‡ 
4.319×10-5 g  

Polymer density  12097.63 g/m3 Calc. from vol 

Amine molar volume 2887.87 mol/m3 
Calc. from total amine 

groups 

Amine density 2.89 M  

Polymer film thickness 12.5 µm  

Amines on polymer 

surface 
3.61 mol/cm2 Assumes flat surface 

Boundary layer thickness 100 µm 
Concentration boundary 

layer thickness 

DH+ in electrolyte solution 7.9×10-5 cm2 s-1  
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Table 4.8. Values for the calculation of time taken to protonate the polymer surface and the 

experimental breakthrough time, τ of APAP.  

pH of  

HCl 

DM 

ΔC  

(10-6  

mol cm-3) 

Flux, J  

(10-9 
 

mol cm-2 s-1) 

Calculated 

time for H+ to 

reach amine 

(s) 

Exp. time 

to reach 

APAP 

threshold 

(s) 

APAP 

threshold 

(μM) 

2.0 10.00 79.00 46 51 

5  2.5 3.16 25.00 144 92 

3.0 1.00 7.90 457 202 

3.5 0.316 2.50 1445 339 50  

4.0 0.10 0.79 4569 - - 

 

The comparison of the theoretical and experimental breakthrough time, τ of APAP is 

shown in Figure 4.16, as well as numerically in Table 4.8. From this data, it is observed 

that the calculated time taken for the polymer to be protonated and consequently 

release APAP is longer overall than the experimental values observed. Given the R2 

of 0.995 for the experimental data it has a strong indication of a positive linear 

association between the pH and τ. It therefore suggests that the polymer protonation 

or breakdown is not directly proportional to the release of the API.  

  

Figure 4.16. log-log values of breakthrough time, τ as a function of pH for estimated 

and experimental values of τ.   

y = x - 0.34

R2 = 1 

y = 0.56x + 0.59

R2 = 0.995
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Whilst a simple model, it indicates that the calculated time to protonate all the 

available tertiary amines is longer than is experimentally observed for all except pH 

2.0, suggesting: i) that as the polymer is protonated faster at lower pHs, and the 

solubility of APAP is independent of pH up to 7.0 approximately,52,53 APAP is 

released faster into the medium at lower pHs due to the faster protonation of the KCSS 

polymer under these acidic conditions; and ii) that the release of some APAP can occur 

before all the amine groups are fully protonated, as some groups may be protonated 

before others. The experimental times are much shorter than the calculated times, 

despite the calculation likely underestimating the time taken, as it excludes the time 

taken for diffusion of H+ into the polymer coating (as not all the tertiary amine groups 

are on the surface as assumed) and the diffusion of APAP out of the polymer. 

However, the linear trend observed for both calculated and experimental values 

provide a valuable insight of the relationship between pH and the API breakthrough 

time.   

A schematic overview of the proposed polymer protonation leading to the release of 

the API is shown in Figure 4.17.  

    

Figure 4.17. Schematic overview of dissolution process of pH-dependent taste 

masking Kollicoat® Smartseal 30D (KCSS) polymer, releasing the API (APAP) into 

the 25 mL bulk at various pHs of buffered and unbuffered simulated acidic GI tract 

fluid. 
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4.4. Conclusions 

The use of the rotating disc electrode to measure the dissolution behaviour of 

multiparticulate solid dosage forms freely suspended in solution has been 

demonstrated. The high time resolution available enabled the kinetic parameters of an 

instant-release, reverse-enteric polymer-coated formulation to be measured. 

Furthermore, any electrode fouling effects were mitigated by comparing and analysing 

rates at early times. Not only was the strong pH-dependence of the polymer dissolution 

confirmed, whereby the majority dissolution occurred within less than 15 minutes in 

HCl media up to pH 3.0, but also a significant buffer effect was observed, consistent 

with a H+-diffusion limited dissolution mechanism in unbuffered media. Measurement 

of the apparent activation energies for dissolution in HCl were also consistent with a 

diffusion limited process. The observed buffer effect resulted in the complete 

dissolution of APAP at pHs above 3.0 in buffered media in contrast to that of HCl 

media at pH 3.5 and above, where dissolution was largely insignificant across an 

extended period of time. Simulated saliva, although a buffered media showed 

negligible amounts of APAP released over a 90 minute period. This confirms that 

KCSS is protonated to the extent where API release occurs below pH 5.5. Thus, 

demonstrating its effectiveness as a taste masking polymer. Furthermore, from the 

theoretical estimation of the breakthrough time, it suggests that APAP does not require 

the complete dissolution of the polymer in order to be released. The mechanism of 

release is investigated further using topographical mapping techniques in the 

following chapters. This RDE approach should prove useful for studies involving 

electroactive APIs where rapid release is anticipated.  
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5. Chapter 5 

Microstructural Characterisation of 

the Kollicoat® Smartseal 30 D 

Polymer Film During Dissolution  

The use of a polymer coating is an effective way to taste mask active pharmaceutical 

ingredients (API). This study focuses on the physical and chemical response 

mechanism of a poly (methyl methacrylate) (PMMA) and poly (2-(diethylamino)ethyl 

methacrylate) copolymer (PDEAEMA), the Kollicoat Smartseal® 30 D (KCSS) to 

external acidic conditions. Dissolution of this polymer is pH responsive due to the 

tertiary amino groups in its structure, which undergo protonation in acidic media. 

Herein, the KCSS polymer has been studied as a continuous isolated film, as a basis 

for use as a multiparticulate formulation. A novel approach has been designed that 

combines scanning probe microscopy in the form of atomic force microscopy (AFM) 

and solution nuclear magnetic resonance (NMR) spectroscopy to analyse, monitor 

and quantify the physical and chemical dissolution of the KCSS polymer as an isolated 

film, thus advancing our knowledge of its effectiveness as a pH responsive taste 

masking polymer. 

  



Chapter 5 

153 

5.1. Introduction 

Polymers with a pH dependent solubility are versatile in taste masking applications, 

as they can be spray dried onto the API, creating a physical barrier. Furthermore, they 

do not have significant issues with film thickness.1,2 The Kollicoat® Smartseal 30 D 

(KCSS), a methacrylic polymer, is chemically based on a C–C backbone and therefore 

is non-biodegradable.3 As such these polymers cannot be degraded (in-vivo) by 

hydrolysis and/or enzymes,4,5 and therefore, do not undergo degradation (defined by 

cleavage of polymer chains) or erosion (specifically defined as surface or bulk erosion) 

in the same way that as degradable polymers, such as PLGA (poly(lactic-co-glycolic 

acid)). However, it should be noted that all polymers degrade.6,7 Polymers that take 

longer to degrade than the duration of their application be defined as non-degradable 

polymers.7 For example, MMA hydrolysis half-life is ca. 3.9 years at pH 7 and 14.4 

days at pH 9.8  

Stimuli responsive polymers, such as the KCSS, are susceptible to change in their 

physical properties, such as solubility and surface activity, in response to the stimulus, 

which in this case is the change in the pH of the solution. Consequently, shrinkage, 

and swelling can occur when in contact with a stimulating pH.9 Therefore, 

visualisation of the mechanism of response of a polymer coating and consequently 

how drugs are released from solid dosage forms is an area of high interest. 

To further comprehend the KCSS polymer as a coating for oral dosage forms, the 

polymer was studied as an isolated film. This however, has its own challenges in 

formulation where, an ideal polymer film exists when a continuous interpenetrated 

network of polymer chains is created, to produce a homogenous polymer film without 

defects.10 Furthermore, there are three key parameters for optimum film formation 

which the minimum film forming temperature (MFFT), the glass transition 

temperature (Tg) and the use of a plasticiser. The MFFT and Tg for KCSS are 

approximately 57 °C and 63 °C respectively.11,12  
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Poly(methyl methacrylate) (PMMA) homopolymer is a hard polymer, with a Tg of ca. 

105 – 120 °C, whilst poly(2-(diethylamino)ethyl methacrylate) (PDEAEMA) 

homopolymer is a soft polymer with a Tg of ca. 20 °C.13 As the KCSS polymer has a 

single value for the Tg, it suggests that the two monomers are compatible within the 

resultant copolymer, and a single phase is formed where the polymer chains 

amalgamate at the coalescence stage of film formation.14 The chains in the polymer 

emulsion are in an entangled state, and in the process of annealing these chains become 

fluid and move, however, once the film is cooled to room temperature and thus ‘fully’ 

formed, the chains solidify in the glassy state where the chains become ‘fixed’.15  

Atomic force microscopy (AFM) is a useful tool to analyse polymeric films due to its 

capability for displaying surface structures with enhanced spatial resolution.16 

Together with optical microscopy and nuclear magnetic resonance spectroscopy 

(NMR), which are two of the most common ways to study polymer dissolution,17 AFM 

was employed in this study. Herein, the effect an acidic environment had on a KCSS 

isolated film was qualitatively examined, to gain further insight to the morphological 

changes from the polymer’s response to external pH stimuli using AFM and optical 

microscopy. Also, the structural difference of the isolated film was compared to that 

of the polymer coating of the multiparticulate (MP) oral dosage form. Furthermore, to 

observe any changes to the chemical structure of the polymer in the form of an 

emulsion using NMR. As the study of polymers is complex, particularly copolymers 

coupled in a complex sample, the more understanding there is regarding the individual 

components, the better the evaluation is on the ingestion process. 

This chapter investigates the importance on the effect that film formation has on drug 

release, built upon the dissolution profiles observed in Chapters 3 and 4. It is worth 

noting that this study predominately focuses on the polymer film as a single entity, 

with an emphasis on the polymer’s dissolution on a glass substrate, rather than as a 

multiparticulate.    
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5.2. Experimental  

5.2.1. Solutions 

The acidic solution for the physical dissolution of polymer films were prepared using 

HCl (37 %, Sigma-Aldrich, UK) at a concentration of 0.01 M. The pH was measured 

(at pH 2.3) using a pH meter (SevenEasy, Mettler Toledo). The polymer solutions for 

the film formation were prepared using Kollicoat® Smartseal 30 D aqueous dispersion 

(8.333 g, BASF), and 15 % (w/w) of triethyl citrate (TEC) as the plasticiser relative to 

the polymer (0.375 g), was added to aid film formation. The resultant solution was 

then applied to several glass slides. All solutions were prepared using high purity water 

(Purite, Select HP) with a resistivity of 18.2 MΩ cm at 25 °C. 

5.2.2. Preparation of Polymer Film Glass Slides 

The KCSS polymer suspension mixed with TEC was cast onto a pre-cleaned 15 mm 

× 15 mm × 0.55 mm glass slide (Agar Scientific) using a K Control Coater (Model 

101, RK PrintCoat Instruments Ltd.) fitted with a micrometre adjustable applicator. 

Once coated, the polymer-coated glass slide was annealed (oven dried) at 70 °C and 

90 °C for 18 hours, in accordance with the literature.18–21 The resultant films were 

clear and transparent, approximately 50 – 60 µm thick once dry. 

5.2.3. AFM and Optical Microscopy 

An area on the underside of the slide was marked and was imaged before and after the 

addition of the prepared 0.01 M HCl (~ pH 2) acidic solution which were left in contact 

with the sample for 0 – 20 minutes, with 2-minute intervals, excess liquid was 

removed, and the sample was subsequently air dried ready for AFM analysis. 

Additional time intervals were acquired for films made at 90 °C. Time intervals were 

defined based on preliminary tests as well as the resultant data observed for the 

dissolution of MP beads in Chapters 3 and 4. It should be noted that the isolated film 

samples were not suited for in-situ AFM analysis, due to the swelling which results in 

the film becoming gel like (or ‘tacky’).   
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AFM analysis of the KCSS polymer coated glass slides were recorded in air, using an 

Innova® AFM in tapping mode, using a silicon single cantilever probe with resonance 

frequency 75 kHz and spring constant 3 N/m (RFESP-75, Bruker) at room 

temperature. The scan rate was kept at 3 Hz with a resolution of 512 lines and 512 

samples per line. The images acquired were analysed using Scanning Probe Image 

Processor program (SPIP™ 6.0.14, Image Metrology). Samples produced at 90 °C were 

also studied under bright field transmitted light using the optical microscope (Leica, 

DM4000M), to aid the investigation of the polymer’s morphology. The storage and 

analysis of samples were carried out under room temperature and controlled humidity.  

5.2.4. AFM Image Analysis using SPIP™ 

Multiple AFM images were taken; thus, the quantifiable data were averaged from three 

different scan areas (images) of one sample calculated for a 10×10 µm area. Firstly, a 

linewise 2nd order plane correction was applied to each image, followed by a zero 

offset method plane correction, where the bearing height is set to zero background. 

The bearing height is defined as the most dominant height, which is based on a 

histogram of height distribution, levelling the image so that it is set to zero. The value 

of the dominant height is identical to the highest frequency value in the height 

distribution histogram. This z offset method is independently applied after the 2nd 

order plane correction and does not distort the image. It is important to apply this when 

undergoing quantitative measurement utilising the particle and pore feature analysis 

of the software. The presence of ‘pores’ indicate the polymers physical breakdown 

and were defined at a threshold height below 0 nm, so that each image may be cross 

examined equally. Using this threshold, the particle and pore feature analysis was used 

to quantify the features of the polymer breakdown. For the image analysis of the 

isolated film samples made at 90 °C and for the KCSS coated placebo beads, a linewise 

cross-sectional profile was used with an average of 41 lines. 
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5.2.5. NMR Sample Preparation and Spectroscopy   

For NMR analysis, 10 mL of KCSS emulsion was lyophilised to produce a white solid 

powder. The acid treated KCSS polymer sample had additional preparation steps, 

where the polymer emulsion was treated with 50 mL HCl (0.01 M, pH 2), left for 

continuous stirring 28 days. Aliquot samples were taken after 24 hours, 7, 14, 21 and 

28 days. The subsequent solution was then lyophilised to produce ‘acid treated’ KCSS, 

forming a white crystalline solid. Thereafter, deuterated methanol was added to both 

the pure and acid treated KCSS at a concentration of 40 mg/mL. All (1H) NMR 

measurements were performed with Bruker Avance III HD 500 MHz.   

5.2.6. Dynamic Mechanical Analysis (DMA) 

For investigation of the polymers glass transition temperature, ca. 20 mg of the 

lyophilised solid KCSS powder was packed into the metal sleeve sample holder and 

placed into the dynamic mechanical analyser (DMA 8000, PerkinElmer). Heating 

parameters was from -30.00 °C to 280.00 °C at 2.00 °C/min. The resultant curve 

shown in Figure 5.1 is an average (N = 2), where the Tg is shown to be 71.50 °C. This 

is similar to the literature values, where Amit et al., obtained a Tg value of 69.7 °C, 

using the differential scanning calorimetry (DSC) method.22 The mean Tg value 

obtained in this study and from the literature, are higher than manufacturers reported 

Tg value of 63 °C, which also used the DSC method.12  

 

Figure 5.1. DMA thermogram of lyophilised KCSS polymer. The inflection point is 

defined as the midpoint. 
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5.3. Results and Discussion 

5.3.1. Dissolution of Isolated Films 

Firstly, the morphological changes of KCSS polymer films under acidic conditions at 

0.01 M HCl (pH 2) were studied by optical microscopy and AFM imaging.  Polymer 

films were made by annealing at two different temperatures (70 °C and 90 °C) to 

investigate the effect of environmental temperature on the quality of film formation.  

AFM maps of the polymer films made at 70 °C and 90 °C prior acidic treatment is 

shown in Figure 5.2. Films formed at 70 °C, show the presence of many small spheres 

of which are similar in size (on average ca. 160-170 nm in diameter) on the surface 

(Figure 5.2a). However, those films formed at 90 °C formed a continuous film with 

no spherical particles observed (Figure 5.2b). The 70 °C and 90 °C samples both have 

differences in topographical height across the sample area illustrated by the darker 

contrasts of the image. The difference in the polymer spheres present at 70 °C and the 

continuous layer formed at 90 °C could suggest that during film formation, the 

polymer spheres did not fully deform and coalesce to form a continuous layer, 

however given the DMA shown in Figure 5.1 along with the literature suggests that 

70 °C should be able to form continuous films.12 However, the DMA data shown in 

Figure 5.1, could suggest that that 70 °C is not high enough as both the midpoint and 

the endpoint is above this temperature. The difference also demonstrates the sensitivity 

of the process and the importance of temperature control during film formation. 

 

Figure 5.2. Polymer film formation examined by AFM in air, under conditions of  

a) formed at 70 °C and b) formed at 90 °C, before acidic treatment with 0.01 M HCl. 
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5.3.1.1. Dissolution of Polymer Films Prepared at 70 °C 

It should be noted that in-situ AFM analysis was not possible due to the soft, gel-like 

nature of the polymer in contact with an acidic aqueous medium. Therefore, the 

structural changes for the polymer films were observed at timed intervals where the 

acid was removed after contact and subsequently air dried before AFM analysis. Time 

intervals were based on the imaging of preliminary test samples and the dissolution 

data observed in Chapters 3 and 4. 

The structural observations are consistent with the literature where the polymer begins 

to swell in response to the acidic medium and thus the expansion (opening) of the 

polymer chains occurs, along with increased hydrophilicity thus increasing the 

polymer solubility, as shown in  Figure 5.3.9,23,24  

 

Figure 5.3. Schematic of swelling activity of pH responsive polymers. A polybasic 

polymer shows a collapsed state in a high pH and a swelled state in a low pH. 

(Adapted from Mutalabisin et al., 2018).9 

Furthermore, this demonstrates the dissolution process observed by the AFM images 

(Figures 5.5 – 5.7), in accordance with the literature. The polymer initially is in the 

‘glassy state’ and upon penetration of the solvent the polymer makes the surface 

transition to the ‘rubbery state’, at concentrations above a critical level chain 

disentanglement occurs and true dissolution initiates, as shown in Figure 5.4. This 

layer appears ‘gel’ like.25 
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Figure 5.4. 1D schematic of solvent diffusion and resultant polymer dissolution. A 

glassy polymer swells due to the penetration of the solvent and transitions from the 

glassy state into the rubbery state, where at a high concentration chain 

disentanglement occurs. (Adapted from Narasimhan and Peppas, 1997).25 

Upon the acidic treatment of the polymer film formed at 70 °C topographical changes 

to the films structure are observed, as shown in Figures 5.5 – 5.7. Formation of ‘pores’ 

begin to occur within the film within 2 minutes of acid treatment and continue to grow. 

These pores are depicted as the darker shades corresponding to the z scale bar showing 

the depth of the pores in nm.  

By 4 minutes, clear distinct pores are visible, they continue to grow in numbers and 

the surface becomes rougher and pores begin to merge creating larger clusters which 

can be observed at 8 min. The size of pores then gradually decreases around 14 

minutes up until 20 minutes where the polymer has completely dissolved, leaving the 

glass slide underneath exposed. The topographical images provide qualitative 

visualisation of the changes within the polymers structure as an isolated film.  
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Figure 5.5. Set 1 AFM topographical maps of the KCSS polymer film prepared at 

70 °C after treatment with 0.01 M HCl, for times 2, 4, 8, 12, 16, and 18 minutes. 
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Figure 5.6. Set 2 AFM topographical maps of the KCSS polymer film prepared at 

70 °C after treatment with 0.01 M HCl, for times 2, 4, 6, 10, 14, and 20 minutes. 

Outline of pore analysis is shown at 6 minutes as an example.  

 
Figure 5.7. Set 3 AFM topographical maps of the KCSS polymer film prepared at 

70 °C after treatment with 0.01 M HCl, for times 2, 4, 8, 10, 12, and 16 minutes. 

Outline of pore analysis is shown at 10 minutes as an example. 

Figure 5.8 is a depiction of the physical changes to the polymer structure. As shown 

the polymer starts to physically erode, thus creating ‘pore-’ or ‘pit-’ like forms of 

erosion. Here, the mechanisms that can take place during polymer dissolution are 

illustrated. Figure 5.8 (a) appears to be the most common the starting point (emerging 

at 2 min), whereby the pore gradually increases in diameter and depth until reaching 

the layer of the glass slide (is appears as uniform dissolution).  
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Illustrated by Figure 5.8 (b) and (c) are where the pores can either grow wider or 

deeper. ‘Merging’ of these pores illustrated by Figure 5.8 (d) is shown to occur, 

specifically in a proximity to those that have already started the pore forming process. 

However, it also appears that the pore formation can occur at different rates, resulting 

in larger or deeper pits in comparison to those surrounding it at a given time, as 

illustrated in Figure 5.9.   

 

Figure 5.8. Schematic of ‘pore’ formation of the polymers surface from the 

expansion of polymer chains in response to an external acidic environment.  

To confirm the hypothesised stages of dissolution, cross-sectional profiles across the 

area of pores were analysed as shown in Figure 5.9. An example AFM image with the 

Particle-Pore Feature Analysis colour coded extracted from Figure 5.5 (Set 1) at 8 min 

and the corresponding cross-sectional lines, along with a graphical representation of 

Particle-Pore profile is shown.  

 

Figure 5.9. AFM cross-sectional line analysis of film prepared at 70 °C at 8 minutes, 

colour coded corresponding to graphical line profile distribution for a 10×10 µm 

area.  
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Here, the stages of dissolution are illustrated where pores are observed to be 

individual, merging and of varying widths and depths. The lines 1, 2, 3, and 4 

correspond to the schematic demonstrating the types of pore formation of a, b, c, and 

d respectively as shown in Figure 5.8. This, therefore, elucidates and thus confirms 

the types of pore formation that occurs.  

Using the Pore and Particle Feature Analysis Image Tool in the SPIP™ software, the 

analysis of these ‘pores’ and other structural changes were able to be quantified. Each 

image was analysed using a 10×10 µm of the sample’s areas. The surface coverage 

details the percentage of pores covering the surface, which ranges from 38 % to 55 % 

between 2 and 18 minutes of acid treatment. The number and area of the pores were 

also calculated along with the depth of each pore given by the z range from the 

threshold, which can be observed in Figure 5.10. 

The area and depth of the pores follow a general increase with time until ‘halfway’ 

through the dissolution process (8 – 10 min), followed by a subsequent decrease in 

trend until completely dissolved. From the structural changes seen in these Figures 5.5 

– 5.7, the pores appear to expand in size and depth and then shrink, seemingly 

dissolving until the film is no longer present. This is represented in Figure 5.10, where 

the number of pores and the area of pore are seen to have a contrast in trend. Upon 2 

minutes of contact, the ‘starting’ point of analysis is where there is a considerably high 

number of pores as the polymers tertiary amine group becomes protonated and 

therefore becomes more soluble. The number of pores begin to decline at time 8 

minutes as larger pores begin to form due to ‘merging’ this is shown by the increasing 

trend in the pore area. The peak of the pore area occurs at 10 minutes, which 

consequently has the smallest number of pores. As the time of contact with acid 

increases past 10 minutes there is a decline in area size of pores (and a subsequent 

increase in the number) due to most of the polymer ‘shrinking’ and dissolving, those 

larger ‘pores’ would have now dissolved leaving only a small remainder of the 

polymer behind. The depth of the pores follows a similar trend to the area, suggesting 

that as the pores become wider, they also become deeper. At 8 and 10 minutes the 

pores are the deepest as well as the widest, the deepest pores are observed at 16 

minutes, where the area of the pores are now substantially smaller.  
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Figure 5.10. Averaged graphical representation of the pore analysis (N = 26 samples) 

relative to the structural changes upon dissolution of the KCSS polymer made at  

70 °C within a 10×10 µm area, where  a) the number or pores, b) the mean area of 

pores and c) the mean depth of the pores. Spearman rank graphical correlations 

shown for the normalised three variables studied, d) area per pore vs the no. of pores, 

e) depth per pore vs no. of pores and f) depth per pore vs area per pore.  
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To confirm whether the observed trends were valid, statistical analysis in the form of 

a spearman rank correlation was conducted. The correlation observed for each of the 

three variables are presented in its normalised state shown in Figure 5.10 (d) – (f) and 

Table 5.1. There is a very strong, negative correlation for area per pore vs the number 

of pores [Rs(24) = -0.979, p < 0.001] and a strong negative correlation for the depth 

per pore vs the number of pores [Rs(24) = -0.694, p < 0.001], which are both 

statistically significant. Conversely, there is a strong, positive correlation for the depth 

per pore vs the area per pore [Rs(24)= 0.683, p < 0.001], which is also statistically 

significant. This statistical significance confirms the trends observed where, as the 

number of pores declines the depth and area per pore increases and vice versa, as well 

as the general trend that the area and depth per pore follow a similar pattern in growth 

and decline.  

Table 5.1. Spearman rank correlation values for pore variables in terms of number, area, 

and depth for p-value < 0.001.  

Variable 1 Variable 2 
Spearman Rank 

Correlation Coefficient (Rs)* 

Area per Pore No. of Pores -0.979 

Depth per Pore No. of Pores -0.694 

Depth per Pore Area per Pore 0.683 

         *p-value < 0.001, and N = 26 for all variables 

The AFM image and analysis demonstrated that the dissolution of the polymer film is 

heterogeneous. This is also evident given the large variation in the standard deviation 

across each region of the topographical map (vide supra). 
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5.3.1.2. Dissolution of Polymer Films Prepared at 90 °C 

The dry isolated film at 90 °C differed from those made at 70 °C, where spherical 

particles were still visible. Therefore, these films produced at 90 °C were analysed to 

not only to investigate the structural response to dissolution but also if the dissolution 

response differed from those made at 70 °C. 

At 90 °C no ‘particles’ were visible (vide supra, Section 5.3.1), which suggested that 

for films prepared at 90°C the dissolution process may take longer. Analysis of the 

AFM images for films prepared at 90 °C, showed similar and dissimilar attributes to 

those prepared at 70 °C, as shown by the AFM images in Figure 5.11. Comparable to 

70 °C films, swelling occurs as expected and pore formation is observed 

predominately from 12 minutes. Furthermore, these pores at 16 minutes are 

particularly distinguishable as well defined and spherical in shape. Dissimilarly, the 

pores took longer to appear and are much wider in size. This could have occurred as 

at 90 °C a more homogeneous film appeared to have formed, thus resulted in a reduced 

surface area in contact with the acidic solution. Whilst the swelling of the polymer 

was visible by the expansion of chains ‘pores’ were formed, but also larger structural 

differences that are better suited to be identified as ‘ridges’ shown in Figure 5.12.  

Thus, the Pore and Particle Feature Analysis Image Tool in the SPIP™ software was 

not used to analyse the images for the films prepared at 90 °C, as it was unable to 

correctly identify between the ‘pore’ and the ‘ridges’ in the topographical features 

observed. To remedy this, horizontal cross-sectional profiles of the imaged area were 

used to determine the size and depth of both the ridges and pores. Furthermore, under 

acid treatment, these films produced large structures with a considerable topographical 

height difference in the imaged area and as a result were more challenging to image 

using AFM. Therefore, optical microscopy was used in conjunction, given the 

complexity in AFM imaging. The samples were therefore examined under the optical 

microscope for further investigation of morphology and to gain a clearer perspective 

on the polymer film dissolution. The corresponding cross-sectional analysis is 

observed under each AFM image shown in Figure 5.11.  
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These cross-sectional profiles for the films prepared at 90 °C, are also seen to 

correspond to the pore formation mechanisms observed for those films prepared at  

70 °C (vide supra). At 16 min, there is a clear demonstration of phase (c) from Figure 

5.8 occurring. However, at 90 °C the majority of the pore formation correlates to  

phase (d).  

 

Figure 5.11. AFM topographical maps of the KCSS polymer film prepared at 90 °C 

after treatment with 0.01 M HCl. At times 4, 12, 16, 20, 30, and 45 minutes, with 

the corresponding graphical representation of cross-sectional profiles across.  

Optical imaging allows for a non-contact visual observation of the polymer film in its 

current state as well as utilising the higher magnification levels, confirms the presence 

of the structures within the polymer film (Figure 5.12) observed by the images 

produced by AFM (Figure 5.11).  
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Figure 5.12 shows ‘cracking’ within the polymer structure at 2- and 4-minutes. By 8 

minutes swelling is observed which continues until 30 minutes, along with 

overlapping of ridges. Opening of polymer chains is visible and within these pores the 

AFM images were taken (due to the flatter surface). At 45 min the morphology appears 

to suggest that the overlapping ridges of swelling have not reached dissolution leaving 

wide pores. This correlates to the observations detected with AFM at the same time. 

It took approximately 60 minutes to reach complete dissolution of the polymer film, 

almost triple the time it took for films prepared at 70 °C. 

 

Figure 5.12. Morphology of polymer films prepared at 90 °C using bright field 

transmitted light post contact with 0.01 M HCl. At times 2, 4, 8, 12, 16, 20, 30, and 

45 minutes. Area of polymer chains opening highlighted at 20 minutes.   
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The mechanism of dissolution follows the same process, however, a 90 °C there is an 

increase in time before dissolution is complete. Furthermore, the structural changes in 

the polymer film appear on a larger scale.  

From the observed morphological response of the polymer structure to an acidic 

medium along with the knowledge from the literature. The suggested mechanism of 

‘degradation’ for the KCSS is firstly swelling of the polymer, which occurs as a 

prelude to polymer dissolution and lastly degradation by erosion (specifically for a 

continuous isolated film).17,25,26 The swelling of the polymer is due to the electrostatic 

(Coulombic) repulsion of the positively charged neighbouring groups, which leads to 

changes to its conformational structure and hydrodynamic volume. This swelling 

ultimately allows for the release of the drug into the external environment.13–19 

Therefore, the polymers structural changes observed in this study show that in this 

case the drug is released in gastric fluid and insoluble in salivary fluid.   

  



Chapter 5 

171 

5.3.2. Dissolution Comparison of Polymer Isolated Films to Polymer 

Coated Multiparticulates 

Whilst examining the polymer as an isolated entity is valuable and provided an 

important insight to the polymer’s pH responsiveness. It is not however in the form of 

a coating of an API, as it would be as a MP formulation. As the MP are of a large 

spherical shape (ca. 950 µm) and its soft nature, it was not practically sustainable to 

study many MP beads under the atomic force microscope. Thus, a brief inquiry was 

undertaken to study a small sample of polymer coated multiparticulates.  

Figure 5.13 shows the AFM topography of a spray coated polymer coating at 70 °C 

upon a placebo bead before and after 20 minutes of contact with 0.01 M HCl solution. 

It should be noted that the polymer particle shape and size differ in its appearance 

compared to polymer coated glass slide images vide supra which is predominately 

attributed to the fluidised bed application of polymer but also the MCC substrate. This 

is known from preliminary testing of AFM imaging of both polymer-coated 

multiparticulates and glass slide substrates. Before the addition of acid, particles are 

visible within the polymer structure. After 20 minutes of contact with acid the particles 

have increased in size, suggesting swelling has occurred. To quantify this observation, 

cross-sectional profiles were drawn as shown on the AFM images. These correspond 

to the graphical profile shown in Figure 5.14, where there is a clear indication of 

‘pores’ indicated by the depth and width of the line profile. This suggests that the 

dissolution mechanism described previously occurs for KCSS polymer coating in the 

form of a MP formulation.  

 

Figure 5.13. AFM topographical maps of a KCSS polymer coating formed at 70 °C 

onto a MCC bead, using the Wurster process in fluidised bed coater, a) before 

addition of acid and b) after 20 minutes of contact with acid (0.01 M HCl).   
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Figure 5.14. Corresponding line profile for cross-sectional analysis of AFM 

topographical map of MP bead (Figure 5.13), before (blue) and after (red) 20 

minutes of contact with 0.01 M HCl. 

In Figure 5.14 similar line profiles to the polymer films formed at both 70 and 90 °C, 

are observed in response to an acidic environment. As a result, the pore formation 

mechanisms discussed previously (Figure 5.8) are applicable. This suggests that the 

dissolution of the polymer is intrinsic to the polymer layer itself, rather than the 

substrate it is produced on or temperature of film formation (as long as it is above the 

Tg and MFFT).  
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5.3.3. 1H NMR of Acid Treated Kollicoat® Smartseal 30 D Emulsion  

The penetration of solvent is the first step to many polymer dissolution processes.7,
 
27 

Due to the  defined number of tertiary amine groups, upon contact with acidic media, 

these amine groups are protonated and the polymer swells and dissolves as a result. 

This protonation reaction makes the polymer more water soluble. It is known that the 

pH for hydrolysis of PDEAEMA to occur is insignificant below 7,28,29 with the 

hydrolysis half-life to occur in 4.54 days at pH 7 and 3.31 hours at pH 9 at 25 °C.30,31 

The pKa of DEAEMA monomer is 8.8 and the pKa of its corresponding homopolymer 

is 7.5.25,26 As previously discussed, an increase in pH (above its pKa) the polymer 

would be in its collapsed state and therefore, no significant swelling would 

occur.7,9,29,30,33 DEAEMA is characteristically immiscible in water and therefore 

insoluble at neutral pH. It therefore exists in the hydrophilic phase in acidic conditions 

and hydrophobic phase at pH 6 and above.34 The resultant conformational change is 

attributed to the neutralisation of the charged amine groups by the presence of OH 

groups upon the addition of a base.35 In the study led Darabi et al., 2015 it has been 

shown that in an environment of pH 6, the pH is low enough for DEAEMA to be 

solubilised in water and at elevated temperatures inhibit hydrolysis.28 Therefore, for 

these reasons, solution NMR was employed to demonstrate that hydrolysis does not 

occur as a mechanism of degradation under the conditions of this study.  

Highfield 1H NMR was employed to deduce the chemical changes to the structure of 

the copolymer. KCSS in its pure form and its acid treated form, under 0.01 M HCl (ca. 

pH 2) conditions were analysed and compared. These structures are illustrated in 

Figure 5.15. 

 

Figure 5.15. KCSS polymer structure before and after treatment with 0.01 M HCl. 
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Due to the tertiary amino group within the structure, the polymer is protonated in 

contact with acidic media of pH 5.5 and below.12,36 The NMR spectra (Figure 5.16) 

shows the observed peaks c, d, e, a and f that undergo spectral changes due to 

protonation. This protonation makes the polymer more hydrophilic and therefore more 

soluble, thus a physical rapid dissolution of the polymer film3 can be seen via the 

mechanism observed in the polymer morphology image analysis. It is worth noting 

that the NMR spectra shows a molar ratio of 10:4 for MMA:DEAEMA which slightly 

differs to the manufacturers ratio of 7:3.11,12  

 

Figure 5.16. NMR spectra of pure KCSS polymer (blue), and 0.01 M HCl acid 

treated polymer after 24 h (yellow) and after 28 days (red). 

  



Chapter 5 

175 

It is observed that the DEAEMA has not hydrolysed as no new peaks emerged from 

the hydrolysis product. The changes within the spectra (Figure 5.16) between 24 h and 

28 days of acid treatment lies at peaks c and d, the slight splitting of the peaks occur 

at 24 hours and become more prominent by day 28. However, there is no significant 

change within the chemical structure to suggest a physical degradation, as mentioned 

previously hydrolysis would not occur under this pH condition. Thus, it can be 

concluded that dissolution of polymer is due to swelling and opening of the polymer 

chains, coinciding with that AFM topographical data discussed in this study.  

5.4. Conclusions 

In this study, the physical and chemical breakdown reaction of the Kollicoat® 

Smartseal 30 D upon contact with acid have been detailed, owing these conditions to 

its dissolution. In agreement with the literature, the dissolution of the polymer film 

occurs at acidic pH via the process of swelling, as expected. From the AFM images it 

can be concluded that the ‘mechanism’ of the polymer dissolution occurs by varying 

stages of pore formation and erosion of the polymer film. Furthermore, the chemical 

response observed in the NMR spectra is a result of a simple protonation reaction, 

rather than a change in its chemical structure. It is imperative to understand how the 

polymer degrades as its own entity, this was achieved by casting the polymer as a film. 

AFM analysis provided a deeper insight into the swelling mechanism, where the extent 

of swelling and the mechanistic phases in which the phenomenon occurs were able to 

be quantified. Furthermore, this study showed that the polymers dissolution is intrinsic 

to the polymer itself. This study complements the dissolution findings through the 

detection of API release from the KCSS polymer coating, both as a single bead and as 

a dosage form in the analysis of Chapters 3 and 4, respectively.   
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6. Chapter 6 

Surface Charge Mapping of 
Polymer-Coated Multiparticulates: 

The Application of Scanning Ion 

Conductance Microscopy 

In this study, Kollicoat® Smartseal 30 D (KCSS) pH dependence is utilised to map the 

surface charge of this polymer coating in the multiparticulates (MP) form, for 

solutions of pH 5 – 9 using scanning ion conductance microscopy (SICM). By 

understanding the nature of charges at the surface in solution, this provides valuable 

information regarding the dissolution process of the polymer, which coats the drug-

containing MP. Here, topographical maps using atomic force microscopy (AFM) and 

SICM are compared. Furthermore, functional mapping of the polymers surface charge 

density is constructed.  
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6.1. Introduction   

Scanning ion conductance microscopy (SICM) is a scanning probe microscopy 

technique used for topographical mapping of a substrate submerged in electrolyte, 

established by Hansma et al., 1989.1,2 With careful application of the applied bias and 

detailed analysis of the corresponding current it is possible to probe the local ion 

concentration of the substrate.3,4 The non-contact nature of the technique makes it 

highly suitable for analysing membranes and thin films, and in our case a 

multiparticulate formulation coated with a soft polymeric layer. This study utilises the 

surface charge mapping technique which provides information regarding charged 

domains on the surface,2,5 whilst atomic force microscopy (AFM) provides high 

resolution topography of the polymer film layer. SICM, is suitable for soft interfaces 

which provides more chemical information than AFM, however, this additional 

information may result in a trade off in resolution, with a probe dependant resolution 

in SICM of 100 nm per pixel for a 150 nm nanopipette, compared with a typical sub-

nanometre resolution in AFM.    

In SICM a potential bias is applied between a quasi-reference counter electrode 

(QRCE) within a nanopipette and another in the bulk electrolyte solution, this 

therefore induces a direction ion current (DC) through the end of the nanopipette, from 

the movement of charged species through the electrolyte solution, as shown in Figure 

6.1. When the nanopipette approaches the substrates surface, the tip-surface distance 

decreases, the flow of ions is obstructed and thus increases the solution resistance, 

which results in the reduction of the ion current. This decrease in ion current is then 

used  as a feedback mechanism, which is utilised as a mapping signal to sense the 

surface via the tip-surface distance and consequently produces topographical images 

by recording the z height at each approach and plotting them on an x-y grid.2–4,6–9  

This chapter builds upon the microstructural changes observed in Chapter 5, by 

analysing the Kollicoat® Smartseal 30 D (KCSS) polymer, in the form of an isolated 

film, as well as in a multiparticulate (MP) oral dosage bead. From the previous 

chapters, it has been established that rapid dissolution times of the polymer occur at 

low pHs. Therefore, given the experimental set up that SICM requires, a pH range of 

electrolyte solutions between 5 and 9 were selected in this study to ensure that 

structural polymer changes were captured.  
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This study is based on the culmination from the previous chapters, where an 

electrochemical scanning probe method is used. In particular, the SICM technique 

uses nanopipettes to position the electrode above a MP bead with precision, which was 

a particular experimental factor observed in the single bead analysis study in Chapter 

3. It also complements the findings of the polymers structural implications in response 

to an acidic environment observed in Chapter 5, by using a tangible formulation 

system in situ.     

 

Figure 6.1. Schematic of SICM set up with electrolyte solution filled in the 

nanopipettes and in the substrate contained bath. One QRCE is placed in the 

nanopipette, and the other in the bulk electrolyte solution.  

The work presented herein demonstrates the versatility of scanning probe techniques 

by providing a novel insight into the dissolution of the KCSS coating as an isolated 

film and a MP bead by exploiting the advantages of both SICM and AFM. 

Furthermore, utilising SICMs ability to map the surface charge of a substrate, the 

KCSS polymer coated placebo multiparticulate can be examined under electrolyte 

solution of varying pH, without the interference of drug release. Finite element method 

simulations were employed in conjunction with SICM to assess the localised charge 

of the polymer layer and use this to monitor subtle structural changes initiated by the 

pH of the local environment. 
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6.1.1. Surface Charge and the Electric Double Layer   

When a solid is placed into an aqueous solution, ions may interact and adsorb on the 

surface or become dissociated. This results in a net positive or net negative charge on 

the surface,3,4,8,10 resulting in the formation of the electric double layer (EDL) at the 

surface-solution interface. The EDL forms due to the attraction of oppositely charged 

ions of the surface, or repulsion of ions if they are of the same charge as the surface.  

The EDL structure and length from the surface into the solution are dependent on the 

ionic composition, concentration of bulk solution and the magnitude of the surface 

charge.4,8 There are three main models of the electric double layer, as shown in Figure 

6.2. These EDL and the models are discussed in more detail in Chapter 1, Section 

1.5.2.2. 

 

Figure 6.2. Models of the electric double layer at a positively charged surface. a) 

The Helmholtz model, b) the Gouy-Chapman model, and c) the Stern model. The 

IHP and OHP are the inner and out Helmholtz plane respectively, d is the double 

layer distance and Ψ0 and Ψ are the potentials at the electrode surface and the 

electrode/electrolyte solution interface, respectively. (Reproduced from Zhang and 

Zhao, 2009).11  

For electrolyte solutions that are dilute and where moderate potentials are used, the 

Gouy-Chapman model is suitable, whereby the electric potential exponentially decays 

with increasing distance from charged surface within a solution.8,12,13 This decaying 

distance that the diffuse double layer (DDL) expands into solution is referred to as the 

Debye length,14 therefore the EDL can be characterised as a DDL.8  
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In the Gouy-Chapman model, the relationship between the surface charge and the 

surface potential for a symmetrical electrolyte solution, can be given by,8,15 

 𝜎 =  (8𝑅𝑇휀휀0𝐶 × 103)
1

2⁄  𝑠𝑖𝑛ℎ (
𝑍𝜑0𝐹

2𝑅𝑇
) (6.1) 

where R is the gas constant, T is the absolutes temperature, ε the relative dielectric 

constant of water, ε0 the permittivity of free space, C the molar concentration, Z the 

ionic charge of the electrolyte, and F the Faradays constant.  

However, for low potentials the double layer thickness (or Debye length) is given by 

the Debye parameter,8,14–16 

 𝜅 =  (
2𝐹2𝐼 × 103

𝑅𝑇휀휀0
)

1
2⁄

 (6.2) 

where I is the ionic strength of the electrolyte by which the reciprocal is the DDL 

thickness. Thus, the Debye length is given by 1/κ.14 

Therefore, as the value of I increases, the characteristic DDL thickness decreases and 

vice versa.8,12 As, such the Debye length characterises the diffuse layer independent 

of surface charge density which controls the magnitude.14 This applies when working 

in low electrolyte concentrations of < 100 mM.17 For this reason, the SICM 

experiments conducted herein use 50 mM electrolyte. At high electrolyte 

concentrations, the DDL becomes compressed (to the point at which the size of 

individual ions becomes unimportant), the surface charge becomes too great, thus the 

surface potential is too high, and the Gouy-Chapman model can no longer be 

accurately relied upon.8 This is because there is no parameter that factors the finite 

size of ions, thus unrealistic surface potentials are calculated at higher 

concentrations.18 For the FEM modelling carried out at the end of this chapter the 

Gouy-Chapman model is used to estimate surface charges as the model holds true for 

the lower electrolyte concentrations employed. 
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6.1.2. Ion Current Response 

Given that the nanopipette is the probe in the detection of the localised surface charge, 

its behaviour in the bulk solution must first be considered. A nanopipette is typically 

made from glass or quartz and as such these materials have a surface chemistry of their 

own (primarily due to presence of silanol groups), and therefore the surface charge 

produced at the interface in an electrolyte solution is dependent on the solution 

properties, such as pH.3,8,19 The pKa for the silanol group dissociation is ca. 7.5, 

depending on the type of glass used. Therefore, for a probe made from a glass of 

neutral pH typically has a negative surface charge.4,8,19 Upon the application of a bias 

between two Ag/AgCl QRCEs in a bulk solution, without the presence of a 

nanopipette, the current response is ohmic and linear, and the current is directly 

proportional to the electrolyte concentration and potential applied.  

Therefore, when one QRCE is confined in a nanopipette, this alters the once linear 

current response, and a rectified current response is observed due to the charge on the 

walls of the nanopipette shown in Figure 6.3. The geometry of the nanopipette coupled 

with the asymmetric mass transport rates inside and outside this nanopipette results in 

the response known as ion current rectification (ICR).3,8,20  

 

Figure 6.3. Schematic of current-voltage curve for the dependence of surface charge 

on a nanopipette in bulk solution. Neutral charge of a nanopipette displays an ohmic-

current-voltage response, whilst charged nanopipettes have an enhanced current at 

one bias polarity and a reduction at the other.8 
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If a nanopipette has a negative surface charge, this enhances the current at the negative 

voltages and a reduction at the positive voltages, relative to the ohmic response. If a 

nanopipette has a positive surface charge, the inverse is true, resulting in an reverse 

shape of the current-voltage response (Figure 6.3).8  

When the nanopipette lumen size is comparable to the size of the DDL, the negative 

charge at the nanopipette walls produces a region in which positively charged cations 

can pass, however, the anion flow is inhibited. Therefore, upon the application of a 

negative bias to the nanopipette QRCE with respect to the bulk, an aggregation of 

cations occurs as now the diffusion/migration of cations towards the nanopipette is 

greater than the movement upwards in the nanopipette due to the geometry. 

Consequently, this enhances the conductance in the nanopipette and produces a greater 

ionic current. When the bias polarity is reversed, a zone of depletion is formed now 

that the movement of cations away from the nanopipette is larger than the replacement 

of cations further inside the nanopipette.21–23 Coupled with the surface charge of the 

nanopipette, this ICR response, is also dependent on the ionic strength of electrolyte 

within the nanopipette and bulk solution, as well as the size and shape of the 

nanopipette.20,21,24 

As mentioned previously, the SICM substrate can exhibit surface charge, depending 

on its surface chemistry as well as the electrolyte solution, resulting in the formation 

of the DDL.3,4,23 Typically, SICM experiments are carried out in aqueous solution with 

a relatively high ionic strength (>10 mM). Thus, the resultant DDL that forms is small, 

at a sub-nanometre level.4,25  

Low biases are used on approach the SICM nanopipette to the surface, as the surface 

topography can accurately be reproduced independent of the surface charge. This is 

because the electric field strength from the tip is weak and therefore does not perturb 

the double layer at the surface.5,8,26 When a (high) potential is applied to the tip (pulse 

potential), the SICM response becomes sensitive to the surface charge of the substrate, 

resulting in a drop in potential predominately at the tip orifice/tip-substrate channel 

due to the gap resistance, which causes a flux of ions, as a result the relative surface-

solution potential changes. This can occur at large probe-substrate distances as the 

DDL is perturbed by the electric field at the end of the nanopipette, which results in 

the extension beyond the usual Debye length.26,27  
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SICM is sensitive to localised charge at a substrates surface and for tip-substrate 

distances of similar distances where a standard SICM response is observed. This 

equates to approximately one tip diameter away from the surface. 3–5,8 Therefore SICM 

can provide details regarding the polarity and charge magnitude of a substrate. Upon 

approach to a charged surface, the ion current response differs to that of on the 

approach of an uncharged surface. This response depends on the magnitude and the 

sign applied to the bias, the characteristics of the nanopipette (as previously discussed) 

and the ionic strength and pH of the bulk solution. This results in surface-induced 

rectification (SIR).3,4,8,26,28  

To be able to understand the mapping of surface charge and the SIR, FEM simulations 

are employed in order to quantify the surface charge relative to the substrate. This 

study on the KCSS polymer-coated glass slide and multiparticulate oral dosage form 

utilises simultaneous topographical and surface charge mapping SICM.   
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6.2. Experimental 

6.2.1. Solutions 

The polymer suspension was prepared as described in Chapter 2, Section 2.2, which 

was then applied to the glass slide for AFM sample preparation. Potassium chloride 

electrolyte solution (50 mM KCl at pH 5, 7 and 9) for SICM charge mapping were 

made and the pH adjusted using 0.1 M HCl and 0.1 M NaOH. All solutions were 

prepared using Purite 18.2 MΩ cm (25 °C) water. 

6.2.2. Substrate Preparation 

6.2.2.1. Polymer Film Glass Slides 

The polymer suspension was spray coated on to the microscopic slide via a spray gun. 

This differs to the polymer films cast in Chapter 5 which used a control blade coater 

to coat a glass slide substrate. Once coated, the polymer-coated glass slide was 

annealed at 70 °C for overnight, in accordance with the literature.29–32 The polymer 

glass slide was then adhered to a glass-bottomed petri dish with detachable coverslips 

(5000, WillcoWells). 

6.2.2.2. Multiparticulate Formulations 

Microcrystalline cellulose (MCC) cores were used as starting material was coated with 

15 % w/w KCSS 30 D, Stage 2P of formulation, a placebo KCSS coated 

multiparticulate bead. The KCSS polymer was spray coated using a fluid bed coater 

via the Wurster process method. The formulation of the MP beads has been discussed 

in detail in Chapters 2 – 4. A single multiparticulate bead (ca. 900 µm) was adhered 

to a glass-bottomed petri dish with detachable coverslips (3512, WillcoWells). 
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6.2.3. Nanopipettes and Electrodes 

Nanopipettes were pulled from borosilicate glass capillaries (o.d. 1.2 mm, i.d. 0.69 

mm, Harvard Apparatus) using a laser puller (P-2000, Sutter Instruments; pulling 

parameters 150 nm pipettes: Line 1: Heat 330, Fil 3, Vel 30, Del 220, Pul -; Line 2: 

Heat 330, Fil 3, Vel 40, Del 180, Pul 120). This pulling of pipettes process results in 

two identical or ‘sister’ nanopipettes. The inner radius of the probe was measured 

using a Zeiss Gemini 500 SEM (operating in scan ing transmission electron 

microscopy mode) was found to be 75 nm ± 10 %. Two Ag/AgCl electrodes were 

used, one placed in the nanopipette filled with electrolyte and a second in bulk 

solution. 

6.2.4. Scanning Ion Conductance Microscopy Instrumentation 

The setup of basic instrumentation and the SICM charge mapping images were 

collected using direct current feedback mode, self-referencing hopping scanning mode 

of SICM has been previously described in detail in Chapter 1, Section 1.6.2.1.5,3 The 

SICM instrumentation was set up within a Faraday cage fitted a camera (PixeLink PL-

B776U, 4.0x magnification.) Lateral movement of the probe was controlled using a 

two-axis xy piezoelectric positioning system with a range of 300 μm (NanoBioS300, 

Mad City Laboratories, Inc.), with movement in the z direction to the substrate was 

controlled using a piezoelectric positioning stage of range 38 μm (P-753-3CD, Physik 

Intrumente). The probe position, voltage output, and data collection were user 

controlled via custom-made programs in LabVIEW (2017, National Instruments) 

through an FPGA card (7852R, National Instruments). The electrometer and current-

voltage converter used were both made in-house but are capable of sub-picoamp 

current and voltage tracking.  
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6.2.5. Scanning Ion Conductance Microscopy Maps 

Two-dimensional surface maps were generated in hopping mode with a resolution of 

40×40 pixels over a 6×6 µm area. The SICM probe approached the surface at 3 µm/s 

at an approach bias of -60 mV, until the surface was detected, using a feedback 

threshold of 2 % of the bulk current value. Upon the tip reaching close contact with 

the surface (from the defined current decrease), the tip potential was stepped to pulse 

at 400 mV for 0.5 s, and then back to -60 mV as the tip was retracted from the surface 

by 3 µm. The ion current and the z position were recorded continuously and the values 

at each hop set point, spaced 150 nm apart (x,y) used to create the topography and 

normalised current maps. This was done by dividing the current measured at the 

surface by the current measured in the bulk solution at each hop. The topography is 

simply the recorded z height plotted on a xy grid. All data were processed using 

MATLAB (2019a, MathWorks).  

6.2.6. Atomic Force Microscopy  

Before the topographical mapping of the substrates by SICM, topographical maps 

were recorded in air using an Innova AFM (Bruker, UK) in tapping mode as a 

comparison. Si-tips on a nitride cantilever were using with a spring constant of 0.35 

N/m (RESP-10, Bruker). The scan rate was kept at 3 Hz with a resolution of 512 lines 

and 512 samples per line. AFM images were processed using the Scanning Probe 

Image Processor program (SPIP™ 6.0.14, Image Metrology). Details of the image 

processing is discussed in Chapter 5, Sections 5.2.3 and 5.2.4. 

6.2.7. Finite Element Method Simulations 

A model of the nanopipette in bulk solution and near a substrate was simulated in 

COMSOL Multiphysics® (v. 5.4) using the modules Transport of Diluted Species and 

Electrostatics. Briefly, the dimensions of the nanopipettes were calculated from SEM 

images of the sister pipettes pulled for each experiment in transmission electron 

microscopy TEM mode. The design, model and COMSOL calculations were carried 

out by James Teahan following protocols previously established by the Unwin 

group.3,4,8,26 Further details regarding the modelling are described in Section 6.3.2.2.1, 

vide infra.  
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6.3. Results and Discussion 

From the literature and the results obtained in the previous chapters, it is known that 

the DEAEMA group in the KCSS polymer becomes protonated at pHs less than its 

pKa. The pKa of DEAEMA monomer is 8.8 pKa of its corresponding homopolymer 

are ca. 7.3 –7.5.33–35 This property can therefore be utilised to map the charge of the 

surface in electrolytes solutions below this pKa. Firstly, the polymer was 

topographically mapped as a polymer film and experimental parameters and 

conditions were established. The swelling nature of the polymer was imaging the film 

was challenging. However, this preliminary experimentation was the foundation in 

which the multiparticulate beads could be imaged.  

6.3.1. Topographical Mapping of Polymer Film on a Glass Slide  

Spray-coated KCSS polymer slides were analysed in air by AFM and were also 

analysed by SICM (in situ) as shown in Figure 6.4. 

 

Figure 6.4. AFM and SICM topographical image of KCSS polymer film cast onto a 

glass slide. a) 10×10 µm area of polymer imaged by in air, b) and c) 6×6 µm area 

mapped by SICM in 50 mM KCl at pH 7.  
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From Figure 6.4, the topographical features are observed under AFM analysis show 

particles of the polymer, along with ‘cracks’ within the polymer film. These ‘cracks’ 

in the film formation can be observed as boundary layers in the SICM topographical 

map. Polymer particles are also observable by SICM. The topography between these 

two techniques is comparable, however, the in-solution effects of the SICM will 

account of slightly larger height maps and enlarged features due to water uptake.  

6.3.2. Simultaneous Topographical and Surface Charge Mapping of 

a Single Multiparticulate in various pHs 

6.3.2.1. Experimental SICM Establishment for Analysis of a 

Multiparticulate Bead 

This section builds upon the electrochemical detection of acetaminophen (APAP) 

release from a single bead discussed in Chapter 3. However, a high electrode 

placement precision was achieved due to the use of a nanopipette and a piezo 

positioner. Additionally, the sample analysed was a placebo KCSS polymer coated 

multiparticulate, as only the polymers surface and corresponding charge were of 

interest. Furthermore, any release of APAP may have hindered the overall surface 

charge, the electrolytes pH and stability, as well as incurring blockages to the 

nanopipettes tip.  

Many variables had to be taken into consideration before performing SICM analysis 

on the multiparticulate beads. This included, i) the curvature of the bead, ii) the 

stability of the MP bead in electrolyte solution across a large pH range (pH 5 – 9). It 

should be noted, that due to the length of time required to set up an SICM experiment 

(which includes the approach to the substrate), the experiments were not carried out a 

pHs below 5, as from the data observed in the previous chapters demonstrated the 

KCSS polymers solubility is much too fast for SICM analysis.  

As SICM is an in situ technique (Figure 6.5), the resultant images demonstrate the 

native topography in solution conditions. Therefore, an uptake of water is to be 

expected, particularly for pH 5 and 7 (due to the pKa of DEAEMA).33–35 Thus, height 

differences for images produced in air (AFM) and in solution (SICM) are apparent.  
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Furthermore, the formulation process of the isolated polymer film and the film coating 

on a multiparticulate will present different results due to the manufacturing process 

and the substrate itself.  

 

Figure 6.5. Schematic of SICM set up for analysis of a placebo KCSS MP bead in 

an electrolyte bath, with two QRCE – one placed inside the glass nanopipette and 

the other placed directly in the bulk. Piezo positioner used for precision of tip 

positioning. Tip voltage (-60 mV) and pulse (400 mV) used. 0.15 µm hops. (Not to 

scale).  

The topography of a KCSS coated placebo MP bead via AFM imaging is shown in 

Figure 6.6. Polymer particles are observed that present height differences in the 

topographical map. Additional images of the KCSS coated placebo MP bead can be 

found in Chapter 5, Section 5.3.2.  

 

Figure 6.6. AFM image of a 10×10 µm area KCSS polymer coated of a MP placebo 

bead in air.  
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6.3.2.2. Topographical and Surface Charge Mapping 

The surface charge information is the measurement of a current-time (i-t) graph both 

at the surface of the substrate and in bulk solution, whereby the rectification of the 

current-voltage relationship is a direct result of the DDL between the surface and 

tip.5,36  

A hopping protocol was used in which the probe was translated from the bulk solution 

to within close proximity of the surface. The approach speed of the probe was 3 µm/s 

with an applied bias of -60 mV versus the QRCE in bulk. This generated a current of 

-500 pA, which was utilised in a feedback loop, as the ionic current decreases as the 

probe approaches the surface. When the current dropped by 2% of its bulk value the 

probe motion was halted, giving rise to the sensitive positional feedback. 

A potential pulse to the nanopipette when at the surface, of +400 mV, was applied for 

ca. 0.5 s. Upon the application of this pulse potential the double layer at the surface is 

disturbed, causing its ionic constituents to contribute to the measured current. No such 

enhancement of the current is seen in bulk. This current is then normalised to calculate 

the contribution of the charged ions at the surface resulting in a functional charge map 

to complement the topographic image. 

From the data in Figure 6.7, it can be observed that at pH 5, topographical boundary 

layers are observed, these boundary layers appear to correlate to the surface charge. 

The surface charge data in Figures 6.7 – 6.9 is given in terms of the normalised current, 

whereby this normalised current value is relative to the direct ion current, where the 

tip current at the surface is divided by the bulk response during a potential pulse.8   
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Figure 6.7. Topography and surface charge (as reflected in the normalised current 

measurement) of a 6×6 µm area of a placebo KCSS coated MP bead at pH 5. a) – d) 

indicates different scans of different placebo beads, topographical maps (left) and 

corresponding surface charge maps (right). In the normalised current scale red 

denotes positively charged and blue denotes negatively charge. 

At pH 5 and 7, Figures 6.7 and 6.8, when the surface is at its lowest height this relates 

to the most positively charged (red) area of the sample. At the highest point of the 

surface the inverse is true. Similar features are shown in both the topographical and 

charge maps thus demonstrates the relationship between the two.  
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From this, it can be construed that there is some protonation of the tertiary amine 

groups giving rise to the positive charge of the surface. The separation of charge occurs 

in boundary lines and circular openings from the expansion of polymer chains. These 

features from topographical and the corresponding charge maps correlate with the 

structural changes of the polymer dissolution under acidic conditions in Chapter 5.  

    

Figure 6.8. Topography and surface charge (as reflected in the normalised current 

measurement) of a 6×6 µm area of a placebo KCSS coated MP bead at pH 7. a) and 

b) indicates different scans of different placebo beads, topographical maps (left) and 

corresponding surface charge maps (right). In the normalised current scale red 

denotes positively charged and blue denotes negatively charge. 

This normalised ion current, is subsequently converted into surface charge density via 

FEM modelling simulations vide infra, Section 6.2.7.  
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For pH 9 (Figure 6.9), from the topography and charge maps produced, a slight 

separation of charge is observed. However, the normalised current values are not 

directly comparable to the values observed for pH 5 and 7. This is due to an increase 

in the surface charge of the nanopipette which causes an increase in the ICR in the 

bulk and at the surface. The FEM modelling for the conversion of the normalised 

current to the surface charge (vide infra) was unable to match the experimental 

rectification, which was way beyond the model limitations and would have estimated 

surface charge very poorly. 

 

Figure 6.9. Topography and surface charge (as reflected in the normalised current 

measurement) of a 6×6 µm area of a placebo KCSS coated MP bead at pH 9. a) – c) 

indicates different scans of different placebo beads, topographical maps (left) and 

corresponding surface charge maps (right). In the normalised current scale red 

denotes positively charged and blue denotes negatively charge. 
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From the literature it is known that at higher pHs, above the pKa the tertiary amine 

groups of DEAEMA are deprotonated, and the polymer is largely uncharged in a 

collapsed state.37 This results in the domination of hydrophobic interactions over 

electrostatic repulsion forces.37,38 However, the hydrolysis half-life of DEAEMA is 

3.31 hours at pH 9 at 25 °C.34,39 Therefore, under these conditions the methacrylic acid 

(MAA) could be present at the surface as a result of hydrolysis of DEAEMA. MMA 

is a small molecule with a free carboxyl group that is negatively charged at 

physiological pH.40 However, without the FEM modelling, the surface charge of the 

polymer layer at this pH cannot be confidently determined.  

 

6.3.2.2.1. Conversion of Normalised Current to Surface Charge Density by FEM 

Simulations 

As briefly mentioned in Experimental Section 6.2.7, the geometry of the nanopipette 

is measured using scanning transmission electron microscopy (STEM) images from 

different angles. Typically, the ‘sister’ pipette of the nanopipette used during the SICM 

scan is imaged to ensure the model is as accurate as possible. Additionally, the 

components of the electrolyte and the biases applied to the electrode upon approach to 

the surface during the scan are also incorporated into the model. Figure 6.10 shows 

the STEM images taken of the ‘sister’ nanopipette for the SICM scan of the MP bead 

at pH 5.  

 

Figure 6.10. STEM images of sister nanopipettes used in SICM mapping of KCSS 

polymer coated placebo beads. Example of STEM images of borosilicate glass 

nanopipettes pulled with an inner radius of 75 nm ± 10 %. (sister nanopipettes of 

probes used in one of the pH 5 SICM scans.) 
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The dimensions and geometry (inner and outer radius) from the STEM images of the 

nanopipettes is then used to produce the nanopipettes simulation domain of the model 

in COMSOL. This is shown in Figure 6.11, where the resultant model has been taken 

from COMSOL. The model is in a 2D axisymmetric cylindrical geometry, making use 

of the cylindrical symmetry axis. The surface charge of the glass nanopipettes is then 

modelled and the boundaries defined by the areas where there is no flux. The initial 

values of the voltages are the applied to the boundary at the top of the nanopipette as 

well as the right-hand side of the bulk solution, which represents a distance of 100 µm 

from the nanopipette. This region extends beyond the where static interactions occur 

and sufficiently far away to be considered as bulk concentrations.  

 

Figure 6.11. Schematic of typical nanopipette geometry used in FEM simulation 

modelling of the boundary conditions, where no flux is applied to the nanopipette 

walls and bulk boundaries. The red line at the bottom left indicates the surface charge 

of the sample. The tip potential VDC was applied to the nanopipettes top boundary 

with respect to the bulk boundary. Obtained and reproduced from COMSOL.  

Once the geometry has been constructed, the electrolyte concentrations, initial biases 

and permanent fluxes are applied to the corresponding boundaries. The current-

voltage is modelled in bulk solution (at a distance of 1 µm from the surface) and this 

is compared to the experimentally obtained current-voltage graph, as shown in (Figure 

6.12).  
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If the simulated and experimental current-voltage graph is comparable, then the 

nanopipette current at variable distance, d, from the charge surface can be simulated. 

If they are not the same, adjustments to the surface charge on the nanopipette and 

minor geometric changes are made to the nanopipette to get a better match.  

Consequently, a 2 % drop in current is simulated to obtain a model for the approach 

to the substrates surface at the approach distance, d at each hop. Then the nanopipette 

is modelled at different separation distances from a nominally charged surface, i.e. 

starting at 1 µm, followed by sequentially smaller increments of 0.1 µm until ca. 0.7 

µm, increments then follow on from 200 nm decreasing in increments of 10 nm until 

reaching 30 nm which provides the current at each distance. When the current value 

produced by the model is 98 % of the bulk value calculated in the simulation, this 

demonstrates how close the nanopipette is on each approach, this is usually around 40 

nm. 

  

Figure 6.12. Current-voltage graphs obtained from the electrolyte bulk. 

a) experimentally for pH 5 and b) FEM simulation in bulk for both pH 5 and 7.  
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Once the distance, d value is obtained, different surface charge values in the area 

underneath the nanopipette is then simulated. A range of values from -150 mC m-2 to 

+ 150 mC m-2 are calculated in a step wise manner, usually in increments of 10 mC 

m-2. This produces a calibration curve that allows the conversion of the normalised 

current and approximated surface charge. 

Thus, the COMSOL model simulates the nanopipette geometry with the surface and 

corresponding environmental factors and calculates the perceived surface charge of a 

substrate, which results in the conversion of the normalised current to a value of 

surface charge. The i-t pulses in the bulk solution and the distance from the surface 

with a varying surface charge, σ is simulated. Thus, the calibration for the surface 

charge relative to the normalised current at distance d is obtained as shown in Figure 

6.13.  

  

Figure 6.13. Simulated dependence of the normalised current on the surface charge 

density values in mC m-2 of the KCSS coated placebo MP bead, used to generate the 

quantified charge maps shown for pH 5 and 7 in Figure 6.8. 

Therefore, from the application of this model, under the conditions for pH 5 and 7 a 

normalised ion current of 1.02 and 0.96 equates to -120 and 120 mC m-2, respectively. 

The resultant charge maps for pH 5 and 7 are shown in Figure 6.14. 
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Figure 6.14. FEM calculated surface charge for the KCSS polymer layer of a placebo 

MP bead at pH 5 and 7. 

At pH 9, this COMSOL model was not valid, which could be attributed to the surface 

charge of the borosilicate glass nanopipette itself, where at this pH the charge on the 

nanopipette walls is too great. This was confirmed by the model and in the literature,19 

as the values produced were unreasonable and did not align with the experimental 

values. 
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6.4. Conclusions  

This chapter demonstrated the simultaneous application of topographical and surface 

charge mapping using FEM modelling as a valuable tool for elucidating the charge 

distribution of a polymer coated multiparticulate oral dosage form surface in various 

pH electrolyte solutions. One drawback in the SICM method for this particular 

analysis, was that the pH conditions had to be higher than desired, as the set up and 

approach to the surface is a lengthy process and the protonation of the KCSS polymer 

occurs on a rapid scale as observed in earlier chapters of this thesis. However, the 

charge distribution was able to be shown under the chosen pH range, which have a 

clear correlation to the topography observed. Furthermore, the in situ SICM 

topographical and surface charge maps demonstrate a visual correspondence with the 

topographical maps obtained in air by AFM.  

The application of SICM to this substrate has exhibited a wider platform of substrates 

that can be analysed. This, therefore, sets the foundation for further analysis of 

pharmaceutical substrates under in situ conditions. For further application of this 

technique, future work would include the improved capability of the modelling at 

higher pHs, to understand the polymer surface outside of a physiological pH range. 

Moreover, the use of a smaller nanopipette size would increase the resolution of the 

images and consequently provide a deeper insight.    
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The fundamental understanding of the dissolution kinetics and mechanisms for 

polymer-coated oral dosage forms are of great importance in pharmaceutical science. 

Thus, the use of electrochemical and scanning probe methods for pharmaceutical 

analysis is of increasing interest.  

This thesis focuses on the development of electrochemical and scanning probe 

methods to study the release of an active pharmaceutical ingredient (API) from a 

model multiparticulate (MP) solid oral dosage form, coated in a pH responsive taste 

masking polymer. The MP formulation was prepared in the laboratory of an industrial 

partner (Pfizer, Sandwich, UK) from redox active acetaminophen (APAP) and coated 

in the methyl methacrylate (MMA), 2-(diethylamino)ethyl methacrylate (DEAEMA) 

copolymer, the Kollicoat® Smartseal 30 D (KCSS, BASF). As a pH responsive 

polymer, KCSS is known to be soluble in acidic media for pH ≤ 5.5, due to protonation  

of the tertiary amine groups present in DEAEMA.  

Chapter 3 examined the constituent beads of the MP formulation as single entities. 

Firstly, the particle size distribution and the variation of the APAP and KCSS layer 

thickness that resulted from the formulation process was investigated using optical 

microscopy and scanning electron microscopy at each layering stage. It was found that 

the APAP and the KCSS layer thicknesses varied in between MP beads. Furthermore, 

the variation of the APAP layer only (absent of the KCSS polymer layer) was also 

studied by placing a single MP bead in 0.1 M HCl dissolution media (DM) that 

mimicked the pH of gastric acid for a 24-hour period. The resultant solution was 

electrochemically analysed with and without agitation of the solution the using cyclic 

voltammetry with an ultramicroelectrode (UME). It was shown that agitation 

increased the current density, resulting in an increase in the APAP concentration 

released. The variation observed in the particle size distribution matched the variation 

detected in the electrochemical cyclic voltammograms performed on the resultant 

solution after APAPs release into the bulk DM.  

The release of APAP from the MP formulation with and without the KCSS layer in 

DM 0.1 M and 0.01 M HCl was investigated in situ in real time, using a microwire 

electrode closely positioned to the surface of the MP bead. This method allowed for 

the detection of API release at the early stages, which is typically missed under the 

traditional dissolution methods.  
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It was found that without the polymer layer, the release of APAP was almost instant, 

and when coated with KCSS, this delayed APAPs release into the bulk solution. 

Furthermore, it was observed that increasing the pH further delayed APAPs release.  

Whilst this method provided valuable insight to the modulation of the API release 

from this KCSS coating, experimental challenges such as accurate determination of 

the electrode tip-bead distance had a significant effect on the results, highlighting the 

need for further developments in this area. However, as an exploratory study into the 

variation between beads in MP formulations and using the ability to detect API release 

electrochemically on a small scale, it was successful.  

Chapter 4 built upon the foundations in Chapter 3, but this time considered the case of 

dissolution from multiple MP beads to mimic a real dose. It utilised the rotating disc 

electrode (RDE) in a way that differs from typical RDE use in the literature. Whereas 

the drug containing tablet or powder is conventionally compressed onto the electrode’s 

surface, the RDE method explored here suspended the MP beads in the DM. This is a 

modification of the USP apparatus II, where now hydrodynamic parameters are known 

and the API concentration can be assessed in situ, in contrast to conventional 

dissolution testing that requires additional analytical methods such as HPLC to 

quantify the drug release and kinetics.  

This study investigated the release of APAP from the KCSS polymer-coated MP beads 

in buffered and unbuffered dissolution media of varying pH (pH 2 – 6.8) at different 

temperatures and concentrations. It was found that for gastric conditions mimicked 

using HCl DM, complete dissolution of APAP occurred for pH 2 – 3, as observed by 

similar final concentrations found in the resultant bulk solution, with the majority of 

dissolution occurring within 15 minutes. However, for pH 3.5 and 4, minimal 

dissolution occurred after a longer time period of 90 minutes. It was observed that 

increasing the temperature of the HCl DM in the range of 20 – 40 °C increased the 

rate of release, however, the final concentration was unaffected. In contrast, for 

buffered media (acetate and citrate at 25 and 100 mM for pHs up to 5), complete 

dissolution was shown to occur for all pHs (up to 5), yielding a similar final 

concentration across the pHs. The resultant APAP concentrations for pH above 3.5 

were comparable to the unbuffered HCl DM below pH 3.  
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This phenomenon was described as the ‘buffer effect’, where a reserve of H+ provided 

by the buffered DM contributed to the protonation of the tertiary amine groups of 

DEAEMA. Conversely, simulated saliva (pH 6.8), whilst a buffered media, led to 

negligible amounts of APAP being released over a 90 minute period. KCSS is 

typically protonated by pHs ≤  5.5, thus, at the neutral pH of simulated saliva there 

was minimal release of APAP across an extended period of time. This therefore 

demonstrates the suitability of the KCSS polymer as an effective taste masking layer 

Through a simplified  calculation of the diffusion in the system, it was estimated that 

the KCSS polymer does not require complete protonation for APAP to be released, 

partially explaining the speed at which APAP is detected following the onset of 

dissolution. While this study has demonstrated significant advantages of the RDE for 

dissolution testing, one particular challenge remains, relating to the fouling of the 

electrode at long times or elevated temperatures. It is demonstrated that this can be 

mitigated by working at short timescales and in future this could potentially be 

remedied by the use of an electrode of more fouling-resistant material. Overall, this 

method has been shown to be an effective method for tracking the dissolution profile 

under rapid dissolution conditions at short timescales, capturing information that may 

otherwise be lost with traditional methods.      

The in situ dissolution measurements in the previous chapters highlighted the rapid 

onset of API release following the onset of dissolution at both the single bead and 

dosage level. Furthermore, from the literature, the protonation of DEAEMA results in 

the swelling of the polymer due to electrostatic repulsion. Therefore, to investigate the 

mechanisms underlying API release, further microstructural analysis was carried out 

in Chapter 5. This study was carried out on an isolated polymer film, where the KCSS 

polymer was cast onto a glass slide and a film was formed at two temperatures (70 °C 

and 90 °C), both above the minimum film forming temperature and glass transition 

temperature required to make a continuous film from the KCSS polymer. and the films 

were placed into contact with an acidic environment (0.01 M HCl) and subsequently 

removed and imaged using atomic force microscopy (AFM) at different time intervals 

during the dissolution process.  
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Here, the swelling process and opening of the polymer chains were topographically 

investigated and pore-particle analysis was conducted on the resultant AFM images 

using the Scanning Probe Image Processor program (SPIP™ 6.0.14, Image 

Metrology).  

It was observed that polymer particles were present within the film formed at 70 °C, 

but these particles were not present in the film formed at 90 °C. The dissolution 

process demonstrated the same mechanism at both temperatures, however. At the 

higher temperature, the dissolution took approximately three times longer to be 

complete – i.e., the time taken for the film to disappear, and the glass underneath to be 

exposed. This demonstrated the effect the film forming process had on the resultant 

dissolution and indicates its importance in designing formulations for API release.  

Furthermore, the chemical composition of the polymer was investigated using nuclear 

magnetic resonance (NMR) spectroscopy and compared to the chemical composition 

that had been treated with 0.01 M HCl for 24 hours, 7, 14 21 and 28 days. It was 

confirmed that protonation of the tertiary amine group on DEAEMA had occurred and 

that no other reactions were involved.  

To investigate the morphology of the polymer in situ during dissolution, in situ AFM 

studies were attempted, however, the acidic conditions made the film ‘tacky’ and 

unsuitable for further analysis. Thus, scanning ion conductance microscopy (SICM) 

was implemented in Chapter 6. SICM measures the variation in the flux of ions 

through a nanopipette as it is translated towards a surface. This method allows the 

topography to be measured and under certain conditions is also sensitive to localised 

charge at the surface.  

The topography and the charge distribution of the KCSS polymer surface of a MP 

bead was studied in situ at pH 5, 7 and 9. By comparison with finite element method 

(FEM) simulations, it was shown that at pH 5 and 7 the lower height regions appeared 

to possess a more positively charged surface, compared to higher neighbouring 

regions. This complements the observed microstructural changes seen under AFM 

analysis in Chapter 5.  
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Measurements at pH 9, would be expected to show a more neutral surface in a basic 

environment was not as easily analysed due to limitations of the FEM simulation 

model at the high nanopipette wall charges expected at this pH. This technique was 

demonstrated to be a useful tool for in situ topographical and charge mapping analysis 

of a pH responsive substrate.  

As SICM experiments are a lengthy process and therefore it has been demonstrated 

that some protonation occurs at a neutral pH on a microstructural level on an extended 

time period, this seems likely given that the pKa of DEAEMA is ca. 7.3. However, as 

observed in Chapter 4 at this pH, any protonation that may occur is not critical enough 

to allow for significant dissolution to occur on a more practical time scale. Thus, 

demonstrating the KCSS polymers effectiveness as a taste masker.  

Overall, this thesis utilised micro- and macro-scale electrochemical methods and 

scanning probe methods in a unique way to study API dissolution kinetics, as well as 

the investigation of a pH responsive taste masking polymer. The work presented has 

achieved the initial research goals in gaining insight into API dissolution kinetics and 

the mechanism by which the polymer releases the API. Whilst rapid acidic dissolution 

conditions represent challenges for conventional characterisation techniques (USP 

dissolution methods of analysis), novel methods based on electrochemical and 

scanning probe methods can be applied to provide informative, complementary data. 
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Appendix 

MATLAB Script  

Full MATLAB script for the topographical and charge mapping analysis of the 

polymer film presented in Chapter 6. 

A) SICM Topography Only Script  

%A=load('Filename.tsv');%load data in as A, comment out after 

already loaded to save time on future runs 

%% 

%CV at surface only 

set(0,'DefaultFigureColormap',feval('jet')) 

close all 

movie=0; 

Extract_data=0;%1 if running for first time, 0 if data already 

loaded 

time_to_plot=180000;%what part of IT curve to plot in us (can 

change time to plot single frame still) 

hopping_distance=0.15;%in um 

channel_to_plot=3;% 3 is topography                                                                                                                                                                                                                                                                              

channel_line_number=11; 

channel_voltage=8; 

channel_dc=4; 

channel_xdata=1; 

channel_ydata=2; 

channel_zdata=3; 

channel_phase=13; 

channel_amp=12; 

frame_to_plot=0;%0 whole movie, or individual frame if not 0. 

remove_topog_drift=1;%1 (drift removed) or 0 (topo drift)  

startpoint=1; 

endpoint=6500; 

correctstart=1; 

correctend=6561; 

datapointtime=4*256; 

pulsetime=20000; 

normalise=2;%0 no normalise, 1 normalise to bulk subtraction,2 

normalise to bulk division, 3 plot bulk 

fixcbar=2; 

%1. Fix between maximum and minimum over whole scan 

%2. Colourbar for each frame 

labelsize=20; 

last_line = max(A(channel_line_number,:)); 

lines_in_hop=7;%number of lines between each approach 



 

II 

first_approach=2;%9 normally, 2 if small hopping distance 

<=150nm 

first_surface_IT=first_approach+1;%line number for first part 

of first cv 

first_bulk_IT=first_surface_IT+3; 

%If you want to crop 

if Extract_data==0 

XMIN=1;%line number you want to crop from and to 

XMAX=61; 

YMIN=1; 

YMAX=61; 

end 

if Extract_data==1 

    %% 

    %Make X, Y Grid for plots 

    %Extract topography 

    count1=1; 

    count2=1; 

    h1 = waitbar(0,'Initializing Topography waitbar...'); 

    for i=[first_approach:lines_in_hop:last_line] 

        %if(mod(count2,x+1)~=1) 

            b=A(:,A(channel_line_number,:)==i);%picks out 

approaches by line number 

            XMapreal(count1)=mean(b(channel_xdata,:)); 

            YMapreal(count1)=mean(b(channel_ydata,:)); 

            appcurrent(count1)=mean(b(channel_dc)); 

            Applinecheck(count1)=b(channel_line_number,1); 

            zdata=b(channel_zdata,:); 

            if numel(zdata)==0 

                ZMap(count1)=ZMap(count1-1);%if empty 

approach, topography same as last 

            else 

                ZMap(count1)=zdata(end); 

            end 

            count1=count1+1; 

        %end 

        count2=count2+1; 

        waitbar(i/last_line,h1,'Topography Progress') 

    end 

    close(h1) 

    zr2=ZMap; 

    appcurrentraw=appcurrent; 

    XMapraw=XMapreal; 

    YMapraw=YMapreal; 

     

    %ZMap(end)=[]; 

    %Next section of code reshapes to grid and checks right 

number of hops 

     

     

    %Map_b = zeros(floor((last_line-

first_approach)/lines_in_hop)+1,no_frames); 

     

    %Now extract CV data 

        count1=1; 

        count2=1; 
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        h2 = waitbar(0,'Initializing Functional waitbar...'); 

        for i=first_surface_IT:lines_in_hop:last_line%forward 

part of cv V0 to V1 

            %if(mod(count2,x+1)~=1) 

                ibulk=i+(first_bulk_IT-first_surface_IT); 

                b=A(:,A(channel_line_number,:)==i);%extracts 

data of these line numbers 

                bbulk=A(:,A(channel_line_number,:)==ibulk); 

                if(numel(b)>0&&numel(bbulk)>0) 

                    

currenttimesurf(count1,1:length(b))=b(channel_dc,:); 

                    

currenttimebulk(count1,1:length(bbulk))=bbulk(channel_dc,:); 

                else 

                    

currenttimesurf(count1,:)=currenttimesurf(count1-1,:); 

                    

currenttimebulk(count1,:)=currenttimebulk(count1-1,:); 

                end 

                count1=count1+1; 

            %end 

            count2=count2+1; 

            waitbar(i/last_line,h2,'Functional Progress') 

  

        end 

        close(h2) 

end 

if Extract_data==0 

%% 

%% 

ZMap=zr2; 

XMapreal=XMapraw; 

YMapreal=YMapraw; 

currenttimebulkreal=currenttimebulk; 

currenttimesurfreal=currenttimesurf; 

tol=hopping_distance/5; 

countsame=1; 

for i=2:length(XMapreal) 

    if(abs(XMapreal(i)-XMapreal(i-1))<tol && abs(YMapreal(i)-

YMapreal(i-1))<tol) 

        list_same(countsame)=i-1; 

        countsame=countsame+1; 

    end 

end 

for j=length(list_same):-1:1 

    XMapreal(list_same(j))=[]; 

    YMapreal(list_same(j))=[]; 

    ZMap(list_same(j))=[]; 

    currenttimebulkreal(list_same(j),:)=[]; 

    currenttimesurfreal(list_same(j),:)=[]; 

end 

countx=1; 

county=1; 

listx=XMapreal(1); 

listy=YMapreal(1); 

for k=2:length(XMapreal) 
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    if(XMapreal(k)>max(listx)+tol) 

        listx(length(listx)+1)=XMapreal(k); 

        countx=countx+1; 

    end 

    if(YMapreal(k)>max(listy)+tol) 

        listy(length(listy)+1)=YMapreal(k); 

        county=county+1; 

    end 

end 

listtoremovex=[]; 

countxremove=1; 

for o=1:length(listx) 

    countox=0; 

    for i=1:length(XMapreal) 

        if(abs(XMapreal(i)-listx(o))<tol) 

            countox=countox+1; 

        end 

    end 

    if(countox==1) 

        listtoremovex(countxremove)=listx(o); 

        countxremove=countxremove+1; 

        countx=countx-1; 

    end 

end 

listtoremovey=[]; 

countyremove=1; 

for o=1:length(listy) 

    countoy=0; 

    for i=1:length(YMapreal) 

        if(abs(YMapreal(i)-listy(o))<tol) 

            countoy=countoy+1; 

        end 

    end 

    if(countoy==1) 

        listtoremovey(countyremove)=listy(o); 

        countyremove=countyremove+1; 

        county=county-1; 

    end 

end 

listtoremovefinal=[]; 

countfinal=0; 

for p=1:length(XMapreal) 

    for q=1:length(listtoremovex) 

        if(abs(XMapreal(p)-listtoremovex(q))<tol) 

            countfinal=countfinal+1; 

            listtoremovefinal(countfinal)=p; 

        end 

    end 

    for q=1:length(listtoremovey) 

        if(abs(YMapreal(p)-listtoremovey(q))<tol) 

            countfinal=countfinal+1; 

            listtoremovefinal(countfinal)=p; 

        end 

    end 

end 

if(isempty(listtoremovefinal)~=1) 
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    for j=length(listtoremovefinal):-1:1 

        XMapreal(listtoremovefinal(j))=[]; 

        YMapreal(listtoremovefinal(j))=[]; 

        ZMap(listtoremovefinal(j))=[]; 

        currenttimebulkreal(listtoremovefinal(j),:)=[]; 

        currenttimesurfreal(listtoremovefinal(j),:)=[]; 

    end 

end 

x=countx; 

y=county; 

if(XMAX>x) 

    XMAX=x; 

end 

if(YMAX>y) 

    YMAX=y; 

end 

  

ZMap=max(ZMap)-ZMap; 

    ZMap=ZMap'; 

    XMapreal=XMapreal'; 

    YMapreal=YMapreal'; 

    ZMap=reshape(ZMap,x,y); 

    XMapreal=reshape(XMapreal,x,y); 

    YMapreal=reshape(YMapreal,x,y); 

    ZMap=ZMap'; 

    XMapreal=XMapreal'; 

    YMapreal=YMapreal'; 

    flipstart=2; 

    for i=flipstart:2:y 

        ZMap(i,:)=fliplr(ZMap(i,:)); 

        XMapreal(i,:)=fliplr(XMapreal(i,:)); 

        YMapreal(i,:)=fliplr(YMapreal(i,:)); 

    end 

    ZMap=ZMap-min(min(ZMap)); 

    if remove_topog_drift==1 

            %ZMap=test2; 

            ZMap3=ZMap; %comment this line out for pixel 

picker 

        for i=1:y 

            datap=1:x; 

            [xData, yData] = prepareCurveData( datap, 

ZMap(i,:)) ; 

            ft = fittype( 'poly1' ); 

            opts = fitoptions( ft ); 

            opts.Lower = [-Inf -Inf]; 

            opts.Upper = [Inf Inf]; 

            driftfit2 = fit( xData, yData, ft, opts ); 

            MyCoeffs3=coeffvalues(driftfit2); 

            ZMap3(i,:)=ZMap(i,:)-MyCoeffs3(1)*datap-

MyCoeffs3(2); 

            ZMap(i,:)=ZMap3(i,:); 

        end 

    end 

set(0,'defaultfigurecolor',[1 1 1]) 

minlength_IT=min([size(currenttimebulkreal,2),size(currenttime

surfreal,2)]); 
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timelist=0:datapointtime:datapointtime*(minlength_IT-1); 

if(normalise==2) 

    

Map=currenttimesurfreal(:,1:minlength_IT)./currenttimebulkreal

(:,1:minlength_IT); 

elseif(normalise==0) 

    Map=currenttimesurfreal(:,1:minlength_IT); 

elseif(normalise==3) 

    Map=currenttimebulkreal(:,1:minlength_IT); 

elseif(normalise==1) 

    Map=currenttimesurfreal(:,1:minlength_IT)-

currenttimebulkreal(1:minlength_IT);   

end 

%next section plots topography 

if channel_to_plot==3 

    zcorrected=ZMap; 

    zcorrected=zcorrected-min(min(zcorrected)); 

    figure( 'Name', 'Topography' ); 

    imagesc(zcorrected(YMIN:YMAX,XMIN:XMAX)) 

    view( [0, 90] ); 

    caxis([nanmin(nanmin(zcorrected)) 

nanmax(nanmax(zcorrected))]) 

    figset_9channel 

    colormap(parula) 

    set(gca,'XTick',[XMIN,XMAX]) 

    set(gca,'XTickLabel',[0,hopping_distance*(XMAX-XMIN)]) 

    set(gca,'YTick',[YMIN,YMAX]) 

    set(gca,'YTickLabel',[hopping_distance*(YMAX-YMIN),0])    

end 

end 
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B) SICM Surface Charge Mapping Script  

%A=load('Filename.tsv');%load data in as A, comment out after 

already loaded to save time on future runs 

%% 

%CV at surface only 

set(0,'DefaultFigureColormap',feval('jet')) 

close all 

movie=0; 

Extract_data=0;%1 if running for first time, 0 if data already 

loaded 

time_to_plot=180000;%what part of IT curve to plot in us (can 

change time to plot single frame still) 

hopping_distance=0.15;%in um 

average=0;%frames to average 

plot_movie=0;%plot IT as a movie with settings chosen later 

(0=still not movie at time point from time to plot) 

channel_to_plot=4;% 3 is topography and 4 normalised current 

(charge map)                                                                                                                                                                                                                                                                               

channel_line_number=11; 

channel_voltage=8; 

channel_dc=4; 

channel_xdata=1; 

channel_ydata=2; 

channel_zdata=3; 

channel_phase=13; 

channel_amp=12; 

frame_to_plot=0;%0 whole movie, or individual frame if not 0. 

remove_topog_drift=1;%1 or 0 

startpoint=1; 

endpoint=6500; 

correctstart=1; 

correctend=6561; 

datapointtime=4*256; 

pulsetime=20000; 

normalise=2;%0 no normalise, 1 normalise to bulk subtraction,2 

normalise to bulk division, 3 plot bulk 

fixcbar=2; 

%1. Fix between maximum and minimum over whole scan 

%2. Colourbar for each frame 

labelsize=20; 

%Shouldnt need to change anything below here 

last_line = max(A(channel_line_number,:)); 

lines_in_hop=7;%number of lines between each approach 

first_approach=2;%9 normally, 2 if small hopping distance 

<=150nm 

first_surface_IT=first_approach+1;%line number for first part 

of first cv 

first_bulk_IT=first_surface_IT+3; 

%If you want to crop 

if Extract_data==0 

XMIN=1;%line number you want to crop from and to 

XMAX=61; 

YMIN=1; 

YMAX=61; 
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end 

if Extract_data==1 

    %% 

    %Make X, Y Grid for plots 

    %Extract topography 

    count1=1; 

    count2=1; 

    h1 = waitbar(0,'Initializing Topography waitbar...'); 

    for i=[first_approach:lines_in_hop:last_line] 

        %if(mod(count2,x+1)~=1) 

            b=A(:,A(channel_line_number,:)==i);%picks out 

approaches by line number 

            XMapreal(count1)=mean(b(channel_xdata,:)); 

            YMapreal(count1)=mean(b(channel_ydata,:)); 

            appcurrent(count1)=mean(b(channel_dc)); 

            Applinecheck(count1)=b(channel_line_number,1); 

            zdata=b(channel_zdata,:); 

            if numel(zdata)==0 

                ZMap(count1)=ZMap(count1-1);%if empty 

approach, topography same as last 

            else 

                ZMap(count1)=zdata(end); 

            end 

            count1=count1+1; 

        %end 

        count2=count2+1; 

        waitbar(i/last_line,h1,'Topography Progress') 

    end 

    close(h1) 

    zr2=ZMap; 

    appcurrentraw=appcurrent; 

    XMapraw=XMapreal; 

    YMapraw=YMapreal; 

     

    %ZMap(end)=[]; 

    %Next section of code reshapes to grid and checks right 

number of hops 

     

     

    %Map_b = zeros(floor((last_line-

first_approach)/lines_in_hop)+1,no_frames); 

     

    %Now extract CV data 

        count1=1; 

        count2=1; 

        h2 = waitbar(0,'Initializing Functional waitbar...'); 

        for i=first_surface_IT:lines_in_hop:last_line%forward 

part of cv V0 to V1 

            %if(mod(count2,x+1)~=1) 

                ibulk=i+(first_bulk_IT-first_surface_IT); 

                b=A(:,A(channel_line_number,:)==i);%extracts 

data of these line numbers 

                bbulk=A(:,A(channel_line_number,:)==ibulk); 

                if(numel(b)>0&&numel(bbulk)>0) 

                    

currenttimesurf(count1,1:length(b))=b(channel_dc,:); 
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currenttimebulk(count1,1:length(bbulk))=bbulk(channel_dc,:); 

                else 

                    

currenttimesurf(count1,:)=currenttimesurf(count1-1,:); 

                    

currenttimebulk(count1,:)=currenttimebulk(count1-1,:); 

                end 

                count1=count1+1; 

            %end 

            count2=count2+1; 

            waitbar(i/last_line,h2,'Functional Progress') 

  

        end 

        close(h2) 

end 

if Extract_data==0 

%% 

%% 

ZMap=zr2; 

XMapreal=XMapraw; 

YMapreal=YMapraw; 

currenttimebulkreal=currenttimebulk; 

currenttimesurfreal=currenttimesurf; 

tol=hopping_distance/5; 

countsame=1; 

for i=2:length(XMapreal) 

    if(abs(XMapreal(i)-XMapreal(i-1))<tol && abs(YMapreal(i)-

YMapreal(i-1))<tol) 

        list_same(countsame)=i-1; 

        countsame=countsame+1; 

    end 

end 

for j=length(list_same):-1:1 

    XMapreal(list_same(j))=[]; 

    YMapreal(list_same(j))=[]; 

    ZMap(list_same(j))=[]; 

    currenttimebulkreal(list_same(j),:)=[]; 

    currenttimesurfreal(list_same(j),:)=[]; 

end 

countx=1; 

county=1; 

listx=XMapreal(1); 

listy=YMapreal(1); 

for k=2:length(XMapreal) 

    if(XMapreal(k)>max(listx)+tol) 

        listx(length(listx)+1)=XMapreal(k); 

        countx=countx+1; 

    end 

    if(YMapreal(k)>max(listy)+tol) 

        listy(length(listy)+1)=YMapreal(k); 

        county=county+1; 

    end 

end 

listtoremovex=[]; 

countxremove=1; 
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for o=1:length(listx) 

    countox=0; 

    for i=1:length(XMapreal) 

        if(abs(XMapreal(i)-listx(o))<tol) 

            countox=countox+1; 

        end 

    end 

    if(countox==1) 

        listtoremovex(countxremove)=listx(o); 

        countxremove=countxremove+1; 

        countx=countx-1; 

    end 

end 

listtoremovey=[]; 

countyremove=1; 

for o=1:length(listy) 

    countoy=0; 

    for i=1:length(YMapreal) 

        if(abs(YMapreal(i)-listy(o))<tol) 

            countoy=countoy+1; 

        end 

    end 

    if(countoy==1) 

        listtoremovey(countyremove)=listy(o); 

        countyremove=countyremove+1; 

        county=county-1; 

    end 

end 

listtoremovefinal=[]; 

countfinal=0; 

for p=1:length(XMapreal) 

    for q=1:length(listtoremovex) 

        if(abs(XMapreal(p)-listtoremovex(q))<tol) 

            countfinal=countfinal+1; 

            listtoremovefinal(countfinal)=p; 

        end 

    end 

    for q=1:length(listtoremovey) 

        if(abs(YMapreal(p)-listtoremovey(q))<tol) 

            countfinal=countfinal+1; 

            listtoremovefinal(countfinal)=p; 

        end 

    end 

end 

if(isempty(listtoremovefinal)~=1) 

    for j=length(listtoremovefinal):-1:1 

        XMapreal(listtoremovefinal(j))=[]; 

        YMapreal(listtoremovefinal(j))=[]; 

        ZMap(listtoremovefinal(j))=[]; 

        currenttimebulkreal(listtoremovefinal(j),:)=[]; 

        currenttimesurfreal(listtoremovefinal(j),:)=[]; 

    end 

end 

x=countx; 

y=county; 

if(XMAX>x) 
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    XMAX=x; 

end 

if(YMAX>y) 

    YMAX=y; 

end 

  

ZMap=max(ZMap)-ZMap; 

    ZMap=ZMap'; 

    XMapreal=XMapreal'; 

    YMapreal=YMapreal'; 

    ZMap=reshape(ZMap,x,y); 

    XMapreal=reshape(XMapreal,x,y); 

    YMapreal=reshape(YMapreal,x,y); 

    ZMap=ZMap'; 

    XMapreal=XMapreal'; 

    YMapreal=YMapreal'; 

    flipstart=2; 

    for i=flipstart:2:y 

        ZMap(i,:)=fliplr(ZMap(i,:)); 

        XMapreal(i,:)=fliplr(XMapreal(i,:)); 

        YMapreal(i,:)=fliplr(YMapreal(i,:)); 

    end 

    ZMap=ZMap-min(min(ZMap)); 

    if remove_topog_drift==1 

            %ZMap=test2; 

            ZMap3=ZMap;  

        for i=1:y 

            datap=1:x; 

            [xData, yData] = prepareCurveData( datap, 

ZMap(i,:)) ; 

            ft = fittype( 'poly1' ); 

            opts = fitoptions( ft ); 

            opts.Lower = [-Inf -Inf]; 

            opts.Upper = [Inf Inf]; 

            driftfit2 = fit( xData, yData, ft, opts ); 

            MyCoeffs3=coeffvalues(driftfit2); 

            ZMap3(i,:)=ZMap(i,:)-MyCoeffs3(1)*datap-

MyCoeffs3(2); 

            ZMap(i,:)=ZMap3(i,:); 

        end 

    end 

set(0,'defaultfigurecolor',[1 1 1]) 

minlength_IT=min([size(currenttimebulkreal,2),size(currenttime

surfreal,2)]); 

timelist=0:datapointtime:datapointtime*(minlength_IT-1); 

if(normalise==2) 

    

Map=currenttimesurfreal(:,1:minlength_IT)./currenttimebulkreal

(:,1:minlength_IT); 

elseif(normalise==0) 

    Map=currenttimesurfreal(:,1:minlength_IT); 

elseif(normalise==3) 

    Map=currenttimebulkreal(:,1:minlength_IT); 

elseif(normalise==1) 

    Map=currenttimesurfreal(:,1:minlength_IT)-

currenttimebulkreal(1:minlength_IT);   
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end 

%next section plots topography 

if channel_to_plot==3 

    zcorrected=ZMap; 

    zcorrected=zcorrected-min(min(zcorrected)); 

    figure( 'Name', 'Topography' ); 

    imagesc(zcorrected(YMIN:YMAX,XMIN:XMAX)) 

    view( [0, 90] ); 

    caxis([nanmin(nanmin(zcorrected)) 

nanmax(nanmax(zcorrected))]) 

    figset_9channel 

    colormap(parula) 

    set(gca,'XTick',[XMIN,XMAX]) 

    set(gca,'XTickLabel',[0,hopping_distance*(XMAX-XMIN)]) 

    set(gca,'YTick',[YMIN,YMAX]) 

    set(gca,'YTickLabel',[hopping_distance*(YMAX-YMIN),0])    

else%plot the chosen variable 

       if(plot_movie==1) 

        frames_that_will_be_plotted=1:1:minlength_IT;%all data 

        movie=1; 

    else 

        difference=abs(time_to_plot-timelist); 

        [idx2 idx2] = min(difference); 

        frames_that_will_be_plotted=idx2; 

        movie=0; 

    end 

    count=0; 

    frame_count=1; 

    for i=frames_that_will_be_plotted      

        str = num2str(round(timelist(i))); 

        comb=strcat(str,' \mus'); 

        if(average==0) 

            toplot_s=Map(:,i); 

        else 

            toplot_2=Map(:,i-average:i); 

            toplot_s=Map(:,i); 

            for j=1:length(toplot_s) 

                toplot_s(j)=mean(toplot_2(j,:)); 

            end 

        end         

        toplot_s=toplot_s'; 

        toplot_s=reshape(toplot_s,x,y); 

        toplot_s=toplot_s'; 

        for i=flipstart:2:y 

            toplot_s(i,:)=fliplr(toplot_s(i,:)); 

        end 

            h4 = imagesc(toplot_s(YMIN:YMAX,XMIN:XMAX)); 

            cbar=colorbar; 

            colormap(flipud(jet)) 

            caxis([nanmin(nanmin(toplot_s)) 

nanmax(nanmax(toplot_s))]); 

            caxis([0.96,1.02]);% scale for charge map for dc 

            if fixcbar==1 

                if channel_to_plot==channel_dc 
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caxis([nanmin(nanmin(Map(:,find(v_list==min(v_list))))) 

nanmax(nanmax(Map(:,find(v_list==max(v_list)))))]); 

                else 

                    caxis([nanmin(nanmin(Map)) 

nanmax(nanmax(Map))]); 

                end   

            end 

            if fixcbar==3 

                caxis([cbarmin,cbarmax]) 

            end 

        title(comb,'fontsize',labelsize,'fontweight','bold' ) 

        figset_9channel 

        %axis off 

        set(gca,'XTick',[XMIN,XMAX]) 

        set(gca,'XTickLabel',[0,hopping_distance*(XMAX-XMIN)]) 

        set(gca,'YTick',[YMIN,YMAX]) 

        set(gca,'YTickLabel',[hopping_distance*(YMAX-YMIN),0]) 

        pause(0.001) 

        gcf ; 

        F(frame_count) = getframe(gcf); 

        frame_count=frame_count+1; 

        pause(0.001) 

    end   

end 

end 
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“Education never ends, Watson, 

It is a series of lessons, 

with the greatest for the last” 

– Sherlock Holmes, His Last Bow  

by Sir Arthur Conan Doyle

 

  



 

 

 


