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Abstract

Personalised polypills, which includes multiple drugs in a single pill tailored for individual patients, has
gained a lot of research interests with the emergence of pharmaceutical 3D printingtidctdisature of

polypill is to be able to release eactud in a controlled manner. However, currently, there are limited tools

to aid the design of such solid dosage forms with desired drug release kinetics. In this work, the drug release
mechanisms of aide range of solid dispersions formed using polymerd mrodel drugs covering a wide
range of physicochemical properties were investigated to generate a large dataset with an attempt to

develop a simulation strategy for achieving a desired drug releaséep

Building a dataset and using the dataset towaiulation building the data to be reproducible and reliable.
The sources of errors throughout the manufacturing and the performance measurements of 3D printed
example solid dosage forms were figivestigated to assess the reproducibility and reliapilif the
experimental data generated to build the dataset. This was the focus of chapter 3. Thereafter, chapter 4
systematically investigated the behaviour of a wide range of pure polymers to etiablerediction of the
behaviour of polymer blends. The lgmer behaviour studied include hydration, swelling, and erosion.
Addition of the drug and investigating the effect on formulation behaviour was the focus of chapter 5.
Chapter 6 used statistical apgaches such as principal component analysis as a festioiction technique

and K-means clustering to classify the behaviour of the polyhery dispersions. These statistical
approaches successfully demonstrated that correlating polymer behaviours agdelease profiles can be
used to predict the selectioaf polymer(s) for a given drug to achieve a desired drug release profile. Further

upscaling of the dataset is crucial to enhance analysis.
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Chapter 1: Introduction

Since the 1950s, therhas been accumulative evidence indicating a substantial account of variability for
drug response is genetically determined widtge, nutrition, health status, environmental exposure,
epigenetic factors, and concurrent thagry was prgosed and formed thdfoundation of the modern
practice of personalised therapil). Therefore, a new discipline arose fragenetics, biochemistry, and
pharmacology known as pharmacogenetithe continuous development of this new field led to and guides
the modern practiceof persondized medicine. fie am of personalized mediciné simplyto tailor drug
therapy with the best response and safety margin to ensheemost effective clinical outcome for each
patient (2). While much of the vision opersonalized medicinean be attributed to advancement in
genetics, the implementation gbersonalized medine requires the advancements the pharmaceutical
materials science and processing to enable viable methods to-effesitively produce small batch
personalised medigiS (2 YSSG SIFOK LI GASYyGQa ySSRaod ! RRAG
deposiion modelling 3D printing has dnstrated the potential as a manufacturing tool to enable such
small batch production. The process is operated by using a 3D digitahdesauide the layeby-layer
production of each single dosage forf®). However, for the pharmaceutical field, currentthere is no
systematic formulation approach that can rapidly provide the design ¢hattailor the drug and the dou

release pattern to the needs of each patient.

This project initiated by examining the accuracy of the FDM 3D printing process. Theheeen moved
the focus on to developing a prediction approach which allows thedtation scientists to rapidlyelelop
ddzA Gl otS a2ftAR RAALISNEAZ2Y oFaSR F2N¥dzZ FGA2Yy GF At

with a particular tyg of controlled release pattern).

The Introduction chapter is divided into two maactions, Background and Maiodpe of this project. The
Backgroundsection provides relevant information on the scientific concepts related to the type of

formulations (solid dispersions) and the processing methods (FDM 3D printing and hot melt eXtgsidn




in this project. This imrmation is used as a knowledge falation of experimental Chapter 3. TiMain
scope of this projectsection reviewed and discussed the fundamental knowledge on the behaviour of
polymer behaviour and drug release kinetiosnfi polymerbased solid dispersins. This information forms

the foundation for the research development of Chapter 4, 5 and 6.

1.1 Background
1.11 Hot Melt Extrusion (HME)

HME is the process wherein raw materials are heated and mixed by applyingstiesa and forced to exit
through a die under controlled conditisr{4). Originally and still widely used by the plastic industry, HME
was introducel to and has been rapidly adopleby pharmaceutical manufacturinghd most frequent
application of HME in the pharmaceutical industry is as a manufacturing process to produce solid dispersion

based products.

1.11.1 Types of extruders & Extrusion process

Screw extruders are one of thhree types of extrusion machineshd other two types are ram and radial

screen extrudergb). Screw extrudes are the most importantly used in the pharmaceutical indug®y

Within the screw types, there are three classifications: Sieglew extruders (SSE) with a sntbdarrel,
twin-screw extruders (T$Rvith corotating or counterotating with intermeshing screws, and muitrew
extruders (MSE) with a rotating or static shaft. SSE is the most widely used due to its mechanicalysimplicit
SSE consists of one rotatisgrew in a smooth barrel that yields a good melt, stable pressure, and
temperature in the barrel. It is also characterized by a long residence time which provides good mixing but
is itself a disadvantagf’). Excessively long residence time can lead to degradation of the material due to
the prolonged exposure to heat. TSBEswintroduced with having two d@gtor assemblies on two parallel
shafts. The use of two screws allows different conditions along the zones of the extruder. The screws can be
either corotating or countefrotating and can be intermeshing or namermeshirg (8). Intermeshing TSE is

the most used athe design allows for setfleaning which prevents raw materials from being in the barrel
and overheating6). Nonintermeshing is less used due to their desigh ¢apdle of producing high torque

which is used for processing of highly viscous mat€®ial0). TSE has two advantages over SSE; the first




being reduced residence time typically betweerl® mins and second being enhanced mixing due to the
design of screws whicempby a disruptive mixing and disggve mixing(11). In disruptive mixing, the
materials are blended evenly while, in dispersive mixing, the material is broken down into finer
morphologes (6). Hence, the enhanced mixing. TSE is preferred over SSE especially for thermolabile drugs

(9). In this work, TSE was usé&iyure 11 shows SSE, TSE, and the different screw types.

CROSS-SECTION OF SINGLE AND TWIN SCREW
EXTRUDER BARREL
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Figure 11: (a) S& with one screw and one shaft and TSE two screws on two gbafte two types of twin screws for TSE).top:
intermeshing screws, middle: intermeshing coust#ating, and bottom: norintermeshing counterotating secews. Adapted from
reference(6, 8).

The various type of extruders have three common distinct zones of operation. The first is the feeding, the
second is the tragition, and the third is the metering zon®, 10-12). The material is fed through the
hopper which is the feeding section. The material is then transported to the ittamszone where it is
melted, compressed, and mixed. Ase compression takes effecthé pressure is increased, and the

material moves along the barrel until it reaches the metering zone in the form of homogeneous plastic melt




ready for extrusion. The ntering zone reduces the nemniformity by minimizing thehickness variation,

ensuring aminar flow, and smooth exit through the die cayityl). The typical HME is shownRigure 12.
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Figure 12: HME schemati(b).

1.11.2 Materials for HME

The materials used for HME should possess the following characteristicantibegneet the same levels of

purity and safety asnaterials usedn traditional oral dosagemust be able to deform easily inside the
extruderand solidify on exiting jimust be thermostable and maintain an acceptaplgysical and chemical
stability during the HMBprocess and afterwaiduring longterm storage and lasly, the desiredin vitro

releae andin vivoperformanceshould be achieved by theroduct. The pharmacetical materials used for
HME area combination ofdlrug and functional excipientsThefunctional excipientare classified as matrix

carriers,releasemodifyingagents plasticzers antioxidants,andthermal lubricantg6, 10).

1 Active Pharmaceutical Ingredien(APIS)

Some of the advantageme that HME is an anhydrous process which avoagatiation due to hydrolysis

by aqueous media often added in the granulating media. The drug has to be thermally stable during the
HME process and as such, joufearacterizéion of the drug chemical and phical properties is crucial.
Crystalline drugs, chacterized by their lattice structure, are thermodynamically more stable compared to
their counterpart amorphous formg¢6). However, poorhsoluble cystalline drugs have a much slower
dissolution ratethan the amorphous form of the drug. HME is often used with an attempt to form a

molecular dispersion of the drug in the polymer matrices to improve the dissolution rateeadrug. The




state of the drugn HME such as fully dissolved (molecular dispajsiar fully undissolved (phase separated
solid dispersion with crystalline drug), or a combination of both, can impact the performance (i.e. drug

release rate) and the shdlity of the oral dosage forniL3).

1 Carriers

Carriers are used during HME as embaddcomponent for the drug. These carriers are realpable and
are classified into polymeric carriers containing polymers andpaymeric carriers containing low melting
point wax. The polymeric carre can be hydrophilic polymers suchdyethyleneoxide or hydrophobic
carriers such as zein amthyl cellulosg14, 15). Reports of nospolymeric carrier have included the use of
sugars and acidd 2, 16). The choice of carriers depesdn drug-polymer miscibility, plymer stability the

desiredrelease mechanispand function of the final dosage for(6).

¢ Plasticizers

Plasticizers are lomolecular weight compounds thaanaffect n one or moreof the three ways.Theycan
cause the carrier tde less rigid lower the processing temperatunehich can avoid the degradation of
thermolabile drug, and reduce the shear forces needed for extrug& 10, 17). The plasticization
phenomenon occurs because plasticizers increase the free volume hetpadgmer chains which lead to
lower melt viscosity so that less heat (lower HME operational temperature) and shear forgegjairedto
make the polymer chains move in the direction of the flM3). Additionally, plasticizers ease the fusion
process (melting) of serarystalline polymers(19). Canmon plasticizers, approved byhé FDA,in

pharmaceutical dosages are enlistedrable 1. The materials used in HME is discussed next.

Table t1: Common plasticizers useddral dosagg10).

Type Examples
Citrate esters | triethyl citrate, tributyl citrate, acetyl, triethyl citrate, acetyl tributyl citraf
Fatty acid esters butyl stearate, glycerol monostearate, stearyl alobh
Sebacate esters dibutyl sebaate
Phthalate esters diethyl phthalate, dibutyl phthalate, dioctyl phosphate
Glycol derivatives Polyethylene glycol, propylene glycol
Vitamin E TPGSE D-h -tocopheryl polyethylene glycol 1000 succinate
Others triacetin, mineral oil, castor oil




1.1.2 Fuse®epositionModeling3D printing (FDM 3DP)

According to statistics, FDM has been the most com@dtechnology used foprototyping accounting for
36%in 2017 46% in 2018§20), 57% in 20143), and most commonly usefibr pharmaceutcal applications
until 2018(21). FDM 3DP is a type of the material extrusion 3DP pro@223) wherein, a heated nozzle is
used(24). The feeding raterial, in the form of filaments, is fed via rollers into the nozEilamentsare then
heated by heating elements into a molten state allow for extrusion through the nozzle ti25). The
nozzlecanmove in the X, ydirection while the platform is movable in thedirections to produce the final
desired geometnjayer by layer, which fusessathe printed filament cools (26, 27). Upon deposition, the
material cools and solidifseonto aplatform. The schematic illustration of FDM is show#figure 13.
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Figure 13: hematic illustration of the FDM 3D printing technologgdapted from referenc@8).

In terms of loading drugto the FDM filaments, currently in use, are two common methods of preparation:
impregnation and hot melt extrusio(29, 30). For mpregnation the filamentis immersed (soakedh a
solution of the drugfor an extended duration, usually a minimuwh 24 hours This method was used by
Goyanest al (31) but the drug loadingachieved in such cases is quite low, approximately 15% at (32)st

The alternate method is by preparing the custom made drug loaded filament using hot melt extrusion which

has better drg loading capacity than the impregnation and is discussad(83).




1.12.1 Pharmaceuticalapplications of HME capled with 3D printing

A major advantage of HME is form solid dispersions with suitableolymeric excipients that providthe

solubility enhancementor poorly soluble drug$34). The different mechanismgroposed in the literature
on how solid dispersions camprove drug solubility are impwring wettability, preventing recrystallization,
and stabiizing amorphous formulationg85). The meltand mixing process duringlME converts crystalline
drugs to the amorphous form by dispersing it in a carrier and prevents dragystallization througtthe
formation of noncovalent bond between the drug and the carrier chain through the steric hindrance
phenomenon(10). Due tothe drugdissolved in the hydrophilic carrier, dissolution intgaistestinal fluids
is enhanced compared to that of the native crystalline forndmfgs. Reviewof HMEmadeoral solid dosage

form from 1990 to 2015 has been given by Magomal (36).

As dscussed previously, for FDM 3DP, the filaments can be created using3AN8B). All pharmaceutical
filaments have to be custom de using HME as all of the commercially available filaments are not made of
pharmaceutical grade materia{89). The use of HME is to createilarhent that incorporates the drug in a
polymer and extruded via the use of a modified die to match the circumferential dimensions of the FDM
3DP nozzle. HME is capable of producing thermoplastic filaments that can withstasile and
compression forcef the printing procesq40, 41). Coupling HME with 3D printing has shown the
advantage of producing tablets with high drug loading capacities as high as 40% of the oral(6o38ge

Fa research, higher drug loading has received attention due to the potential of increasing patient
compliance(42). Increased patient compliance @me of the benefits, which has been demonstrated in
clinical trials of polypills for cardiovascular disease with &titierencevs 46%adherence when taking the
medications separately43). A Polypill is the combination of two or more drugs in one pill designed to

increase patient complianc&igure 14 illustrates the overview of HME coupled with 3DP printing process.
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Figure 14: Schematic of HME followed by 3DP as a single continuous process. The output ceh3i® ffited tablets (rightpr
polypill (left). Adapted fromeference(38).

The oral solid dosage forms that have been @ihtising this approach reported in the literature are of four
types. They are controlled release dosage forms (CRDFs), sustained release dosage forms (SRDF
immediate release dosage forms (IR, and polypill37). CRDFs aim to control the plasma concentration

of the drug after administradn (44). S®Fs aim to maintain the rate of drug release over a sustgieeidd

(44). IRDFs aim to release the drug as fast as possible, generally with first order kinetics so that a fast

therapeutics onset can be achievetl).

1.1.2.2 CommercializatiorLimitations

FDM 3D printing istill a prototype machine and in its infancy stagespharmaceutis. As such, it is

expected that limitations and issues may exist. Such limitations and issues have been mentioned in
literature (24, 25, 45-48). Alhijjajet al reported the impacts of processing parameters on 8i2 printed

dosages by looking dhe physical variationsuch as weight, dimensions, and individggand width and




deduced correlations of one or more parameters to the physical variations using principal component
analysis(48). In the case of oral solid dosage forms, the microstme is an important key feature if
polypills are to be made in the standard size of traditional tabf24. This was shown by works of Goyanes

et al wherein a polypill was printed. Since the polypill had two formulaticanfénts to be printed, it
required precision of printer resolution at microscale to match the thdoat dimensions, which was not
best achieved. This was evident by observing the high variations in the drug release profiles of
approximately +40% among som formulation replicates(49) but #5% in others. This indicates the
inconsistency in FDM 3DP currently in use. Weestral focused on gqality of parts printed by FDM
exported computationally as STL files Inyeistigaing deformities between designed specifidah and
printed object, and catgorized as surface and internal defe(®§). Increasing print speed is challengings

there is generally drade off between feature resolution and print speg®l). The high temperatures
required for printing has ben recognized as a barrier limigy the materials available for FDM printing, as
many materials degradat higher temperatureg52). Okwuosaet alfocused on 3DP at lower temperaag

and using thermofillers to avoid degradati(®B).

There are also works citing economical issues that suggest 3D printing is still not feasibhask
production. Injection mtaling (another manufacturing method) is more cost effective per parts as
production rates rise but 3D printing cost per part remains the consta#it However, printing reduces

time of production significantly but increases the number of steps to the final @BRHhere are great
benefits to 3DP and additive manufacturing in general, which have already been décies¢éher casing

point of a benefit possibly, is the manufacturing of orphan drugs which are very cost ineffective on mass
production scal€55). Mazzantiet alhas reviewed the challenges of using filaments and outlipeti&ically

the problems of usingatural polymerdor FDM printers by diving them into two categoriesprocessing

and appearance problems while simultaneously providing possible solutions for each case, skayunein

1-5 (56).
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Themelting through HME results in obtaining a solid molecular dispersion. The typesaindlling factors

of solid dispersions are an important factor, which is discussed next.

1.1.3 Solidlispersions

The term solid dispersion refers to the distributionasfe or more drug in a carrier at solid state by melting
(fusion), solvent, or meltingolvent method to improve the solubility of poorly soluble d(6@). Sekiguchi

et al were thefirst to report the melting(fusion) method in the early 1960958). Sekiguchkt al initially
proposed that elid dispersion can only exist as a eutectic mixture in a microcrystalline state but Goédberg
al subsequently reported this to not necessarily exist in microcrystafitate but also in other molecular
arrangementg58, 59). Based on the molecular arrangeme@tiou and Riegelmaglassified six different
types of solid dispersiof60), shown inTable 12. The stateof matrix or the drug is one of the three:
crystalline, amorphous, or molecularly pessed, shown ifrigure 16. In this projectthe main kind of solid
dispersion is amorphous solid dispersiafen referred to as glass solution in the original six classification

In such systems, the drug aescipientsare mdecularly disperseth one singlephase.
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Figure 16: The different states of drug molecule in the poly(ed).

Due to observations of monotectic, peritectic structured/asconcelos et laproposed a different
classification systenbased on carrier properties: théirst generation consisting of crystalline polymer,
second generation consisting of amorphous carriers, and third generation consisting of surfactant carriers
(62). Vo et al modified this by adding a fourth generation of insoluble and swellable polyr(@3)s
Furthermore, Meng et al classified binary solid dispersion into six categories based on the state of the API
which is similar tahe classification proposed bghiou and Riegelmai®4). All classification schemes are
equally valid, and here the first of thermproposed by Chiou and Riegelmanill be discussed-igure 17
illustrates the different clasktation categoriesRecently, muitomponent solid dispersion systems have
been cited as an efficient drug delivery system to improve bioavailability and drug sol(@%}i66). In such
systems, as the name suggests, different compartments contain different solid dispersion syuitie e

API and polymer being molecularly dispersed.
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Table 12: Classificatin of the six solid dispersion types. For the states, C=crystalline, A=amorphous, and M=molecularly dispersed.
Adapted from referencés?).

. : . Number
Solid dspersion type Matrix state | Drug state of phases
I Eutectics C C 2
Il | Amorphous precipitation C A 2
Il | Solid solutions
Continuous solid solution C M 1
Discontinuous solid solutiol C M 2
Substitutional Soli&olution C M lor2
Interstitial Solid Solution C M 2
IV | Glass suspension A C 2
V | Complex formation A A 2
VI | Glass solution A M 1
Solid Dispersion Classification Basis
| l
Physicochemical structures : : :
: . : Carrier propertieby API statedby Menget al in
by Chiou ig(;l?legelman n Vasconcelost al in 2007 2015
(six categories) (three categories) (six categories)

Modified by Vet al in 2013
(+1, totalling four categories

Figure 17: Solid dispersion classificatibased orproperties and number of categories in each in brac{@fts

1.13.1 Eutectic Type
Eutectic mixtures are madé&om rapid solidification of fused liquid of two components which show

complete liquid miscibility and almost no seldlid solubility(68). The phasediagramfor the eutectic
mixture is shown irFigure 18. Such systems are regarded as an intimately blended physical mixture of the

two crystalline component&9, 70).
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Figure 18: Phase diagram dEutecticmixtures of substance A and B. Adapted from referéd@e

The liguid miscibility is attained in the liquid solution phase of both A and B. In the adjacent phase, either A
or B exist as a solid while the other is liquid. Point E is kn@wheaeutectic temperature where the mixture
freezes or melts and lower thagither of the constituentg71). As the temperature is decreasdibth A and

B become solid and crystallized particles. The crystals, with theieased surface area and reduced
particle size increase the dissolution rates along with other factorns.ifitrease drug solubility with very
small crystallite sizes, solubdimn effect of the carrier in a microenvironment surrounding the drug
particle in initial stages of dissolution, absence of agglomeration between fine crystallites of API that hinder
dissolution, excellent wettability and dispersibility of API in a wat#duble matrix, and crystallization in the
metastable form which has higheplubility leading to faster dissolutiai$0). Use of eutetic mixture is to

form solid dispersion of a crystalline API in a crysmlpolymer to enhance the dissolution of the drug.
Carrier may be either hydrophilic or hydrophobic. Letval demonstrated increased dissolution of insoluble
fenofibrate ina eutectic mixture of PEG 8000 (hydrophilic polymer) of ratio 25:75 (API:polymvaile
Figueirédcet aldemonstrated increased dissolution for both insolubnbknidazolgan antichagasic API) in
eutectic mixture with insolublgposaconazoléan antifungal hydsphobic API) or ratio 80:20APIBNZAPI

PCX(72,73).
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1.1.3.2 Amorphous precipitation

In this state, the APprecipitate out in amorphous form within the crystalline carrier. This is the main

difference betweerthe eutectic mixture and amorphous precipitation. The amorphous form has the highest
energy of the pure form of APl and producestéa dissolution comared to the crystalline forn(60).
Mullins et al showed that amorphous novobiocin ragenfold higher solubilitythan its crystallineform

(74). The principle of crystalline carrier is the sameaasutectic mixture. The crystalline carrier, being
water-soluble, exhibit forrmg small particles, reducing aggregation, increased wettability, decreasing
crystallinity, and transforming metastable polymorrb). Crystalline carriers such as uré#), organic

acids(77), and sugars have been us@®).

1.1.3.3 Solid solutions

A solid soluthin is made of solid solute dissolved in a solid solvent and often called mixed crystal due to the

crystals of two component being homogenously distributed as a one phase s{&8nit was suggested

that due to solid ina solid medium, the molecular size of the solid soligeat a minimum, and can have
faster dissolution than eutectic mixturg80). Solid slutions can be classified into two categories either
based on the level of miscibility or the crystalline structure of the solid soluf@in 82). Based on
miscibilty, the categorization is either continuous or discontinuous and basetth®@wrystal structure, the
categorization is either substitutional or interstitial solid solutions. In continuous solid solution, the
components are midble across all proportiondt has been theorized thatotal lattice energy of the
continuous solid solution at various compositicstsould be greater than that adither pure componens
because the strength othe bond between thetwo different componets at the solid stateshould ke
greater than that between the same speciesflecules(79). Such solid solution lsanot been reported in
pharmaceutics but habeen reported to be made in engineering for lithium batteries by Mokl (83). In
contrast, discontinuous solid solutions, there is limited solubility of the two components above the eutectic
temperature. This is merpossible in realitg one component is caje of dissolving the other component

to a certain degree. As the temperature is lowered, the solubility decreases, and the solid solution exists in a

narrower region. The phase diagrams for continuous and disugous solid solution shown ifigure 19.
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Figure 1 9: (Left) Continuous solid solution. (Righigcontinuous solid solutii@4).

In terms of crystalline structure, one group is substitutional solid solutionsulistitutional solid soluibns,

the solvent molecule is substituted by solute molecules indfystal lattice structure. Téresultant can be

a continuous or discontinuous solid solution. Such substitution is possible if the molecular sizes of the two
comporents do not differ morghan 15% acording toHumeRuthery rulg82, 85). In contrast, i interstitial

solid solutions, the solute necule occupies the iptstitial spacebetween the solvent molecules in the
crystallattice. For interstitial solid solubns to form,three factors must be preseniThe first ishe diameter

of the solute molecule should be less than 59% of the solwesi¢cule diameter The seond is he volume

of the solute molecule should be less th2b% of the solventolecule The thid isthe pattern in which the
solute and solvent moleculis arranged shouldavour the formation of an interstitial solid solutiof60).

Figure 110shows the difference ithe lattice structure ofthe substitutional and interstitial solid &ation.

Figure 110: (Left)Substituitional solid solution crystal lattice and (rightgrstitial solid solution. Black circles=Solute molecule and
white circle=solvent moleculés0).
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1.1.34 Glass suspension and Glasslutions

The concept of the formation of a glass solution as another potential modification of a dosage/ificcm

can increase druglissolution byChiou and Riegelma(60). ¢ KS (G SNY W3t aaQ Aa dz
chemical or a mixture athemicals in a glassyate. A glass solution is a homogenous system in which the
glassy or vitreous form of the carrier solubilizes the drugemale in is matrix(86). Glass suspension is a
mixture wherein the precipitate is suspended in glass solvent. The glassy state is achieved by rapid
guenching of thamelt (87). This glassy state isatacterized by transparency and brittleness below thelfl
continuously softens upon heating and gives a broad meltiomtp Heatng the glassy state of pure
compounds can transform it into a crystalline state. Various physicoida¢properties such agiscosity,
refractive index, thermal conductivity, compressibility, etc. change within the glass transition region when a
substanceis heated or cooled60). Simonelli et al were the first to demonstrate high dissolution rates for

glass suspensions usiRYP withsgphathiazole(88).

1.1.3.5 Complexformation

Complex formations armodified particles that are a conjugate of the drug and carrier molecules forming a
binary system. The compleformation is common. Sdguchiet al found eleven cases of compound
formations out of twelvephase diagrams while Guillogt al found four compaind formations out of nine
phase diagrams investigat€89, 90). Furthermore, If the complex forms during the preparation method, it
does not indicateghey will reform in the liquid phase and vice versBheformation of the drug from the
complex formed depends on stability, dissdmn constant, solubity and intrinsic absorption rate of the
complex(60). In one study by Benett al, the dissolution rates incesed by onefold for acmplex of

griseofulvin and polyethylene glycol 60).

The physical statof the drug and the excipients are vitally important for impacting on the stability and drug
release behaviouof the solid dispersins. Therefore, the phase behaviour of solid dispersions is discussed

in the followingsection.
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1.1.36 Phase behaviouof solid dispersions

Despite the potentials of solid dispersions for improving the dissolutioth@fpoorly sduble drug, the

number of research articles for solid dispersion outweighs the number of commercial prodticslio
dispersion(92). The low number is due to physicochieal instability in the manufacturg process or during
storage with the eventual effect of the solid dispersion exhibiting phase separatiorciystallization(93,
94). Understanding the phase behaviour of a solid dispersion is critical fdicgirgy the stability 6the solid
dispersion. The phase behaviour of a solid dispersion can be probed by a range of thermodynamic
parameters sule as glass transitn temperature and molecular mobility. These all can be used to predict
the storage stabilit of solid dispersionglere the glass transition temperature is discussed in detail as it was
used directly in this project to identify the phigal state and thephase behaviour of the solid dispersions
studied. It is also one of the most widely used graeters to predict staitity and to help identify the
appropriate storage conditions of amorphous dispersi(g% 96).

1 Theories of Glestransition
Prevously, it was stated thatglis dependant on thehermodynamicgcooling/heating rat¢ Thisraised a
hypotheticalquestion about how much Tg can be slowed if the rates are slowed. Furtherngaseefiected
by the crosslink density, ize molecular weight, copolymerizationtystallinity, chemical structure groups,
tacticity, and by pressur@7). Therefore, three main theories of glass tramsis were proposed to gain

at a molecular level, whials outlined inTable 13.

Table 13: Tg theory with advantages and disadvantag@s).

Theory Advantage Disadvantage
1. Time and temperature of viscoelastic
Free volume events related to Tg. 1. Actual molecular
theory 2. Codficients of expansioabove and below motions poorly defined
Tg related
1. Shifts in Tg with time frame quantitilye

1. No Tg pedicted at

Kinetic theory determined e
infinite time scales

2. Heat capacities determined
1. Variation of Tg with moleculaweight,

1. True seconébrder

Thermodynamic diluent, and cros$ink density predicted .
. " transition temperature
theory 2. Predicts true secondrder transition .
poorly defined
temperature
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Free volume theory was introduced by Eyretgal primarily states free ioame in the form of segented
voids asavital part for the onset of molecular motiof®8). Secondly, it reltes the coefficient of expansion
above and below the g and third it relates the viscoelastienotion to the variables of time and

temperature.

The lknetic theory defines gas the temperature at which the relaxatidime for the segmental motions in

the main polymer chain is of the same order of magnitude as the time st#he experiment. Theéheory
approaches the rate of equilibrium of the system accounting for the motion of the voids and molecules. The
kinetictheory also provides numerical infoation about the heat capacities below and above tige There

are variols models or method postated pertaining tothe kinetic theory such a¥ol'kenshteimgPtitsyn
relaxation theory(99), TookNarayanaswamgMoynihan method(100), Kovacs method101), and Adant

Gibbs theory(102). A comprehensive revieof all thes theories/models is given by Tropit al (103). The
thermodynamic theory introduces the notion of equilibrium and theguieement for true seconebrder
transition, even at infinitely long scales which was proposed by Gibbs and DiNE®4jo It successfully

predicts the variation of gwith moleailar weight, crosslink density, and diluent contéar).

The fee volumeneeded for calculations in these theories is found by subtracting the occupied volume from
the total volume(105). Thefree volurre numbers have different estimations due to different definitions of
the occupied volume. Therefore, there are variations in the free volume number fradiidohe 14 outlines

the various theories that estimate the fre®lume fraction.

Table 4: Summary of free volume numbers from four mo¢&rs.

Theory Free volume fraction Reference

WLF | 0.025 (106
Hirai and Eyring | 0.08 (107)
Miller | 0.12 (108)
SimhaBoyer | 0.113 (109
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1 Glass transition (Tg)

The glass transition is a phenomenon that is observed when an amorphous material is superapioligd
(no nucleation or crystallization), the materialrfies a glas whereby the macroscopic dynamics either
ceases or isnfinitesimally slower than the characteristics measurement time. The temperature at which
this occurs is the gf'(110. The sane holds true when heating that the glaseyaterial changes into a
rubbery material indicating it is a reversible process. The transition is a kinetic process ang ithe T
dependent upon the cooling rate for a given matefiall). Faster cooling result in higheg &and slower
cooling result in lower g Figure 111 showsthe volume changes as a function of temperature. Generally,
an amorphous polymer has a singg(T12). Blends can exhibit one or twg @lepending on their miscibility

or immiscibility which is discussed latét13). Tgis a secongrder phase transitionunlike melting, which is

a firstorder transition whereby latent heat is involved. Ap, Tthere are changes in derivative
thermodynamic properties such dweat capacity coefficent of thermal expansion, mechanical modulus,
and dielectric constant(114, 115). Thereare also ther physicalchanges in entropy, rigidity and viscosity
(111). As viscosity is onef the indcators, § has also been noted as the temperature, at which the shear

viscosity iqual to 1013 Poise or ¥Pa 5116).
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Figure 111: \olumeof variousstates of materials as affected by temperatftd 7).
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Based on the derivative thermodynamic property changes mentioned, therediffierent methods b
characterizehe Ty of a material. The first is volumetric methods operatbaged orvolume changes using
dilatometry and thermal mechanical analys(818). The second is mechanical or dielectric methods
operating based onchanges in stoge modulus or changes in dielectric loss constant using dynamic
mechanical analysis and dielectric analy$i€). The third isa moisture sorption technique operatingased

on changes in moisture uptake which switcha@®nfi adsorption to absorption(120). The farth is
thermodynamic analysis operatirigased onchanges in specific heat capacity usindifferential scanning

calorimetry(121).

N Glass transition for Blends

Polymeric blends canae threeinstances of @ depending on the miscibility122). Formiscible blends
which are a single phase, a singtgsTobserved which can be calcddtusing the Fox equation or Gordon
Taylor equation, shown by equationl1land 12 respectively. For immiscible blends, the original two
individual B of the constituthg materids is observed. Thermodynamically, there is always some degree of
molecular mxing of one component in another component but this negligible, and therefore still taken as
an immiscible blend. For partially miscible blends, there are two sepdkataut both are more shifted
toward the T of the other polymen(97, 122, 123). The Tg behaviours are shown iRigure 312. Such shifted
Tgwas observed in the works of using epoxy and acrylate polymer in a ratio of 60/40%,-weightvhere

the Tg of pure epoxy wad20°C, wtich shifted down (inward towards acrylate) to°@5 while the g of pure
acrylate was40°C which shifted up (also inward toward epoxy)-168°C, indicating a partial blend (often

referred as a semmniscible blend)124).

W W
~Ng O (125 Equation 11

. P
Fox Equation YO YO YO

®»YQ To YQ
w X

GordonTaylor Equation Y (121 Equation1-2

where W is the weight fraction of homopolymer W:is the weight fraction of homopolymer 2¢:T

and T are the individual glass transition of polymer 1 and 2, and k is a fitting parameter.
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Figure 112: Schematic plots of shifts expected in Tg for the three blend sce(28)s

It is seen that miscibility is an important factor that affects tlgeli this work, the Jwas used to assess the

polymer blends in chapter 4. Two cases of polymer blends wesgaped: miscible and semiiscible blend.

1.2 Main scope of this project
1.2.1 Polymer behaviour in aqueous media

Polymer dissolution is wherein the polymer immersed in a solvent undergoes two transport processes, one
being solvent diffusion and the othéeing chain disentanglemei(t26). Ueberreiter describes the process
being initiated by the solvent as it pushedd the polymer. As the solvent pushes into the polymer, the
polymer may or may not swell. In either case, the most outer layer of the polymer is disentangled and flows
in the bulk of solvent direction (solution mdiim). As time passes and the solvent peages further, a
quastistationary equilibrium is reached where the transport rate of polymer into the solvent is balanced by
ingress rate of solution into the polymédf27). Ueberreiter also first summarized regions of a glassy
swellable polymer based on layering composition showf&igure 113. Theinfiltration layer, next to the

pure polymer, is characterized by many intermolecular spaces through which molecules from the pure
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polymer layer can penetrate, starting the diffusion process. The solid swollen layer has been described as ¢
build up layemhich is still in theglassy state. The gel layer contains the polymer material that is eroded but
held in this state due to the rubbery state of this layer. The final layer before the pure solvent is a liquid

layer which encapsulated the entire polymessm (127).

_-M
-rs ] Solvent Diffusion
—
So
Pure Infiltration b\\ o|l':' a Gel Liquid Pure
Polymer Layer L user Laver Layer Solvent

Chain Disentaglement :>

Figure 313: Schematic of the surface layer of a polymer during dissolution. The chain disentmigisrim oppos$é direction to
solvent diffusion. Adapted from referende6).

Factorsaffecting polymer dissolution can be polymer related or exterfalymer related factors are
molecular weigh{127), polydispersity(128), structure (129), composition(130), stereochemistry131), and

solvent and additive€l32). External factors include agitati¢h33), temperature(128), and radiation134).

Regarding molecular weight, the dissolutioneatecreases with increasing polymer weight in a nonlinear
trend. It was obserd that the dissolution rate was inversely related up to a critical molecular weight and
thereafter, the dissolution rate plateauBelow this critical molecular weight, dissatn occurred by stress
cracking Parsonaget al. concluded that the dissoluth is controlled by chain disentanglement, which is a
function of polymer molecular weigh{L35). Larger molecular weights yield higher levels of entanglement.

Therefore these molecular weights have a higher degree of swelling before dissolution occurs.

In addition tothe molecular weight of the polymer, thdissolution process can also beeaffed by chain
chemistry, composition, and stereochemist®ypolymer dissolve eitherby exhibiting a thick swollen layer

or by undergoingextensive cracking, depending on how fast themotic pressure stress that builds up in
the polymermatrix is relieed. Therefore, the nature of theJ2 £ @ YSNNA RATFTFSNEBEMOSA

segnental stiffness are responsible for behauiovariationsfrom polymer to polymerlt wasalso found that
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the dissolution behaviar is profoundly affected by thdacticity of the polymer (129). Gipsteinet al
observedvariations of dissolution behawio with stereochemistryin that the solubility rate of isotactic

PMMA ismuch greater than that for the syndiotactic ahdterotactic stere forms (131).

The type of penetrating $eent can also have arofound effect on polymer dissolutionOuano and
Carothersstudied the dissolution of PMMA everal solventsind found that cack occurred quicker with
the smaller, better solventthan bulky and poorer solvenfl29). This was because bigher diffusion rates
and swellingpower of these solvent molecules. They conclutieat if the internal pressure builds up faster
than theglassy matrixan relaxthrough graduabwelling,a fracture canresult. It was alsgointed outthat

polymer morphology at the molecular level hasteong influence on the kinematics of dissolution.

External parameters such as agitation aednperature as well asadiation exposure camfluence the
dissolution processlt was found that the rate of dissolution increases witthe agitation and stirring
frequency of the solventiue to a decrease of the thickness of the surféeger, and the dissolution rate
approades a limitingvalue if the pessure of the solvent against tiseirface of the polymer is increased at
all temperatures(127). Drummord et al studied the effects bradiation with samples of P(MMA&o-MAH)

with Methyl ethyl ketone it was shown that the dissolution processifinction of radiation dos€l34).

It is noted that the underlying phenomenon of the polymer behaviour can be divided into three processes,
which consists of the sadnt diffusion(known as hydrain), the expansion of polymeric network (known as

swelling), and the polymer chain disentanglement into the solvent (known as erosion).

1.2.1.1 Hydration

Hydration refers to the penetration of the solvent into the matrix thgh the free volume in the nterial.

The rate of penetration of liquid into a porous matrix is driven by the interplay between the capillary forces
that promote fluid movement towards the interior and the viscous forces that oppose the liquid movement

(136). It was noted that the pscess of sorption/desorptiohas been noted to be complex and nbmear
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depending on the polymer morphology and chemistry. For example, two distinct hydration profiles were
observed for the same polymer by Mey al (137). The overall response of hydrated polymers is further
influenced by factors such as water induced relaxatin the host polymei(138, 139). McBrierty et al
summarized the factors that impact hydration of polymé¢t40). In summary, the behaviour of water is
influenced by physical/spati as well as chemicaiteractions. Chemical effects include hydeoghonding

to binding sites suchs ion clusters, ester, amide, carboxyl and polar £itdg). A hierarty of interactions

has been proposed in order of decreasing enefjjyey are as suchon-ion > waterion > waterpolar =

polar-polar = waterwater > waterhydrophobic(142).

Experimentally hydration was measured ihis work by measuring mass changes. For mass changes to infer
hydration, equation 13 has been use(lL43). In this equation, thenoisture absorptioris simple ratiewise
changeequation which describes the absorption as an incremental increase in wet weight (polymer+water)
as a ratio to the initial weight in terms of percentage. Other techniques such as NMmRamaetic
Resonance ImagingMRI) has bee used to measure hydratiomithe event of swelling and erosion
occurring simultaneously. NMR has been used to obtain the diffusion coefficient of solvent and NMR
imaging has been used to construct a time evolution of hydratiagi, 145). Aternative to NMR imaging,

once the diffusion coefficients are gathered, substituting into appropriate diffusion equations can produce a

time evolution of hydration. The MRI does thisrbgpping*H nuclei associated with mobieater (146).

Hydration%= pTT Equation 13

where M is theinitial massand Mt is the mass at sample timdn this work, hydration was measured for

placebo polymers and formulatiamsing the above equation in chapter 4 and 5.

1.2.1.2Swelling

There have bee multiple theories to describe swelling in polymers. The kinetics of swéliagontinuous
processof transition fromun-solvated glassy to eelaxed rubbery regionFick's dw of diffusiondescribes

solute transport from polymeric matricefn rubbery polymers hydration is described byickian transport
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anda concentration dependerdiffusioncoefficient Fickian transpontefers to the solutdransportprocess
in which thepolymer relaxation time ¢ is much greater than the solvent diffusion tinle47). In glassy
polymers the laggingreorientation of polymer molecules lealto anomalous effectsf conducted near or

below the .

According tothe Bajpai classification, two basic categories ais&). The first category ithe Fickian or
Case | transport which appears when thg of polymer is welldow the ambienttemperature.Here the

polymer chainsare very mobileand the solventpenetrates easily The hydration rateRnyd is slower than

the polymer chain relaxatiorate, Relax (Rhyd << Relay), 8s shown by the first (top) scenariofigure 114.

The £condcategory imon-Fickiandiffusion, whichoccurswhen the Tg othe polymeris above theambient
temperature.Fornon-Fickian diffusionthe polymer chains areessmobile than in Case | transport causing
slower hyadation into the polymer (149). Two subtypesarise in nonFickian diffusion, dependingn the

hydration rates. They ar€a® Il transport and anomalous transportf the R.wygd is much faster than the
Rrelax, Casdl transportarises distinguishable ey sharp boundary between the hydrated andn-hydrated

parts (Rwyd >> Relay. This is shown in the third (bottom) scenarioRigure 114. In this case, the drug
molecules penetratethe swollen layer much more in the same amount of time comgare Case |
transport. In contrastanomalous transporariseswhen thehydration rateand relaxation rates arsimilar

(Royd F Relay) (143). This isshown in thesecond(middle) scenario irFigure 114.

25



o) oL X o .
1 : o A.
yg / { /50 (a) . 20
N A.

’ Rhyd < Rrelax K7 0/a o0 20
aes § .%i““."ﬁzg“
£ . 2y +H20 %‘5 %‘:‘ﬁ +H20
(HEH) < AN -~
X v 4 -H20 '.“.“z“fl'l““\\\. . 'Hzo
\:,/ / v'l)‘ (b) o
Glassy M0 Rt R'e'ax D O Swollen
state *y LR AN x () state
>0 : X\

(e

%
O \ O SO S A
"0. 'lmu\\\,‘l,

6% Targ X
?’4‘;7,’2:f g

Rhyd > Rrelax

Glassy rubbery

transition
(O) Water molecules

$ Dry gel % Solvent front (1) Swollen gel (®) Drug molecules

Figure 114: lllustrations of swelling caseBhe top is Case | transport, the middle is anomalous transport, and the bottom is Case II
transport(143).

Experimentally, swelling is measdréy volume changes. Ratidse peacentages volume changes are
calculated using Equation-4(150). In this work,the swellingwas measured for placebo polymers and

formulation using the equation in chapter 4 and 5.

Swello= pTT Equation 14

where Wis theinitial volumeand V;is thevolume at sample time

1.2.1.3 Erosion

Erosion is defined as tHess of mass through thghysical dissolution of a polymerhis camresult either

due to dissolution and diffusion of thgolymeric chains or viahain scission, followed by dissolution and
diffusion (151). Thechain scission is alsofegred to as chemical degradation that occurs due to hydrolysis
for biodegradable polymer$l52 153). This degradation is reflected by loss of molecular weight while
erosion is reflected by madsss(154). In the cae of degradation, hydration must occur before hydrolysis

can occur.Polymer erosiornis a more complex process as it depends on many other processes besides
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degradation, such as morphological changes and characteristics oblig@mersformed (155). The
resultant oligomers and monomers are more soluble than the polymers. The dissolved predermtsally

diffuse away from the polymer systesmown inFigure 115.

7 ’
degradation \ dissolution N diffusion \
\
)

4 undissolved monomer and oligomer

/  dissolved monomer and oligomer

Figure 115: The combination of processes leading to eroi&g).

There are two macroscopic mechanisms vidolrerosion occurs: bulk erosion (homogeneous erosion) or

surface erosiorfheterogeneouserosion) In bulk erosion, the solvent hydrates\(i§ into the polymer faster

than polymer scission §§ causing the polymer to degrade at the same rate throughet bulk of the

system (Rya >> Rc). Bulk eroding polymer retains the original geometry and sigeng most of the

dissolution process but the chain scission occurs throughout the mat&hal.molecular weight and the
mechanical strength of the specime decrease in timeduring the erosion processThe decrease in
molecular weight occuressentially from the beginning of tlieegradation process, whereas loss of mass is
much delayed. The external dimensions of godymermaterial remain essentially un@mged until the
material disintegrates at a critical time point(156). Conversely, if the polymer scission is faster tha@ th
hydration, then erosion only occurs at the areas closest to the suf@ge <<Rs). Size and mass of the
device decrease in time, whereas molecular weight and mechanical properties of the polymer device
remain unchanged. In surface erosion, the ratenass loss is proportional to the surface a(&a6, 157). In

drug delivery, such polymeric systems are favourable due to the predictability of the erosion process which
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can be related to the drugelease directly(158). The two mechanisms of erosion along with the loss of
mass, molecular weight, and strength are shown of the polymer system are shadwiguire 116. In this

work, erosion was studied fahe placebagpolymers in chaptey4 and 5 which include Hypromellose acetate
succinate(HPMCAS Polyethylene oxide (PEQ, Polyvinyl alcohol (PVA, Polys-caprolactone(PCLl, Poly
(vinylpyrrolidoneco-Vinyl Acetate(PVPV} Soluplus, andanthan gum. More details about these polymers

are given in chapter 2ZSome polymers such as PCL have been well studied to show surface erosion while

others cannotbe assigned one route exslively(159, 160).

Whether a polymer undergoes surface or bulk erosiomce be unequivocallyassigned. Erosion model has
been prepared byurkersrodaet alusing an erosion numbe¥ ((Esion number is an expression which is
the ratio betweendiffusion time andchemical chain scissidime. Forr >>1, suface erosion occurs while
for ¥ << 1, bulk erosion occursand® =1, prediction cannot be madél61). A list ofthe driving factors of
erosion was stated in the works &urkersrodaet al which area multifactorial and complex dynamic
interplay ofdegradation, swelling, dissolutiodiffusion of oligomers and monomerand even more factors
for electrically erodible polymer or pH changes for-gghsitive polymerg153, 155. Furthermore, the

morphology of the polymer (crystalline vs amorphous) was shown to have different erosior(Y62s

Experimentally, erosion has been measured by dry mass changes shown by Eqdati@s3L The
difference between hydration and erosion in terms of the sampled weight used is that the hydration
measures wet mass inding the weight of the solvent and erosion uses dry mass which is the weight

material only after drying.

Erosion % pTT Equation 15

where My is the initial dry massand M; is the dry mass at sample timePredicting polymer dissolution

behaviour can be predicted from the measurement of the three factors described whidtissed next.
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Figure 116: A) Surface erosion and (B) Bulk erosion. The strength, mass, and MW due to erosion in both cases @&6sh64yn

1.2.2 Drug release behawr of solid dispersions

Drug release is the process in which the drug is released from the polymeric matrix. Polymeric matrices
release the drug in one afvo ways: diffusion or erosio(il51). In the case of diffusienontrolled release,

the drug molecules translocate from the initial position in the matrix to the outer surface and onto the
solvent through dissolutio(il65). The drug concentration gradient in th@lymer matrix is the driving force

for the molecules to diffusénto the surroundingmedium. The highest concentration of the drug is in the
non-hydrated dry regions of the matrix and the lowest is in the bulk of the sol{@86). Thefactors that

impact thediffusion of a drug mlecule is dependentiponthe solubility of the drug in the polymer matrix

the concentration of drug in the matrix, and the diffusional pathlengtianyl polymerianatrices havedrug
moleculeson the surface of the matrix. Upoimmersion into asolvent the release of these drug atecules

is controlled by theate of diffusion of the drug into the surrounding environment. Tdas lead tod 6 dzNA& (

releas& phenomenon(167).

For erosion controlled release, the two types of erosion discussed earlier are possible to be exhibited. If
water isconfined to the surface of the matrix, as in the case of hydrophobic polymers, polydeation

will occur only on the stiace and drug will be released #se surface of the polymer matrix erodes.

29



Alternatively if the water penetrates the polymer matrix faster thaissolution at thesurface then erosion
will occur throughout the entire materiand the drug will be releasd by bulk erosiorfl51). Based orthe
type of controlled release kineticthree types @& drug releasemodel have been formulatedThey are as
follows (147):

1 Diffusion controlled models

1 Dissolution based models

9 Erosion basedodels
Diffusions controlled models are deriveim C A O &n@ Haw of diffusion To predict drug release profiles,
the diffusion coefficient of the solute within thepolymer matrix should be available, which could be
measured byNMRand fluorescence correlation spectroscofd$8). Such models have many assumptions.
They assumeitfusion takes place onlyione dimensionhave a onstant drug diffusion coefficierfor the
entire duration, have a matrix swelling oerosion ofthe bulk material, he drug is initially homogeneously
distributed within thematrix, mass transfer resistance due to liquid unstirieoundary layers at the surface
of the matrixis negligible compared to mass transfer resistance due to diffusion witkimatrix, and dug
dissolution is rapid and complete upon exposure to swvent (147, 169, 170). Examples of diffusion
models are the Higuchi modélloyesWhitney equation,NernstBrunner equation(165, 171). In this work,
there are no polymeric matrix formulations that do not erode nor swhkil.other words, all matrix
formulations either swell or erode. For examplejrzformulations used in this work do not emdut do
swell significantly. As such, diffusioontrolled models only are not appropriate for describing release

kinetics from zein formulations

The second type of model is dissolution baseddels Narasimhan andPeppas developed a model for
polymer dissolution based on the molecular mechanigéhi2). These models assuneg @nstant drug and
solvent diffusioncoefficient and moving boundarie§l47). Moving boundaries indicate volume changes.
Suchmodels have shown tsuccessfullycapture Fickian and Case Il type behawion the works of

Narasimhan and Peppagherein release profile ofimetidine hydrochloriddrom PVA tableiand sodium
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diclofenac from a PV#Aablet were fitted to the experimentaldata and the equatior(172). Examples of

dissolution based model are tidarasimharPeppasnodel and the Gompertz mod€l72, 173).

The third type of model is erosion based models. Such erosion based models are divided into two main
groups based onhe approach of erosion evolutiofhe first group is the diffusieandreaction model,

which suggests the dedgption of the erosionprocess as a combination of polymer diffusion amdction
Majority of models in this group have been used to model bulk eroding prdmgsthere is also Monte

Carlo technique that has been used for bulk eroding systdm4 175). Thesecond group is theellular
automatamodel, assumes therosion process aa random eveni{169). Majority of the second group of
models assuméehe matrix surface detachment sommonly the ratecontrolling step andtherefore the

models are applied fothe surfaceeroding system The erosion models, igeneral, assume onstant
material erosion rateand constansurface detachment ofirug. Examples of erosion based models are the

Weibullmodel,Hopfenberg modelandHixsorCrowellmodel (170, 171, 176).

There are additional numerous empirical models thave been establisheghay help explaithe transport
mechanismExampés areRitgerPeppasPeppasSahlin and Alfrey equationél47). However, these models

do not provide additional insights into a mocemplex transport mechanism. Furthermore, these models
may yield misinformation whethere is a needor taking into account specific physicochemical processes
(177). Forexample RitgerPeppasand PeppasSahlin equations have been applied to describe the release of
sodium saligylate from HPMQablets, indicating a noffrickian drug release mechanism. The stadso
revealed that polymer erosion, swelling and dissolution were all involved in the refrasess and the
authors suggested that the conclusion of a Heinkian drug rease mechanisnhased on the diffusional
exponent (n) of the Peppas modelsvas misleading(178). One particular empical model, being used
frequently, is theKorsmeyeiPeppaanodel, shown by equation-@ (179, 180). KorsmeyeiPeppashas been
successful iexplaining 60% (or more in some cases) of the drug release profile of formulations that contain

soluble and insolubl&PIs and poorly soluble polymers. In such casigsificant swelling of the induble
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polymer occurs aftethe partial dissolution of plymers and the drugleading to the quick appearance of
pores or even large cavities full of liquid through which the diiffyises(169). Release from those systems
was not well describedby any other empirical modelél81). KorsmeyeiPeppashas been successfully
employed in cases wherein thate of drug release follows neither the process of diffusion nor that of
erosion (182). An exception to the applicath of this model is for mucoadhesive erodible fafations
(183). SinceKorsmeyeiPeppads well suited to fit the drug release profile, this model was used for all the

drug release profiles for all the formulatisin chapter 3 and 5.

® Equation 16

where M is mass at time 1)  is the total drug mass at infinite time, k is the drug release constant, and n is
the drug release indexThese empirical models havymen used generally for three major geometries
(shown inFigure 117) as allgeometriescan be simplified tahree underlyinggeometries slabs, spheres,
and cylinderg184). Within the matrix system, there ests monolithic solutions and monolithic dispersions.
Monolithic dispersions are polymeric matrices where the drug concentration in the matnighsr than

drug solubility. All polymeric matrices in this wawere monolithic dispersions and of cylindrigabmetry.
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Figure 117: Diffusion controlled monolithic geometriesi@ the initial concentration ands@ the situration concentratior(184).
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1.2.3 Prediting drug release profiles

The aim of controlled release systems in the context of personalized medicine is to achieve a drug release
profileth- &G A& GFAf2NBR (2 GKS LI (¢ikeslyeleddd, ex@ndadyidle@de,fandy S ¢
immediate elease dosage has been explored extensively in pharmacddticsThe factors affecting drug
release are the drug, the release medium, and the matrix mate®f the three factors, the drug and
release medium is not &@rable. The drug is required by the patient ath@ release medium in the body is

fixed to be either in pH 1.2 or 6.8. This leaves only the matrix material alter@bléhe existing works
undertaken for controlled release, there is a plethora of literatuhat foctses on chemical modifications
(185193, and physical modificationfl94-197). Such works for chemical mddations have included
manipulation of pHsensitive interactions between polymers by Chetnal to enhance the drug release
profile (185 and using different polymer MW by Maggét al to achieve an altered drug release profile
(190), while physical modification includes the creation of pores in the formulation by Ghaseah(197).

In recent years with the advancement of technaglpghe mathematical modéng aspect ha been
withessed more in pharmaceutigd6l, 170, 198). The benefits of v’ch mathematical modéng with

regards tocontrolled release systembave been discussedOne of the advantages thamathematical
models provide is that they yield quantitative information about the system. This characteristics information

can be combined with statistics which can give rise to the classification of polyntkosag(199).

An existing commercial softwarnamed GastroPlus® aimshe able to simulatea desired drug release
profile of the formulated product based on the input information of the excipients used and geometry of
the dosage form. The input informatidor this operation from the user consisté start and end times of

the dissolution, the buffer media pH, the paddle speed, and dissolution media vo@d® The drug
release profile is generated using one of the three options. The first of these is using the classical Nernst
Brunrer model Equation 17) while the second ah third options are using the Johnson mod200).
Depending on the paxtle shape, either spherical or cylindrical, the appropriate Johspberical Equation

1-8) or Johnsostylindrical Equation 19) model is used, respectively.
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0 Equation 17

whered is the amount of undissolved drug, is the amount of dissolved drug,is a unitless calibratior
constant, V is the volume of dissolution mediufris the density of the drug, D is the diffusion coefficien

is the diffusion layer thickness, andiCa (G KS a2f dzoAtAde 4G GKS LI NI

W ol 5 U, o % Equation 18
™ Qo w

whered is the amount undissolved druaf the ith particle0 is the initial amount of undissolved dru
andi is theinitial particle radius

o Of ) v #) L' P st Equation 19

[0 Qo () {

wheres is the shape factor is (L/D) obtained by dividing L(length) by diamete&s€ByoPlus has been used
for awide variety ofpharmacodynamic and pharmacokinetic modelling in humans and anintdlslingthe
prediction ofin Vitro drug release profilefor the development ofextendedreleasedoxazosirntablets(201),

correlatingln Vitroprofile with In Vivoabsorptionof efavirenztabletsto develop generic medicatior{202).

1.24 Objectivesof theresearch
FDM 3DP is most commonly advocated for theel@wment of polypills which can be personalized. The

method of drug impregnation for drug loading into filament has shown low yielding. Therefore, HME
coupled with FDM is an alternate method of filamepreparation that allows greaflexibility during
manuacturing with drug loading, carrier polymer blending, and molecular dispersion of drug. HME, being in
the pharmaceutical industry, has been well studied. However, no literature on sources of efidME

FDM as a coupled process existserefore, thefirst objectiveof this project (Chapter 3) is to probe the
sources of errors during a pharmaceutical HVMEM 3DP coupled process which can then be used to

improve the precision when FDM 3DP is usedftarmaceutical applications.

To achieve personalizati, precision in drug release from oral dosage is inevitable. Developing a tool to

guide the design of the dosage form that can deliver the desired drug release profile to suit each patient will
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move the field closer to its intended clinical applicationhefefore, understanding the formulation
behaviour for polymers and drug is important at the macroscale. Understanding the macroscale behaviour
in terms of hydration, swelling, and erosion of the pogmtan help predict the drug release for a given
class otype of drug in a pre&xperiment scenario. Furthermore, the quantitative information deduced from
applying the appropriate mathematical model the appropriate geometrgan be combined with statiists
to create a classified dataset, which can be theilmeiggs of a database. This classification can aid in the
creation of personalised dosage form that exhibits the desired release profile. Thus, the following specific
objectives are the focus of Chapt4-6:
1. Investigate the predictability of pharmaceutiqablymers and polymer blends behaviour (swelling,
hydration, and erosion) in aqueous media.
2. Investigate the effects of the key physicochemical properties of the drug on drug release and the
significance of the role that the polymer plays in controllingettirug release.
3. Build a classification approach to describe the characteristic drug release profiles of polymeric
based dispersions.
4. Use the information generated by the classification approachuitdba dataset, with the attempt to
enable the guided dection of the appropriate polymeio achieve a desiredrug releaseprofile for

a given type of drug.
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Chapter 2: Materials and Method s
2.1 Introduction

This chapter provides the specific charatgc information of the materials, the workingrinciples, and
general methodologies of the processing and characterisation techniques used throughout the project. The
materials consist of polymers and drugs. The polymers used in this work wasposyme of acrylic &
methacrylic acid esters & quatesry ammonium groupgEudragit RS Xanthangum, Polycaprolactone
(PCL), Polytinylpyrrolidoneco-Vinyl Acetate (PVPVA)Poly(vinyl caprolactanpolyvinyl acetate
polyethylene glycgl graft copolymer (PCBVAEPEG) also known as Soluplus, polyvinyl alc¢RMA),
polyethylene oxide (PEO), Hypromellose acetate succinate (HPMCAS), and purifidtheeimodel drugs

used in this work werparacetamol, lidocaine, and ibuprofefihe reason fousing these drugs asthat the

drugs exhibit different ionized chargaspH 1.2 and pH 6.8 as well as different levels of solubility.

The samples in this work were prepared by hot melt extrusion and/or FDM 3D printhtg e solid
dispersion based filaments or dosages wprepared, characterization was performed to wndtand their
physiochemical properties by usirgjfferential scanning calorimetryDSC), thermogravimetric analysis
(TGA) attenuated total reflectance Fourier transform infrareslpectroscopy (ATFRTIR) Ultraviolet
spectrometer (UV) wassed toevaluatein vitrodrug release performance. Finally, the statistical techniques

used to analyse the data is also discussed in detail in this chapter.

2.2 Materials
2.2.1Paracetamol PCN

Paracetamaqlalso known as éetaminophenis an antipyreticnon-opioid analgesicand nonsteroidal anti
inflammatorydrug of Biopharmaceutics Classification System (BCS) claBsd lUPAC name of PCNNi§l-
hydroxyphenyl)acetamid&03). PCM used in the thesis was brought from Sigma Alddé&ts(Numbed 03

90-2) with a purity 0fk99%(204). The structure and the pljcal properties are summarisedTiable 21.

36



2.22 Lidocaine(LID)

Lidocaine, also known as lignocaine, is amidetype local amesthetic and Class 1b antiarrhythmic
frequently used for its amesthetic and antiatmythmic benefitsand in the treatment of chronic pai(205,

206). It is of BCS classThe IUPAC name of lidocaineitDiethylamino)N-(2,6-dimethylphenyl)acetamide

(207). LID was selected as a model drug due to the positive ionized state in the ranges below Rk$é&d LID

in the thesiswas brought from ma AldrichDorset, UK) (CAS Nufr87-58-6) with a purity ofk98%(208).

The structure and the physical properties of LID are present&dlite 21.

2.23 Ibuprofen (IBU)

Ibuprofenis anNSAIDwith anti-inflammaory, analgesic, andntipyretic propertiesccommonlyused to treat

fever, pain arising frominflammaton and postsurgery and rheumatoid arthriti€209). It is of BCS class II.

The IUPAC name for IBU 294-isobutylphenyl)promnic acid(210. IBU was selected as an opposing

charged API to LID féme anionic charge it posses in the identical pH and its hydrophatiae (211, 212).

IBU, used in the thas, was brought from Sigma Aldrich (Dorset, UK) (CAS M@®727-1) with a purity of

X d8L3). The structure and physical properties are enlistedaile 21.

Table 21: Physical properties of the thresodel drugs.

0 OH CHs; H CHs
)L /©/ T ONTTCH; CH, OH
HaC H CHe,O kCHs HsC ©
Properties Paracetamol Lidocaine Ibuprofen
Formula CHCONHeH,OH CiaH22N20 GiaH1s0,
Molecular Weigh{g/mol) 151.16(214) 234.34(208) 206.28(213
Solubility (g/L) 17.39 at 36C(215) 22 at 37C(216) 0.021 at 25C(210)
pKa 9.38(203) 8.01(207) 5.3(210)
LogP 0.46(203 2.44(207) 3.97(210)
Density (g/crf) 1.31(203) 1.01(217) 1.08(218)
Glass Transition TemperaturkC) 21.4(219 -60 (220 -45(221, 222
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2.24 Hypromellose acetate succina(¢iPMCAS)

HPMCAS is a ptdsponsive cellulose derivative, in piaular a cellulose ester, containirgcetyl and
succinoyl groupg223). Cellulose derivatives are generally categorizetb three groups based opH-

responsiveessand chemistry as pH responsingss hydrophiligty, and hydrophobity shown inFigure 21.

Cellulose based

polymers
| | |
Hydrophilic Hydrophobic pH-responsive
cellulose cel.lulo'se cellulose
derivatives derivatives derivatives
| | | [
Cellul - =
Carboxymethylcellu Cellulose w- l?thl;l:\sti [ Cellulose
lose derivatives carboxyesters dp ST succinates
erivatives V4

Figure 21: Theclassification of cellulose based polymé#®MCAS is categorized as cellulose succinate encircled224ed

The structure of HPMCAS is showrFigure 22. HPMCA®ossesses four types of substituents which are
substituted on the hydroxyl group¥ S K2 E@ OMHE:LHY: X 6kg0T KE&RNREES&LN
LmezE ko 0T YR Evwz@Poimyaking & relativielyibydrophioBic Dae to the succinate
groups, HPMCAS &a pk of about 5(226). BelowpH 4, 10% of the polymer ionizes while at least 50% are
ionized abovepH 5. The pHdependent solubity can be attibuted to the ratio of succinate and acetyl
groups.Hence different grades of HPMCAS have differentqependent solubilies, which are summarized

in Table 22. HPMCAS§rades hav@grangingfrom 120°C to 135°C(227).

Table 22: The succinate and acetyl group ratios in different HPMCAS grades and their sol(##16, g&18).

HPMCAS grad| Succinoyl (%] Acetyl (%) Dissolved phk
L-grade 15 8 >55
M-grade 11 9 >6.0
H-grade 7 12 >6.5

HPMCAS whermpartially ionized, minimizes the formation of large polmaggregates which allows

drug/polymer colloids to form. The hydrophobiaegionsof HPMCAS can interact with insoluble parts of
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poorly watersolubledrug molecules, resulting in amorphous drug/pomzomplexin solutionwhile the
hydrophilic regions camllow the structure to be stable in the aqueous soluti(@25). The negatively
charged succinate groups keep these nanostructures stable, evading the large hydrophobic aggregates o
the polymer and drug in solutiolPMCAS used this work was purchased from SHitsu Chemical Co Ltd.
(Niigata, Japan) A~ grade with an average molecular weight (MW) of 18000g/mol and white fine powder

appearance. By composition, methoxy is 22.3%, hydroxypropoxy is 6.7%, succinoyl is 18.1%tyhixl ac

5.7%. Thdgof this grade is 12Cand the rangef solubility of this HPMCAS is pH 5.5 to pB23).

O-R
0-R
0]
*—1—0 0-R 0 0-R o
(0]
0-R
| 0-R n
R=H
CH,
CH,CH(CH,)OH
COCH,
COCH,CH,COOH
CH,CH(CH,)OCOCH,

CH,CH(CH,)OCOCH,CH,COCH
Figure 22: HPMCAStructure

2.25 Zein

Zeinis amajor storage protein of cor230). It is a natural protein locateth the endosperm oftorn
accountng for almost50% ofthe total protein content of whole grain of corf231). Zein is extracted by wet
milling from corn gluten meaby solvent extractionusing isopropano(232). Zein is available as a yellow
powder whose colour is due to the xanthophylls remaining bound with zein by hydrophobic interaction.
Zein is classifieds prolamin proteinwhich has high proportion®f one of the three constituents or
combinations of themproline and glutamingall of which are aliphatic amino ac{@33). Zeinhas high
proportions ofhydrophobic amino acidsicluding 20% ofeucine,10% ofproline and10% ofalanine(234,

235). This is the cause of high surface hydrophobi{@86). Zein has been furthegrouped based owarying
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molecular weightg237) and solubility in solutions of @ 95% isopropyl alcohdP33). The tiree major
fractiondgroups categorizedare h-zein (19 and 22 kDajccounting for 7§80% of total zeil -zé¢in(17¢18
kDa)accounting for 1615% of tdal zein,l Y Rzein(16 and 27 kDa)ccounting fol5¢10% ofthe total zein
With regards to pharmaceutical applications, zein has been used in tablets and caplets asiritigaea
matrix former.Zein matricesdo not erode(238) but undergohydration and swellingand @n potentially
increase bymore than 200% of theinitial mass(14, 160). Sud level ofhydration can be compred to
hydrophilic matriceq163) and is significantlygreater than that of insolublenatrices(239). In addition to
this, zeinis an excellent candidate due to its natural origin, swelling andassiémbling propertie?urified
zein used in this work was purchased from Acros (New Jersey, USA: @AB66-6) with greater than
91.0%protein content(240). The Fof pure zein iseported to be approximatelf50°C(241).

2.26 Poly (EhyleneOxide) (PEO)

PEO is aydrophilic, linear polymer available iseveral molecular weights ranging from 1@DO0 to
8,000,000.PEO is a synthetic pomer with the same chemical structure BEG but higher molecularight
The structure is shown iRigure 23. As unbranchedinear macromolecules, thgrades of PEO differ with
the lengthof molecular chainsPolymes with molecular weight less thah00,000 are usuallgalled PEGs

while higher molecular weight polymerseeclassified as PEQ42).

PEO can be completely dissolved in both cold and hot Watewill precipitate out when the temperature
of the solution is close to the boiling point of water, called cloud pofttis cloud point is #ected by the
concentration the molecularweight of PEO, the concentration of saléhd the pH(243). The dissolution
rate of PEO is very slow. The dry powder is ¢ade wetted by water, but it tends to form agglomeration

and gelif it is not dispersed properly when dissolving into watne T, of PEO products ranges frois0°C

to -57°Cand molecular waght do not have a significant impaat the Ty (243) within the family of products

o)
H OH

n

Figure 23: PEGstructure
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PEO has been used for oral dosages taking advantage didhdhesiveproperties (244, 245) and as an
osmotic pump table(246, 247). The adhesiveness arises duethie long linear chain structure thatlalvs
them to form a strong interpenetrating network with the mucu248). Likewise, the osmotipump
potential arises due to the aquessolublity and can be used to creatdgh osmotic pressur@49). It is
also used as a thickening agent swelling sevendithe initial weight(250). PEO used in this work was

purchasedrom ColorconKent UK) PolyoxXWSR301NF with MW of 4,000,00@251).

2.27 Poly-(Vinyl Alcohol) (PVA)

P\A is a whitish, tasteless, oddess, nortoxic, biocompatible, thermostable, granular @owdered semi
crystallne linear synthetic polymei252, 253). The monomeric structure of PVAskown inFigure 24. The
physicochemical and mechanicdtributes of PVA argoverned by the number of hydroxgfoups present

in the PVA(254). The period lagth of the saponification reaction determinéise degree of hydrlysis of
PVA Based orthe degree ohydrolysis andW, differentgrades of PVA are available on the market having
different characteristics including melting point, viscosity, pH, refractndex, and bandjap (255). The
effect of variation in inyl acetatelength and degree of hydrolysis under acidic or alkaline conditiesigts

in various cageners of PVA having different flexibilitgnsile strength, dispersing power, emulsification

index, adhesivenesand solubility(256).

OH

n %

Figure 24: PVA structure

PVA has been widely usén the field of 3D printed caple(g6, 257-259). PVA isalsowell known hydrogel
materialsand havinggood biacompatibility hasmany otherapplicationssuch as usgin contact lenses,
implants, drug delivery systems, medical implants and also wound dre@€6fg The PVA used in this work
was gifted as a sample from Kurar&jaftersheim Germany) under the bnd name Mowiflex C17 (purity

>96%) suppliedh the form of pellets. The average MW 58000 g/moland Ty of this sample is 60C. The

indicated met flow index is 1420 g/10min (19CC, 21.6kgj261).
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2.28 Poly} ®aprolactong (PCL

PCLis a polymer composed of hexanoate repeat umiighe class of aliphatic polyeste(862). PCL is a
hydrophobic, semicrystalline polymer with up to 50% crystallinity(263, 264). The crystallinity and
molecular wéght dictate the physical, thermal, and mechanical propertiand the degradatiorof PCL

(264). PCL structure is shownHiure 2-5.

Figure 25: PCL structure

PCL has a wide range of applicatioftse good solubility of PCL, its lavelting point and exceptional blend
compatibility hasmade it a good candidate faresearch in the biomedical fiel(265). PCLis used in
controlled drug delivery systemdue to three factors: 1) due tits permeabilityensuing uniform API
distribution in the matrixproducing a reliable sustaineetleaseof the API(266, 267); 2) due to itsslow
degradationvia hydrolysiq268); 3) while undergoing biodegradation, there is a minigaheraton of an
acidicenvironmern as compared to other polyesters such as PLA and polyglycoli(26d)dThe PCL used in
this work was purchased from Perstorp (Malmé, Sweden) brand graded as CAPLCEE#2498041-4)
supplied in granular 3mm pellets. The average MW is 80,000 g/mol, water content of 0g5%17C,and

the melting temperature is 62C(269). The degre of crystallinity of PCL has been reported to be §276).

2.29 Poly(vinylpyrrolidone-co-Vinyl Acetatg (PVPVA)

PVPVA is eopolymer of vinylpyrrolidone and vingtetatein a ratio of 6:4 manufactured by polymerization
in isopropanol Since 40% is régced with lipophilic vinyl acetate functional grougsd therefore it is less
hygroscopic than the homopolymer syste(®71). It is very soluble (>10%) in hydrophilic liquids and
hydrophobic solvent§272). Commercial PVRVis yellowishwhite in colour with fine particle size (<18)

and good flow propertie€273). The structure of PVPVA is showtrigure2-6.
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Figure2-6: PVPVA structure.

PVPVA has a wide range of usages. Usage in oral formulatidndemenhancement in solubility and
bioavailability of the drug parly watersoluble drugs like indomethacin, tolbutamide, and nifedipi{2g4).

The PVPVA gila usedin this workwas Kollidon64 from BASEudwigshafen, GermahyThis grade of
PVPVA has®of 111°C, Tm of 146C, pk of -2.5, andsolubility of greater than 300g/275, 276).

2.210 Eudragi® RS 100

Eudragit is the trade name for@mmon class of glyacrylates angolymethacrylatesPolymethacrylates
are synthetic cationic and anionic polymest dimethylaminoethylmethacrylates, methacrylic acid, and
methacrylic acid esters in varying rati¢877). The commonly used Eudragit for the preparation of
controlledrelease solid dispersions Eudrayit L, Eudragit Rland Eudragit RS, Eudragit RLPO and Eudragit

RSPQR72).

Eudrayit RS and 8P Care copolymers of ethyl acrylate, methyl methacrylate and low content of methacrylic
acid ester with5% of functional quaternary ammoniugroups(272). The MW of this grade is also 32,000
g/mol. Different subgrades of RS exist in different forms. RS100 is granilefR8IRO is powder. This grade
of Eudragit is insolubl€78). For all works in this thesis, Eudragit RS100 has been usebagsed from
Evonik (Essen, Germany) supplied as granules, with MYA82(00 g/mol and g of 64 °C (279). The

structureof Eudragit RS100 is showrFigure 27.
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Figure 27: Eudragit RS structar The R groups are fromference(277).

2.211 Soluplu®

Soluplusis a graft polymer consisting @blyvinyl caprolactanpolyvinyl acetée polyethylene glycol (P€L
PVAEPEG)It has beerdesigned for preparing solid solutions of poorly watelubleAPIby HME due to low
Tg of 70°C and thermal stability at highemperatures(280). The averagemolecular weightof Soluplus
rangesfrom 90,000 t0140,000 g/mok281). Soluplus has an amphiphilic structure showrkigure 28 with
high agueous solubilityf60%). Commercial soluplus is a free flowing whigdowish granule with a faint
odour (280). Soluplus used in this work was purchased from BR&gshafen, GermahpyCAS #02932
23-4) with MW 0ff118,000 g/mol Tgof 70°C, and density af.082 g/cmy282).

@) *

\ﬂ
A

Figure 28: Soluplus structure.

2.212 Xanthan Gum (XG)

Xanthan gums an extracellular anionic hetopolysaccharide produced by fermentation of carbohyesa
(283). The primary structure aKGconsists of repeating pentasaccharidnits(284) shown inFigure 29. XG

has many desirable properties making it of significaudustrialinterest. One of the characteristics is the




manipulation of the rheology of XG in water systems making it a widely thsgldener and stabilize The
stability is due tawo components; primarilytte ordered conformation oKGis believed to be responsible
for the stability, and secondary is furthestabilization by addition ofsalt. Cationsn order Na<K<Cd? can
promote intermolecular crosdinking and strengtheninthe gel network(285, 286). The resultant of this is
XG exhibits pH independemstability which is unaffected wer ranges of pH 1 to pH 1283 287) and
temperature stability up to 90°C (288). The XG used in this work waspurchased from CPKelco
(Leatherhead, UK). Tre brand name is Xantural 180 (CAS #: 118&8) supplied as a whiténe powder
with purity greater than 91%289). The § of xanthan gum has been determined to be betweéf.4 and -
23.3°C(290).

CH,OH CH,0OH

hEn
e Y & M/

Reh, COOH
o) o)
OH O o) OH
RYO
OH

Figure 29: XG structure. From referen(@91).

2.2.13Acrylonitrile butadiene styrene ABS

ABSis athermoplastic copolymemhose structures of the monomers are shown Figure 210. The
proportions of the monomers typadly range from 15% to 35% acrylonitrile, 5% to 30% butadiene and 40%
to 60% styreng292). ABS used is in thigsork was purchased from MakerB@Brooklyn, USAjgs a 3DP
filamentconsisting of ABS resin (CAS #: 9963) greater than 98%nd styrene (CAS #: 14@-5) less than
0.1%(293) with Tg of 105°C and filament diameter of 1.48m (294). ABS was used in this study as a control

printed object to the PVA torus printed which is the theme in chapter 3.
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Figure 210: Chemical structures of ABS raw materials.
2.3 Processing methods

2.3.1 Hot Melt Extrusion (HME)
The details of the working principle of HME haveemediscussed in Chapter dnd therefore only

experimental set upgs described here. The raw materials were fed in through the hopper. The hot melt
extruder usel in this work was twin screw that has-and counterrotating twin screwoption (Thermo
Scientiic HAAKE MiniLab I1) with a maximum5gf of material limit at a given time and volume of Zcm
(295). The extrusiottemperaturewas 30°C above the Jor mdting point. The screw speed was 100 rfon

all samplesAll extrudateswere tested in triplicates. HME technique was used to make pure polymer

extrudates(studied inChapter 4)and drug loaded polymeric dispersiofssudied inChapters3 and 5.

2.32 FDM 3D Printng (FDM 3DP)

TheFDM3DPwasused in this study t@reparesolid dispersions itori shapein Chapter 3 using PVA with
paracetamolas a formulation(PVAPCM) and AB&s another Makerbot Replicator 2X desktop 3DP with
dual extrusion (MakerBoindustries, LLC) was used with dosages designed in blender software, an open
source 3D computer graphics software used for creating animation, visual effadt@aprinted models,

and firally imported for printing through MakerbdiBrooklyn, USAThingi\érse software preinstalled on
Makerbot(296). The printing temperature for commercial AR&s as per manufacturer recommendation of
220 °C, while for the PVWRCM formulation was printed at 170, 185C, 1858C, and 19%C. The platform
temperature forABS was 11T as per manuféwrer recommendation, while 108C was used for PVACM

filaments.Each formulation waprinted in triplicates.
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2.4 Material characterisation methods
2.4.1Differential scanning calorimetry(DSC)

DSC ione of the most commorthermoanalysistechniques. DSC is a highly sensitive technique used to
determine the thermotropt properties of excipients or activeBhe primary function of DSC is to determine
the energeticof phase transitions and conformational changesl subsequemy quantifying based on the
temperature dependenc€97). This is achieved by measuritng heatflow difference intothe sample and

a refaence as a function of temperature, whiboth are maintained atan identicaltemperature for the
duration (298). Using this flow rate dirence, it is possible to detect and characterize the melting
temperature, the glass transition temperature, the recrystallization tempemtuthe degradation
temperature, and the temperatures of polymorphic formatiof299) aswell asthe degree of purity, the
heat of fusion, heat of reactions, and kinetic determination of chemeattions, such as curin@00, 301).
There are two types of commercial DSC; being powered compensation DSC and the other being heat
flux DSC. The benefit is that both of these DSC casaseaqinute quantities of a sample between .0
mg will suffice and operating temperatures range fret80°C to 700°C(298). In the heatflux DSC, a single
furnace contains both t sample and theeference pans as shown Kigure 211. The pans are put on a
heated themoelectric disk. Attached thermocouples thae bottom of the thermoelectric disk monitor the
differential heat flowproducing a change in thermocouple signdiieh isdirectly proportional toa change

in temperature. The heat flow signal is measured asmation of thermal resistance shown by equatioi 2
- - Equation 21

WheredQ/dtis the heat flownTis the temperature difference between the sample and reference, Risd
the thermal resistance of the heiag disk This heat flowdQ/dt) can also be expressed in terms of specific
heat capacity (@), which is defined as the energy supplied to incredsetemperature ofa material by one

degree Kelvinas shown by equation2.

— 0 l']l— QYD Equation 22
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where dQYdt is the heat flow(p is the samplespecificheat capacity, @dt is the heating rate andl (T,t)is
the kinetic eventhat isafunction oftime at an absoluteemperature.The kindic event can be events such
as polymer relaxation, melting, and crystallization. With these two equations, it is possible to cdmhbine

capacity combined with the kinetics of the sampferesulting DSC therman is shown ifrigure 213

DSC cell
cross section

Sample
Silver ring paE
L
Thermoelectric disc
Dynamic sample chamber /(constantan)
Reference \ T
pan 77 ?" Chromel disc
Gas purge inlet Alumel
Thermocouple wire
junction 7 ’//
2\l
Heating block (] F Chromel wire

Figure 211: Schematic of the furnace interior of a heat flux [2%8).

In a power compensated DSC, two aegie heating elements are used: one for the sample and one for the
reference. The sample and reference\sta the same temperature and any changetle temperature
0SGsSSYy GKS aryYLitS IyR GKS NBETFTSNBEyOS lerangchemigal | 3
or physical changes such as reaction, phase change, or glass transition occur in the Hmnples a
difference in temperature ofhe sample and reference. This leads to extra power to be directed to the cell

at the lower temperature toheat it to keep the temperature of the sample and the reference cells as
O2yaidlyd o6pc¢ I xpedmeni RNEsdrayKtBedaiweriakd3herSperatures of the sample

and reference are measured accurately and continuously using Pt resistancessg@eavn irFigure 212).

Platinum sensors

Sample heatex /Reference heater

Figure 212: Schematics of power compensated [Z38).
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The DSC used in this work wa$32000 (TA Instrumest Newcastle, DE, USAhich is a heat flubSC, to
characterise the polymers powders/pellets, the APlsvger, and the formulation extrudates and 3D
printed solid dispersions. All samples were weighed up to 3anthTA standard alumimm crimped pans
were used. Thestandard procedure was to heat ates of 10°Gmin in the range between50to 240 °C
followed by cooling atLlO °C/minto the starting temperatureand reheat atlO °C/minfor all samplesA

constant nitrogen purge was applied at the 50/min. Samplesweretested in triplicate.
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Figure 213: DSC thermogram showing tineal kinetic events. The area under the curve can be calculated to give the enthalpy of the
event(299).

2.4.2 Thermogravimetric Analysis (TGA)

TGA is a widely used techniqdier characterisig a system bymeasuring changes in physicochemical
properties at elevated temperaturesither asa functionof increasingemperature or time(302). Results
from such analysiare used to determine the thermal and oxidation stability of materialsal$p provides
information about the components of a material, decomposition kinetics, moisture and eotafiitent of
materials (303). Weight loss dung analysis is usually an indication of decomposition, evaporation,
reduction or desorption. On the otherand, weight gain indicates oxidation or absorptidrhe basic
operation for TGAis a precisionbalanceis used to weight the sampland placed ina furnace that is
programmed for a linear rise of temperature with tin®02). The resulting graph carake three features; a

plateau implying constant weight, a curiraplying therate of weightloss and an inflexion, at which the
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weight change is mimum but not zerojmplying the formationof an intermediate compoun@302, 304).
The T5A usedn this studywas TGA Q5000 (TA Instruments, Newcastle, USA¢valuaing the thermal
stability ofpolymers, APldormulation, and physical mixtures. The standard puhae was toheat at rates
of 10°C/minfrom 25°Cto 400 °C Allsamples were done in triplicates.

2.4.3Fourier transform infrared (FTIR)

FTIR has aide range of applications fromanalysis ofsmall molecules or molecular complexes to the
analysis oftellsor tissues(305). In the case of pharmaceutics, it is used for therfer two cases. The IR
region is beyond 700 nm (the ending of visible wavelength) and the classicaldR egtgnds from 200 to
4000 cmt. Within this region, subdivishs have been made; Far infrared00c10 cn#"), mid-infrared
(4,000;400 cn¥), and near-infrared (13,00Q4,000 cn¥) (306). The energies associatén this region are
low enough to sufficenolecules to vibrate but not to cause electron transitions. This leads to the basic
operating principle of FTIR whichpibing molecular vibrationsThe IR band absordecorrespond with the
vibration of certainfunctional groupg307). The FTTR measurement can be carried out iretmodality of
transmission or reflectanceédn IR spectrum is obtaindaly determiningwhat fraction of the incidentRis
absorbedor reflectedat a particular frequencyTherefore, IR spectroscoman decipher the molecular
structure as the spectra contaivibrations uniquely dependant oatomic nasses, bond strengths, and

intra-and intermolecular interaction&06).

The hardware of FTIR consisté an interferometer and the schematic of a two beam Michelson
interferometer is shown irFigure 214 which consists of a fixed and a moveable perpendicular mirror.
Thereafter Fourier trasformation is used to convert the interflegram to a spectrum via a computer
program. When this is done ih¢ absence of any sample, it results in the base spectrum and when done in

the presence of a sample, it produces the sample spec(@06).

50



fixed mirror

d,
- - - >
‘ - - moving mirror
d;
- - - >
source

beamsplitter

v
%)

v detector

Figure 214: Schematic of a Michelson interferome(g06).

There are two modalities of FTIR operation which are transmittance and reflection. In transntissitiR,
source illuminags the sample and the detector fdaced lehind the sample to acquire the fraction of light
transmitted through thesample.In such cases, the sample must bepaitly transparent.Transmission
mode has been used to analyze thin samples such as @085 or tissues(309) but it is not possible with
thicker tablets. In contrastfor reflection, the detector is placed otthe same side of the sample as the
source to recad the signal reflected by the sample. The two types of reflection measurement commonly
used in the characterisation of pharmaceutical materials are attenuated teftection (ATR) and diffuse

reflection(DRIFTSB06).

In ATR the sample is placed in optical ¢ant against a speciarystal, termed theATR crystalwhich is
composed of a material with high index ofefraction The IR beam is focused onto the bkee edge of
the ATRelement by a set of mirrorghich isreflected through the crystal, and therirdcted to the detector
by another set ofmirrors while in DRIFTS, the IR beamteracts wit the sample and iscattered by
interaction with the particles. A fraction of thiseamis reflected by the sampland recorded by the

detector. The two methods afmeasurements are shown Figure 215.

51



IR beam protrudes into the sample
a p P! b
Sample /
, 7\

M¥oN

’ Y |
"r' % '/ ‘\‘ "' N .
. X o ‘\\ P ‘\\
/" \\'/ “\"' \‘ . \
| IR Source ATR Crystal Detector
)

Figure 215: a) ATRcrystal schematidy) DRIFTS measurement schemaiigapted from(306, 310)
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In this study, FTIR was used to characterise the sanaplegdo study the interactions between drug and
polymers in the formulationgor chapters 4 and 5IFS 66/S spectronter (Bruker Optics Ltd., Coventry,
U.K.)equipped with a Golden Gate heated top plate attenuated total reflectance accessory (Specac Ltd.,
Orpington, U.K) was used to perform the IR spectroscopic stubiespectrumreadingwas taken between

4000 and 55@n** with 2.0 cnt! resolution and 32 scans. All samples were examined in triplicate. OPUS

software versiory.8was used to analyse AR IR spectra

2.4.4 Ultraviolet Spectrophotometry (UVis)

U\tvisuses ultravioletight which is ranges fror800- 200nm and is based oBeerLambert law(Equation
2-3) whichstates that the absorbance of a solution is directly proportional to the concentration of the
absorbing species in the solution and path lendtlfence if the path length isfixed, it can be used to
determine the concatration from the absorbagein a solution

=-Jb Equation 23
where A is absorbance,is molar absorption coefficienk is the optical path length, and c is the molar
concentration The principle of UVis is thatmolecule or ion will exhibit absorption in the visible or
ultraviolet region wherradiation causes an electronic transition within its structure. Thus, the absorption of
light by a sample in the ultraviolet or visible region is accompanied by a chatigeatectronic state of the
molecules in the sample. The energy supplied by thw ligll promote electrons from their ground state
orbital to higher energy, excited state orbital or abhtnding orbital(311). Since each electron in a molecule
has a unique ground state energy, and because the discrete lewelsi¢h it may jump are also unigue, any

absorbed energy will correspond to a spexifiavelength. The specific wavelength at which élbsorption
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occurred can belotted spatially along with any absorption data at wavelengths over the UV region creating

the UV absorption spectrur812). The schematic of the UV procedure is showRigure 216.
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Figure 216: UV data capture mcesg313).
In this study, UWis was used to evaluate the drug release concentrations of lidocaine, ibuprofen, and

paracetamol formulations in chapters 5 and chapter 3 (paracetamol only) as a phe of vitro studies.
The UWis (PerkinElmer Lambda 3Blantrisant,UK) was used with ranges from 3000 nm and the

resulting spectrum was analysed on UV Wirdafiware (version 2.85.04) supplied by PerkinEl{3a#).

2.4.5Drug LoadingEfficiency

The amount of drug loaded in the HME extrudates which consisted of paracetamol and PVA in Chapter 3
lidocainewithin zein, HPMCAS, and PEO, ibuprofen within zein, HPMCAS, and PEO, and paracetamol withi
zein, HPMCAS, and PEO matrices in Chapterémeasured bydissohing the solid dispersion samplasa

beaker containing 20 ml of buffer pH 1.2and ethanol prganic solventand measuring the UV absorbance

of the solution A similar procedure was folwed for measuring drug efficiency in pH 6.8 where the
extrudateswere dissolvedn a beaker containing5® ml of buffer pH 6.8 and ethanol. After complete
dissoluion, 5 mlsamples were withdrawn and filtered using 0.8 pore size (Minisart NML single use

syringe,Sartorius, UK). The filtered samples then scanned for their contehieoAPI (lidocaine, ibuprofen,
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and paracetamolusing a UgVISat the max peak weelength &naxy) 220 nm,264 nm, and 243 nm for
lidocaine,ibuprofen, and paracetamotespectively The max peak wavelength of each drug was obtained

by screening across the full spectrum of each sanigie.loading efficiencywasmeasuredn triplicates.

2.46 In vitro dissolution studies

In vitrodissolution tudy is the core of and the final paramettr be measured that allows for the bridging

of further data analysis and the culminating aspect (drug release) of all the previous steps carried out, which
included all the preformulation work and formulation vkorThe dissolution test is carried out in a
dissolution apparatus according tofficial pharmacopoeiafor reasons of evaluating drug release
quantitatively in terms of kinetic parameters from formulatio(8l5). This is done for quality control and
research and development to check ifid content uniformity is within acceptable limit6316). According to

USP reommendations, there are four official USP apparatus; USP apparddaske}, USP apparatud |

(Paddlg, USP apparatusl (Reciprocating Cylinde@ndUSP apparatu®/(FlowThrough Cellj317).

In this study, USP apparatug@opley CIS 8000, Copley Scientific Ltd., Nottingham,Wwh& Jsed as shown

in Figure 217. The experiments were performed at 3T+ 0.5 °C with a paddle speewtation of 100 rpm

in 900 ml of pH 1.2 and pH 6.8, under sink conditions, for all HME polymer placebo extrudates in chapter 4,
HME formulation extrudates in chapter 5, aRDM 3D printed formulation in chapter Bhe justification of
performing in sink @nditions is that all dissolution models, which were discussed in section 1.2.3, are valid
in sink conditionsThe media was sampled at timespredetermined timesand fitS NE R & K NR dzZ3 K |
filter. The drug concentration was measured BY-Vis spectroscopyat the sampledime intervals.Thein

vitro drug release studies weonein triplicates.
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Figure 217: USP Apparatus Il as describgddSP standard818).

2.5 Advanced Statistical Methods

In this section, the advanced statistical methods used in angythim data will be discussed. Heeinclude

classification schemes such amkans, prediction schemes suchaatficial neural networkand dimension
reduction technigue such as principal component analysis which are used in Chapter 6. The first of these
methods to appear chronologicglin Chapter 6 i&means clustering which is discussed nédt.analysis

was performed on SPSS (statistical software package) from IBM version 25.
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2.5.1K-meansClustering

K-means clustering is a common clustering teclhieigk-means clustering consistd &our steps. The first
aGSL) Aa GSNXNSR WAy Apdirkts (pairits) areArangofly dgeReSatedSin tie sPaicedzihicts NJ
are used as initial centroidst KS &S 02 y R & lasSifichtidi@vhergi® hydSwhces!fdom all the
objects(datapoints)to all the centroidqcluster mean pointare calculated and each object is assigned to

its closest centroidThethird & G S LJ A acentiofl Nadc8I&Riot¥ ¢ K SeMRdnifoids/are calculated
using the mearvalue of the objects that belong to el cluster.This is iterated until the fourth step is
NBIF OKSRXZ ¢ KAOK A anoWueat yhigrating Boyh Org: QlusteriddSaNdhsryossible due to
absolute minimization of distance calculation that haseb achieved319). Therefore, the algorithm has
reached equilibrium and terminates with the output of clusters graphicgéyerated This process is

summarizedn Figure 218.

@—» Initialization

\ 4

Classification

A 4

Centroid
calculation

Convergence

Figure 218: Standardk-meansalgorithm (319).

In this study,K-means clustering wasperformed on the dataset of polymer placed behavioursand
formulation drug releasgparameters in chapte to obtain the centroid value of each clustelThenumber
of clusters was determined to be four clusters in the case of polymers and two or three clusters for

formulations. The basis for thmumber of clusters is discussed more in chapter 6.

2.5.2 Princi@l Component Analysis (PCA)

PCA isa multivariate dimension reductiontechnique that is used to reduce complicated sets of data
containing possibly correlated variablg®20). PCA method of reduction is preferred because thstematic

variation of a single variable is desired itiestific study However, in sciences researcherdrequently
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calect measurements on several variables simultaneowgtych are mostly exhibiting some degree of
correlation Therefore, it is inherent that PCA must reduce large datasets in an adaptiviesagiatful way
and assumes thathe phenomena of interest can be explained by the variarares covariances between

the variables in the original datasg21).

Mathematically, PCA reduces the dimensionalitytékinginterrelated variablesx, x, X ¥,, and finding
combinations of these Is®d upon variances to produce a transformed set of variabkles, X Z,, that are
uncorrelated. The indicesare called the principal componen{®C)(321). The resultant graph is termed

loading plot and amxample of a PCA transformed loading plot is showfigare 219.

original data set output from PCA
10+ 6
8- 47
®
2 4
6 [ )
®
y v 0- o o — °
[ ] L ]
1 °
° 29
2 4
O T T T T 1 -6 T T T T T T 1
0 2 4 6 8 10 -6 -4 -2 0 2 4 6
X pcl

Figure 219: Original data in cartesian coordinates on the left and the output on the right after PCA is performed. The transformed
coordinates are in term of PC1 and PC2, which are the two(228s

The number of PC that most efficiently explains the data is astegy and is achieved by a scree test or
scree plotwhich involves eigenanalyg823, 324). Eigen analysis fornfeom finding the eigenvectors and
eigenvalues of the covariance matrlx a scree plot, the-axis is the number of eigenvalues determined.
The eigenvalues are ordered from the strongest to weakestrms of the effect on the dataseThey-axis
givesthe magnitude of the eigenvalues from the covariance matrix diagonaliza&@ased on the scree plot,
two methods exist in literature to choose the number of PC for analysis. The Bigeisvalue oneriterion

wherein thechadce of the number of PC isabed on the number of componentgith eigenvalues higher
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than the value ofl while the second is by the amount of variance explained wheterchosemumbers of

PCshould explain 70 to 80% déatavariance (325). An example scree plot is shownRigure 220.

35

Eigenvalue
1
|

0.5

Component Number

Figure 220: Scree plot of 12 components. The red dadhedindicates the threshold for retention. Three of the components have
eigenvalues greater than 1 aresde therefore retained for analysis. This means the creation of loading plots, in this case, will be with
three axes, PC1, PC2, and PC3.

In this studyPCA was used to create loading plotpolymerbehaviours (swelling, erosion, and hydration)
and drug release profiles in ord&y observe trend®f the behaviour The number of principal components

was chosen based on theimber ofcomponents that had genvalue higher than 1.

2.5.3 Artificial NeuralNetwork (ANN)

The research of neural networ®kNN has attracted great attentioim recent years. ANN ia computational
structure modelled loosely on biologigadocesgs (326). The concept of ANN originated from the study of
YEYYIFEQa oNIAY GKSNBAY NBa&SI| NIbRiIGnNES intgreotneded Reurdnk | {
and can deal with computationally complex demanding tasks such as face recognitioly, hotion
planning, and musclelmcomotion control (327). From this concept, ANN aims to be able to emulate the
learning ability of biological systeni®28, 329). Therefore, it is important to emphasize that ANN relies on

learning strategiedrigure 221 illustrates the similarities between ANN and the mammalian brain.

The bagis of ANN operations consists of three layers which in order of operations are anagguytiidden
layer, and an output layer very similar to the neuron of the mammalian {&36). The input layer accepts
signals from the outside world anédistributes these signals to all neurons in the hidden layleere the

weights of the nerons represent the features in the input pattern&sa result, the output pattern of the
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entire network is established by the output lay@31). The data flowing from input to the output layer
requires transfer function, also known as activity functions, which deterrtieerelationship betwen
inputs and outputs of a node and a netwd@32). Thereafter, the learning procesesmes into effect. More
than a hundrel learning algorithms are availablthe greatestadvantage of ANN is thatdonsists of many
nodes operating in parallel anrshncommunicate with each other through connecting synapgesding to
the testing of numerous outcomd833). Meanwhile, he disadvantagésthat a large number of sample size
is requiredto learn and validate. Only thereafter can prediction untested data be considered asarrect

andreliableoutput (334).

a b Hidden layer
Nucleus \ Input la)er ’ Output layer
\- Q
X N2l g
AV . .y Axon
N W terminals|
= | Cell body Koy
7 } ! 7
KZ‘/ Myelin sheath
A Poodogees
//
vy
Dendrites y Akon Nodas

Figure 221: a) A mammalian neuranThe black rectangle signifies the inputdawhile the blue signifies the output.
The nodes and sheath are the hidden lafigrANN computational structurends the input, Whisthe weighting of
features, and{z)isthe output. Adapted from referexe (327)

ANN has been used in diverse argaduding in pharmaceutid®35). In pharmaceutics, ANN has been used
to predict the effect of formulation and process vatied(336), prediction of in vitro dissolution profiles
(337), prediction of drug permeability338), optimizing emulsion formulatior{339), determination of
factors controlling the particle size of nanoparticles(340), investigate the ffects of processvariables on
derived properties ofspray dried solid dispersiong341), and \alidation ofpharmaceuticaprocesseq342).

In this study, ANN has been used to investigateitmgortance of factors relating to formulation dissolution

profile to predict the drug release profile in chap6.
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Chapter 3: Investigation into the origins of errors in drug
release measurements of polymeric solid dispersions
prepared by FDM 3D printing

3.1 Introduction

A key focus of this project is to first understand, then attempt to predict the drug relbakaviour of
polymeric based solid dispersions prepared by extrubiased methods including hot melt extrusiGAME)

and subsequent FDM 3D pring for the potential applications such as personalised medicine. It is
important to first establish the rellality and reproducibility of the manufacturing process and the
measurements ofn vitro drug release data. In this chapter, the solid dispersiese prepared using a
two-step coupled process ofHMEand FDM 3D printing. The experimental research wasctmant for
errors that are generated in the due process. All errors from sample preparationvitro dissolution tests
analysis, following théowchart illustrated inFigure 31, were examined to gain insightstd the origins of

the errors that were observed in the final vitro drug releasedata. For any scientific experiments, no
physical quantity can be measured with perfect certainty thereby making errors unavoidable. This implies
repeated measurements of guantity will certainly yield varying valuesd a range within which thérue
value lies with a specified likelihood. The scientific study of measurement is known as me(8dlggyrwo

fundamentals, accuracy and precisiare explained in the followingecion.

and polymer optimization
- /

. 1

Predict errors in

4 N
Weight of the drug [ Rank errors and Iikeﬂ

HME
. Mt/M g
Errors in drug
concentration > T
v
measurement Measure drug

Test homogeneity release profile
of extrudate

Measure variatio in

weight and georatry of
printed samples

\ 4

Print

Figure 31: Mapping the error process pathway of drug release and optimization
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3.1.1 Accuracy vs Precision

Experimental error, itself, is measured by its accuracy and precision. Acauesasures how close a
measured valueas to the true value Sincethe true value fo a physical quantity may be unknown, it is
sometimes not possible to determine the accuracy of a measurement. Preaigiasures how closely two
or more measurements agree with ottgrPrecision is referred tas repeatability or reproducibility. A
highlyreproducible measuremertends to give values which are very close to each of@é#). Figure 32

illustrates the differencédetweenprecision and accuracy.

Precise Precise Imprecise Imprecise
Accurate Inaccurate Accurate Inaccurate

Figure 32: The four outcomes of varying accuracy and precision

3.1.2 Types of errors

The true value is the value that is unique and expected fre@asurements in the absence of any errfts

Three error types exist in measurement theory. They are systematic, random, and gross errors. Gross error:
arise due to humans which can be elimiedtby a careful recording of the dafa43). Examples of gross
errors include instrument reading before a steady state is reached or parallax error (perceived shift in an
object's position as it is viewed from different angles) in reading a measurement. Syistemar is hard to

detect but once detected, is correct@l Systematic error is either constant or proportional to the
measurement. Systematic errors influence the accuracy of measure3db). Examples of systematic

error are imperfect instrument calibration.

Random errors are twsided errors as the variation in measurement occur unpredictably above or lower
than the measured nmen value or the true valué3). Random errors can be easdgtected and can be

reduced by repeating the measurement or by refining the measurement method. Random errors directly
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affect the precision of a measurement. The smaller the random error, the more the pre¢3<ibr346).
Common sources of random errorgegroblems estimating a quantity that lies between the graduations on

an instrument and the inability to read an instrument becauserteeding fluctuatesvhile measuing.

Figure 33 showsthe Gaussian distribution of probabilitgurves The systematic and random ergoare
visualizable from this illustration. The systematic error is the difference between teentean (theoretical
value) and the experimental (EXPgasured mean. The systematic error can be either positive or negative
relative to the true value but often cited as an absolute va{oeodulus) The random error can be

calculated with many models butost commonly estimated by the standard deviati@4 7).

In this chaper, the aim is to assess the errorsdriig releaseneasurement from the HMEEDM continuous
process The systematic and random errors for HME, 3DP, and UV will be investigarded, and

optimizedto achieve more accuratend predictabledrug release

Mathematical 7\

expectation \

™ Systematic error

,{ Trug value ]

\A

Random error
Figure 33: Measurement concept of errors from probability curves. Adapted from refe(@48e

3.2 Materials

PVA was obtained from Kuraray (Germany) under the trade name Mewifl7 as pellets. The melt flow

index (MFI) is (190C, 21,6kg) [17g/10min],nTF 180 ¢ 200°C, and the gis 60°C(261). The model drug

chosen was paracetamol (PCM) bought from Sigma Aldrich (CAS Numbef-4a8 ¢ A G K | LJdzNR
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(204). ABS bought from Makerbot, is an amorphous thermoplastic polymer which is used for manufacturing
multiple household products and iscammonly used in 3D printing has beesed as a controlled polymer
to PVA with(MFI) is (200C, 5kg) [5.59/10min] andlg of 105°C (294, 348). Samples were prepared using
different combindgion of polymer and drugsr polymer only placebéor the different stages of error study

and is summarized ihable 31.

Table 31: Materials used as per error study aspects summarized.

Experiment stage Material
Drug uniformity by HME PCMIloaded PVA extrudate
Printing reproducibility by FDM printing PVA andABS torus
Weight uniformity by FDNprinting PVA and ABS torus

In Vitro drug release quantification by UV Sg PCM loaded PVA extrudatt

3.3 Methods
3.3.1 Hot melt extrusion (HME)

A ThermofisheHAAKE Minilab Il with twin eotating screws was usedrfthe preparation of the filaments

for measuring drug content homogeneity. During the preparation of samples, the screw speed was set to a
standard 100 rpm. The processing temperature was20 °C higher thanthe melting temperature Tm) of

the polymers. fie samples were prepared in two separate batches: one with a residence time of five
minutes and another with ten minutes. Four different extrusion temperatures for preparation of filament

were used.

3.3.1.1 Drug content uniformity of the HME extrudates
Mowiflex (PVA) mixed witi0%PCM werefed into the extruder. Four filaments were made by HME at

temperatures of 17(°C, 180C, 188C, 190C. Six piecewith a length of 1.5cm were cut at 5 cm interval
from eachfilamentto produce six random samples pdafent The cut samples were weighed, and their
dimensions measured via a digitallipar. All filaments per temperature were done in triplicates. The

sample illustration is showim Figure 34.
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Figure 34: Schematic of filament sampling. Red dots indicate 1cm (not shown in triplicates) samples takemévafindicated
by the red rectangle across the filaments.

The weight uniformity is presented as drug weight per polymer weight. Due to the filaftagtening under
gravity when exiting the die from HME, the geometry of the solidified filament idliptical cylinder shown
in Figure 35. The volume of aelliptical cylindeiis givenbyo “ & @& 0, where a is the major radius,

b is the minor radius, and L is tlength, all in centimetres

/

Figure 35: Elliptical cylinder where a is the seméjor axis; b is the semiinor axis, and L is the length

3.3.2 FIM 3DPrinting

The FDM 3DP is the subsequent step after filament production through HME and was used to print oral
dosage to investigate printing accuracy and precision of the printing protéskerBot Replicator 2X
consisting of dual extrusion print noegiwas usedIt has amaximumprint volume of15 X 16 X249 cn?,
nozzlediameter of 1.75mm and an exit tip diameter of 400 microri349). The printer has three print
settings from low to medium to high quality printing whereby the extrusion speed decreases with each
higher print quality. The printedral dosage wain the shape of a torus (plural: tori). A torgsometryhas

a mathematical advantage over other geometries in drug release studith&er geometriesas pyramid,

cube, sphere, and slabs, all of which were considered irpteéminary phases a validation of the work

performed byGoyanes et a(350). First, the surface area (SA) to volume (V) ratio can be increased or
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decreased in a manner that allows either surface area or volume to be constant while altering the other
parameter. The surface area to volume ratio (calculated: SA/V) is an imparticator of the drug release

with the torus exhibiting the faster dissolution rate of @b0, 351). Second, the drug release flux can be
assumed in one direction outward (radially) in polar or sphemcardinates(352). Third, the torus is a
cylinder wherein the boundaries are adjoined together, effectively postulating it as an infinite cylinder
illustrated in Figure 36. Thus, the equations of a cylinder can be applied in a simpler form where any API

diffusion at the ends can be neglected, in tumaking computations less intensive and less time consuming.

AL -

Figure 36: a) In polar coordinates, the diffusion occurs in one dimension in the radial dirégtiodicated by the blue arrows while
is' the angle at which the radial diffusion takes plabgThe starting cylinder if curved and joined end to end forms a torushvidi
effectively an infinite cylinder.

3.3.2.1 Reproducibility of 3DP torus
The reproducibility of the FDM 3DP was investigaby observing any difference in physical dimensions

between the designed and printespecificationof the torus. The dimensiarefer to the diameter and the
annulus, which were measured using a digital calipegure 37 showsthese two parameters of the torus
that was measured. The radius svabtained by halving the diameter values. Twenty tori were printed from
two filaments of two polymersTen tori were prepared in each batc®ne batch was using the commercial
filament ABSwhile the other was using PVA via HME process. The PVA with IB@Bhfiwas prepared at

HME processing temperature of 19Q and residence time of five minutes. The printing temperatures for
PVA formulation wre 200°C and 230C for ABS. The selectedsitgn specification was a torus diameter of

14mm and an annulus ofn2m. For a torus, the annulus is equal to the width which is also equal to the
height. For calculations of the volume of the torus and surface amgaateons 31 and 32 can be used,

respedively. The null hypothesis ¢Hs that no volume difference will be observed.

VIrR)=" 1 Y'Y i Equation 31
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SA= Y 1) Equation 32

Figure 37: Inner radius (r) and outer radius (B) torus V and SA calculation. A is #rulus (the diameter of the ring) and is equal
to the height (h). D is the diameter of the torus.

3.3.2.2 Weight uniformity
The FDM 3DP tori were weighed using analytical mass balance. It is expected samplds ludtela are

identical and as suclhould, therefore, exhibit no weight difference, which is the H

3.32.31n vitro drug release studies

In vitro drug release studies were carried out in dissolution testing apparatus (Caleva, Germany) using

British Phamacopeia (BP) apparatus 2 paddle hed. A paddle rotation speed of 100 rpm and 900 ml of
Milli-Q deionized water were used with a temperature of 37°C+0.5°C. During dissolution, at predetermined
time intervals, 5 mL samples were taken and replaced by &ash water. The samples were cailed
GKNRdZAK TFAEOGNI GA2Y YSYONIYS 2F nonp>Y |igoBIV &AT
measurements. The sampling times were every three minutes up till fifteen minutes, every thirty minutes
thereafter, and every hour beyond threehours (3hlL c X $hpZ MHZI MpZ onZx cnX &«

were tesed using the abovén vitro method three times.

3.3.2.4 Calculation of cumulative error in druq release data

For the cumulative error in drug release, three tori were prepared using &€MPVA by using HMEDM.

The mean weights and volume of these tori were 0B041 g and a volume of 11#3.4 mn?. Theaim

for investigating cumulative errors in drug release is to be able to predict the variations that will result from
using drug relesemodels The drug release model used is KersmeyeiPeppasequation which is sed to
analyze both Fickian and ndfickiandrug releasefrom swellingand non-swelling polymeric delivery
systemsof cylindrical geometries, shown in equatio33The aspetratio (n) indicates the mechanism of

release
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— Equation 33
0.45 < n = Fickian, 0.45 < n < 0.89 srdalous, n > 0.89 = Case Il transport

where— is thedrug fraction,K is therelease rate constanandn is theaspectratio. The term anomalous

refers to non Fickia diffusion which is driven by miciinstabilities obstructing a laminar flow or laminar
diffusion.The above equation has only one variable: time (t). The other two are constants that can be found
from curve fitting. Since this equation @amnetrises the dug release profile, using partial differentials, the
absolute error for the drug release profile can be estimated. The generic error of a function of n variables

f(x,y..., usingpartial differentialss given by equation-3 (353).

3E —@ —U E —E Equation 34
Where] "6 absolute error in f— = partial derivative of f with respect to and) Eis error in i This drug
release absolute error is given by equatio#®.3The error insampled drug mas@iMt) value is obtained

experimentally from UV, thus UV errorg(Ecan substitute the right side expression of equatiéh. Jhis is

discussed on the next page where the Beambert law is introduced.

1- - ED 1O © Equation 35
In the above equatiom O(the time in error sampling) is negligible, especially for automatic dissolution
machine.Iln equation 35, Mg is taken as a constant and thus erfoee but in reality, is an averaged value.

There are two pproaches to obtaining the error in MThe first approach is to measure it directly using a
U\AVis spec. The second approach is to estimate it from the psos@Eps involved. Aarror in initial drug

Y I a a o) eéxistawhich arise from thgrocessing stepinvolvedfrom HMEto 3DP, then to UV)rherefore,
LINBS R A O regliilgs an astimation of the error in each step. In section 3.3.1.1, the drug content
uniformity is investigated. From this, theitial drug mass error in HMEINuwve arises. For 3DP, ¢he are

two approaches to deducing a. Both of these approaches are investigated. The errors in 3DP arise in
volume and weights. The error in volumevpp is estimated by equation-8 anddrug mass error ir3DP

(1 app is directly from weighing after prting. Thist appis a direct approach to get &. In the case the
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oral dosage is not weighed, the other approach involve®r Knowing thel #prand thedensity of the
drug,t appcan be found using 'O w For example;20%¢ Vsorindicatest aspris dso less by 20% since

density is constant.

The UV spectrometer relies on the Beexmbert law (equation-3) containing one variable concentration
(c). The UV spectrometeterror can be subdivided into three typesalibration curve errors, instrumental
errors, and sampling error§.o deducecalibration curve errors, three calibration curves were prepared for
PCM in deionized water. The resulting variation will quantify the errors due to calibration clindsduce
instrumental error, the absorbance ofe diluted sample was repeatedly obtad. Ten repeat readings
were done. The sample concentration was>@bnl. To deducesampling error, the absorbance of PCM
released fromten tori samples were measured at using the mean calibration cudowend in the
investigation of calibration errorsSirce the cumulative average@oncentration of thetori can fluctuate
based on the number of samples, any variations in absorbandaeiso sampling error.The cumulative
averaged concentration converges to a humber lzs sample size grows larger. This aangence occurs
because of the sensitivity of random difference in the concentration among each sample diminishes with a
larger sizeThe time point chosen for sampling was 3 mins. The three errors combined will givetéh
error in absorbance { .ITldeUA is given by equation-8. Rearranging equation-& Uc can be gathered.
The error in drug mass from UV &) is deduced from the c using’ 7 # 6with avolume of 900mL. As

the experiment is under sink conditiorthie volume of the solution can be takes a constant without any

errors.
T, To. “ad Y'Y _“ gY d'vi .
o — i —Y i Y% Equation 36
R T 7 T 7
! R Ao Equation 37
1! R IbB Equation3-8

Where i is the error in inner radius| 'Y is the error in outer radius measurements is the molar
absorption coefficientK is the path length, cis the concentration ofthe solution] ! is the absorbance

I 6az2f dzi S B thaeBnbEnttatgnRerrar. Bxpressions of cumulative error can be formteld for drug
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releasewhich includes both M(error in sampled mass) as well ag (drror in initial mass). Mis indicative
of UV error while M is indicative of HMEDM production steps. Th#éM, in terms of UV isby combining
equation 35 and equation 3 with] Y I}/ #is given by equation-8. tiMo from 3DPis given by equation-3
10. In casethe oral dosagés not weighedaftero 5 t Spisgigen by equation-31> ¢ K S3bkB in terans

of densityl Y R @2 f Y. Bastly, Bomhining eauions 39 and 311, with norconstant M, gives the

drug release error in terms of the manufacturing processes, which given by equatidnvéherethe left

sideis! a (left side ofequation 39) | Y R o, (right Sde of equation 312) is the right side of equationBL.

Mt K 03‘1_0Q Equation 39

Mo = 1 Mspp Equation 310

Mo k = 1 1 YO Equation 311
W10 “ ol ¢ YyY . “ oY ¢ Yi . _

5 . 1 1 - 1 YO Equation 312

where Vis the volume which in this case 390mL, A; is thedissolution sampled absorbanc is theinitial

sample absorbanc@ndDis thedensity.

3.4 Resuls and discussion
3.4.1 Characterization of samples

Thecharacterization of the formulations has been presented in the appefidig DSC thermograms show

in Appendix Figurd. The 10% drug loading showed a plasticizingcefiethe PVA and in amorphous form.

3.42 In vitro drug release studies

In this section, the error in UV measurement was deduced. Three sources of error arise in measurement by
using the UV spectrometer fAuvy) which consist of calibration error &), equipment erroro 1e), and
sampling erroi Ag). the first of these presented is theA.. The average of three calibration curves for PCM

are shown inTable 32. The btal error was alculated using the followingquation:'O O ©

where F, Es and E are total error, systematic error, and random error respectivd$4, 355). The

standard deviation wasised to represent the random error. The depends on comparing the
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difference in measurement between the averaged experimental value and the true expedted va
The true value cannot be determined as th¢the molar absorption coefficientin equation 37 isa
valuethat is derived fromthe absorbance, concentration, and lengti'(! Kk KO0 2F KA OKXZ O

absorbance, vary simultaneously. However, since this Eonstant and present in everyqmess step,

the source of error thaaffects in practice is theETherefore, foriA;, the B is 1.1x1(, and thus theEr

is1.1x10°3.

Table 32: The variationsof calibration and the goodness of fi(R®) measuring thethree cures in deionized water. y is the
absorbance and x is the corresponding concentratimained from best fits

Trials Equation R
Calibration Curve 1 y = 0.0617x 0.999
Calibration Curve 2 y = 0.0596x 0.992
Calibration Curve 3 y = 0.0604x 0.997

Average y=0.0606x 0.996
Standard Deviation +0.0011 -

The equipment erro 1e)was quantified by repeated measurement of absorbance of one of the diluted

samples. The sample concentration was> b k anfl the mean measured absorbance was 0.95520 AU.
Based on the ten repeated absorbanteasurementsthe Eof 1 kwas 1.37x108 absorkance units (AU),

and & of 1.37x10* AU.Figure 38 shows the absorbance frequency distribution for repeated measurement.

Histogram

Mean = 93520
Stel. Dev. = 1.375E-4
M=10

Frequency

25300 25310 253520 25330 95540 95550 5360

Absorbance
Figure 38: UV absorbance distribution for 2§/ml sample over ten repeatemeasurements. The dotted line is the measured mean.
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Thel k(from sampling) wadeduced from the UV absorbanceteh 3DP tori, which is shown Figure 39.

Thet kexhibited an Ewas 0.12 AU equating to an & 0.12 AU.

Histogram
3
Mean = 94
Std. Dev. = 123
M=10
2
—
Tk
'
.
[
3
o
o
1
o
A0 a0 1.00 140

Absorbance (AU)

Figure 39: UV absorbance distributiosf ten samplesThe dotted line is the measured mean.
Thet Lyvis a linear combination of calibration errarA), equipment erroro 1e), and sampling errod As)
10 170 10 1 0.Figure 310illustrates thecontribution, percentwise. The totalo is 0.121 AU.
Percentwise ranking shows] 0 3 0 3 0 . lowest contribution from) 0 is as expected due to
instruments undergoing quality control testing for many aspects including accuracy and precision before
being commercializeB56). The highest Ly error from sampling was also expected. Two explanations can
be proposed. First, sampling in UV is the last step in the pipeline ofHIWME continuous praess of oral
dosage manufacture. This implies, that each of the ten samples has varying present that have
propagatedfrom earlier manufacture stepsSecond, the average sampling error of all the samples and
sample size have an inversely correlatethtionship(357). As the sample size increases, the sampling error
is lower.A sample size ofén is still low with a high margin oferror. Statistical approaches such as Monte

Carlo simulationfiave been applied to reduce the sampling err@@58, 359). Anderson demonstrated the
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importance of small sample size affecting sampling error in MC simulations. Due to the small sample size
the goodness of fit R was highly sensitive of any outliers compared to larger samsipks with outliers.
Smaller sample sizes led to sampling distributions of the likelihood ratio test staliatievere different

from the corresponding theoretical ceguare distribution(360).

BmL{AC O1Ae AL AS

Figure 310: A percentwise in terms of the that affects the UV spectromételis equipment error replaced

Furthermore, the convergerof random error with increasing sample size can be deduced from the central
limit theorem (CLTY358, 361). Figure 311 shows the co@ S NH Sy G:$or tBeFten ireplicates. The
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samples. Beyond 100,000, the effect of sdngize diminishes. According to CLT, the central value (mean
that will be attained when the sample size is large enough is 0.94 AU. The sample size at which this occur
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Figure 311: Convergence afAs. Thesolid curve represents the maximum and minimum absorbante §Aat various sample sizes.
The dotteddashed line represents the mean absorbance that is reached at large sample sizes. Thingoisltlee UV absorbance
limit at 1AU. The scope of the grapas been cut to 1000 samples. Beyond this, the graph is asymptotic and the change is gradual.
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3.43 HME Studies

3.43.1 Measuring drug content uniformity of HME
With a drug loading of 10%, theeight of the drug per weight of the polymem@/g) of the sixfilament

samples for the four temperatures is shownTable 33. At residence time ofive minutes the average
drug homogeneity(column)does show a differenceof inter-filament at different processingemperature
but not signiicantly different in the case betweet7(®’Cand 180°C. The processing temperature of 1@Dis
significantly morehomogenous than 1AT or180°C. It was expected that the standard deviation of weight
homogeneity for intrafilament would decrease with incasing processing temperature as the melt
viscosity decreasesbove the melting of the drugrhe T of PCM form Is 169C(203). A decrease in melt
viscosity allows a smoother flow of the material in the HME barrel. The varianceadedréor identical
processing temperatures of ten minutes of residentae residence timecharacterizes the heat energy
produced over a spefig period during the material sheéB62). Due to the increased holdup time in time in
the HME barrel, more homogenous mixing of the API can otcat.al reported thatthe shortresidence
time of materials in the extrder is not sufficient to achieveomplete APIdissolutionin the matrix (363).
However, numerous literature cites prolonged residence times as the cause ofddgrgdation which

suggests the effamf residence timamay be parabolion drug conten{362-364).

Table 33: Drug w/w of filament cut samples at the two residence timed a&arious temperatures.

5 minutesof residence H 10 minutesof residence
Temperature {C)
170 180 185 190 “ 170 180 185 190

Intervals (cm) Drug weight per polymer weight (mg/g)
5 90.88 59.90 73.44 92.12 | 73.81 96.14 105.64 96.90
10 90.13 82.76 78.67 9865 | 77.99 9351 9443 104.3%
15 116.29 117.20 106.55 103.07| 77.46 105.19 85.65 92.4
20 91.91 141.98 74.48 99.56 | 74.20 119.98 87.54 98.65
25 86.18 118.26 53.75 104.86| 96.19 122.92 117.49 77.65
30 161.77 120.31 97.88 100.68| 96.16 127.82 119.32 104.34
Average+ SD 10619 106.74 80.80 99.82 | 8264 11093 101.68 95.69
129.28 +29.79 +18.89 +4.41 | +1451 +10.30 +14.74 +9.98

Censiet al have reviewed thedctorsthat can be optimized for HME proce&65). The focus here is to

assess the errors in weight uniformity of the HME process. Therefore, it is important to discern the two
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types of errors quantitatively in the HME. Since each processing temperature is a different population, the
errors will also bedifferent for each temperature. As an example, the measurement concept of weight
uniformity for HME processing temperature at 2@00s shown irFigue 3-12.
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Figue 312 Measurement concept foHME weight uniformity at 1AC. Blue dashed line marks the tri@arget) value thatis
theoretically expectedThe red dashed line isetfeEXP mean. The black dashed curve is the probability distnilourve.

Thetwo errorstypesfor each temperature are presented Figure 313. A trend in E exists ofimproved

drug concentration uniformitywith increasing HME pressing temperature andesidence tims.
Extrapolating to where theT Oby fitted to a quadratic equ&tn, yields HME processing temperataief

161 °C or 191°C for 5min residence time and no solution for 10 min residence time. The former
temperature 161°C is below the M of PCM and therefore excluded. The latter temperature is suitable for
HME. This praessing temperature was performed but the error was not eliminated. Additionally, the onset
of PCM degradation is 24Q€ from TGA366). The FDM printing temperature ranges about 20 t6G@bove

the HME processing temperatufg5). Mackayet al reported the minimum printing temperature required

for amorphous polymers isg+78°C(367, 368). Therefore, an HME processing temperature of°@inplies

a print temperature range of 22C or 241°C, the higher range of which is sufficient to degrade PCM.
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Figure 313: Error subtypes for HMEqressing temperatutelhe 5 or 10 in brackets beside temperature indicate the residence time.
The trendline fitted to 5 minutes is shown on the bottomwéfile the trendline for 10 minutes is on the bottom right.

3.44 FDM 3DP studies
3.44.1 Reproducihlity of FDM 3DP object dimension

The comparison of twenty tori dimension is showrTatble 34. It was observed that a significant deviation

for diameter exists from the theoretical (THRY) specification. The expected lower bmutidrheter from
THRY due to printer reproducibility errs 13.89mm (14.00.11 from column 1 and row 1 or table33 but
instead was lower for both polymerspper bound diametefrom experimental (EXP) measurements also
fails to attain the lower boundliameter of the THRY specification. This can signifgssir the printer in
controlling the nozzle over the-x plane. However, the annulus measurement (alsoptane) was within

the THRY specification.

Table 34: Tori dimengin comparison. THRY denotes design specification wiilel&otes experimental measurement.

PVA | ABS
Diameter Annulus Height Diameter Annulus Height
THRY(mm) | 14.00 £ 0.1 2.00 £ 0.11] 2.000+ 0.(03 | 14.00 + 0.11 2.00 + 0.11 2.000 + 0003
EXP(mm) | 13.65+ 0.07| 2.02+0.04 1.99+0.09 | 13.78+£ 009 | 202 +0.03 | 1.98+ 004

One possible explanation for this is shrinking of the sides of the printedsldyaring solidification, cooling
takes place due to the temperature gradient between i@l dosageand the surrounding. As stated in

chapter 1 cooling occurs by conduction within the layers and by convection at the interfaces between air
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and object. Cedris paribus, convection of heat is faster than conduc{®8®). Due to the position of 3DP
design, the air athe bottom near the platform and air at the top near the nozzle tip is hotter than the
region between the two parts. Therefore, the lateral sidesheforal dosageare in contact with cooler air.

The fstestrate of cooling happens in this direction and hente fastest rate of solidification and
accounting for fastest shrinkage. The bottom plate would be the subsequent slower rate of cooling due to
the slightly lower temperature gradient. The surface laigein closest proximity to the heated nozzle and is
always subjected tohe most recent deposited layer which is always hotter the layerseléh Therefore,

the solidification rate is the slowesh this direction. Ths phenomenon is shown irFigure 314. A

temperature reading at any point in time during 3DP would show a rankifg-oflb < Tn.

' 4 Nozzle tempeature (Tn)

Slowest heatoss
A

Fastest heat loss

\/—

Air temperature Tg)

Build plate ()

Figure 314: Cooling gradient from the object @k torus shape) while succesdagers are being deposited. The aromgpresent
outgoing convection. A greater thickness of the arrow represents higher heat flux. The lateral side will always shistésthenth
prone to have the highest deviationedRregion showshe most heated area whiléhe yellow region showshe cooler modeate
region andthe greenregionshowsthe lowest heated area.

In the case of height, which operates in the z plane, the EXP error rElh@8rm for PVA antl0.04mm for
ABS)wvas greater than the theoretical error rangesi damMYY® ¢KAA Aad Yz2ald fA1St
STFSOGQ GKFG Aada 20aSNBSR 2y |fft GKS (2NA® CKAA
For such geometries wherend initial depaition conjoins with final deposition, the strands (printed
filament) overlap after deposition on the same point of the platform causing an abrupt increase in height,
which is usually reflected as a variance/error in the z pl&igure 315 illustrates this issudor one of the

ABS tousprinted of the ten torisamples.
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Figure 315: a) Ten ABS torb) A closeup of torus # 1@ewing the double printing effect upon solidification.

Overall, experimentatesults showed that the range of error was lower for the commercial flament ABS
than PVA (expect for diameter). In chapter 1, the phases of FDM 3DP was divided into three: aspects
feeding, deposition, and solidification. Any error due to the feeding pltasebe eliminated as the oral
dosage has successfully printed. Solidification accounted for the shrinkage. Therefore, since both polymer
oral dosageexhibits constantly lower eor ranges(indicating a systematic erray, a contributing factor can

be rheological propertiesduring deposition. Wangt al states Melt Flow Index (MFI), crystallinity, and
plasticization are important for successful 3(3”0). The MFI of PVA is 17g/10min at P@and the NFl of

ABS is 5.5/10min at 200°C (261, 348). The PVA flows better at lower temperatures. Accounting for the
external printer factor, Alhijjagt al concluded theprinting speed will have a greater contributiadghan
printing temperature(48). However, the printing speed was identical for both polymers. Thergfibre
printing temperature may be an issue. The printing temperatures of ZD@or PVA rad 230°C for ABS
indicate that PVA wiflow better due to the MFI difference. This may be the cause of higher error range for
PVA as the better flow can lead to uncontrolled smearing on the platform before the solidification occurs.
However, this does rni@xplain the higher error range for ARS®.M) than PVA£0.07). This most likely is a
random error as this is not constantly reproducible in other dimensions and relative minuscule compared to

each other(#0.@).
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The systematic and random error terms of resolution(in x, y, and z plandor ABS and PVA geometries by
FDM 3DP are presented Figure 317. As an example, thdistribution curve for PVA torus diameter is
shown inFigure 316. The diameterindicates the error in the -x direction resolution of the 3DP. The
systemic error for the diameter is 0.35mm (14.00m&8.65mm). The random error is estimated by using

the standard deviation found to be 0.072mm.

Histogram
3 ! E :
! i Mean = 13 65
1 ) - Stel. Dew. = .072
I Systematic error i MN=10
) ]
1 |
. :
i i
Iz
2 T~ i
— Random error = 0.072mm  ~ N :
= 7 I -
-E ! : 3 :
3 L[ i
& b '
! ] L i
i I \ -
[ Gl [ [ £l :
1 i |
1 A -
¥ -
] A\ I
¥ I h H
\ -
/ ! \ !
’ ! . .
g ] “\ I
< I ~ )
- 1 T~ 1
13.40 1360 13.80 14.00

diameter (mm)

Figure 316: Measurement concept for the diameter BVA. The blue dashed line marks the true value expected from THRY
specification. The red dashed line is the EXP mearhldtiedashed curve is the probability distribution curve.

It was observed in both cases, tA&8S showed higher errors, which was unexpected. ABS is a commercial
filament with uniform filament thickness and hence consistent feeding into the 3DP. Addyiotta
rheological and thermal properties required for smoother deposition and solidificatiepectively for ABS

is likely optimized. Moreover, it was surprising to observe that the random error in the height of printed
ABS torus was reasonably simitar the systematic error of ABS height. Although this can make the
reproducibility of the heigt a serious technical problem, it should be noted that this random error
(0.09mm) is identical to the random error in printed PVA torus (0.09mm) and therefosistemt. Yet, the
systematic error varied by six times (0.12mm/0.02mm) for the height oftiwye polymers. This is most

likely due to the double printing effect prominently observed with ABightbut not in PVAeight
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Figure 317: Eror types categorized for 3DBsolution inx, y, and zirections

Using equation 4, the volume of tori can be calculated. The error in the radius for volume is given by
equation 36. The total error found for the diameter of PVA and ABS, diteding by Y 'OI¢), is taken

to be the error in major radiusiiR). The minor radiug (N8 found by subtracting the annulus from the
diameter and halving the value. The errors in the volume are discussed in s2etidd CasdY 4 fram

3DP tori volume measurements

3.44.2 Weight uniformity

Figure 318 depicts the weight per volume distribution. The theoretical weight for the formulation was
deduced by accounting 90% polymer weight and 10% PCM. Théhé@stical weight was deduced by
usingtheoretical volume with density. The density of ABS is 1.073(@%1), PVA is.25g/cn? (261), and

PCM is 1.31g/ci(203). It can be observed that weight uniformity is more precise and accurate for ABS. In
contrast, PVA weight unifornyitwas relatively less accurate and highly imprecise, as expected. ABS being a
commercial filament should have more hogenous distribution in the filament. Knowing the systematic
error of printing resolution to be less than the true value, a lower voluh@nttrue volume was expected

for both ABS and PVA, which was observed. As mentioned earlier, if the weight of tbeisbjeasured

postprinting, the total error in weight for drug is directly from this measurement, which ig tlaer The
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true Msppof the torus is 0.015g (0.15g/10). The total experimentakop Of the ten tori is 0.0081g with a

random error of 0.0078mand a systematic error of 0.0025g.
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Figure 318: Weight vsvolumedistributionof the printed tori fromthe two polymers.

Skewness is a measure of how much the data is nonsymmetrithé-application of any parametric tests

to the data group the skewness has to be withir3;telse the results are invali®72). The PVA with PCM
loaded filament was prepared at 19C via HME. The skewness tloe drug weight urformity (>g/mm?3) at

190 °C is 0.715 (from analyzintpble 33 190 °C in SPSS). The printing temperature was’QQfnd he
skewnes®f the PCM concentratiomt 200 °Cfor 3DPis 1.531 As the skewness for both wawithin +3 any
parametric test is valid. For successful printing, the weight of PCM should not significantly differ between
HME and FDM. Statistically significaawér drugweightindicates drug degradation. Paired sampi&est (a
parametric tes} wasused to compare the means of two dependent groups before and after an event was
employed for the PCM weigh{873). Tte event, in this case, is the printing. The PCM mean drug weight
from HMEprocess is 131.36 3 k Yarid the PCM meadrug weight from 3DPprocessis 12358> 3k Y Y
The significance level of the pairedeBt was 0.105 for the 95% confidenic¢erval. This is greater than the
significance level of 0.050 and hence dfl no difference between the sample is statistically significant. In

other words, the PCM concentration in the two samples not altered before and after printing
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3.45 Cumulative error in drug release

The left side of equation-31 is a measure of the drug massegde during dissolution obtained from the
UV spectrometer. ThéAyy is affected by t 4 |, andt & In the case of the cumulative error d@rug
release two scenaris exist. First, thalMo is derived from volume calculation in the 3DP process step.
Second, the aiscalculated directly from the weight of the prirderal dosage

3.45.1 Casdd _ gfrom 3DP tori volume measurements

Equation 312 outlines thepossibleerror from volume measurement3.hedrug releasds expressed as a

percentage. Théarelative error for a function (f) is given by p 11 853). The%relative error for drug

releaseis given by rearranging in the form of equatiori3. UA is the totalliAuv excluding the systematic
error which is 0.121 AU. The reason for excluding the systematic error is thdtugeaeleaseprofile does

not include any systematic errofhe systematic error that exists in tleal dosageappear in botiMt and

Mo. For example, aroral dosagecan have systematically 50% of the mass compared to theoretical
specification. This 50% is reflected equallyliM:. Thus, the % relative error is m&o accurate if the

systematic error is excluded.

W] 0

-/b
0 “ i Y'Y “ oY LY i .

[ Tc (] Tc 1o Equation 313
- — A uation
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0 -Tb
TE“ i YY1 O

Where A; is the sample absorbanceSince these parameters are coast for any absorbance and radius
values of triplicate sample sizefror bound for theoral dosageprofile can be foundWith the appropriate

4 adt vef 0.36mm,and! !of 0.12 AU, the % relative error according to equatieh33s+56%. This has
been ilustrated in Figure 319 for a drug releas@rofile. The red curve showhe absolute erroibounds It

is observed that random error from the experiment is within the absoluterebound. When the upper
bound of the curve goes abe fractionaldrug releaseof 100%, the increasing portion of the curve
thereafter can be taken as a constant valued at 100%. This is because the fratitimnedleasanore than

100% does not have amphysical interpretation.
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3.45.2 Caseld gfrom 3DPtori mass measurements

If the oral dosageweight is measured, thé@Maspris directly from the weight measurements. The resulting
left side of equation 30 is simply the apr Equation 314 shows the resulting relative percentage error

form by dividing equation ® by equation 310.

®] O
17 b
L T[T[(] v &6 0T Equation 314
o PR 0P
U -/b
i]

Thet appfor the ten tori was 7.8mg. This appis equated to be the &. + Auvis 0.12AUnhich equates to
al aof 1.69mg. This produces a % relative errot22% shown ifrigure 319. It is observed that many of
the random error at sample time points are not within the error bound derived by this method. This
indicates that the total error estimation from the mass measusthmay underrepresent the experimental
errors. This can be because of the number of variables used in calculating the relative error in the two cases
The estimation of absolute error from volumel@aation (Equation 43) is less precise due to more @
prone variable present in the calculation (3 in total} 1 r, and{ R) vs two in total{( 'and! Mspp for direct
weight measurements. The less precision allows more variancdrug release allowing for more
experimentalerror and in this case encompes theexperimentalrandom error.
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Figure 319: The absolute error idrug releaseattainable at each sample time poirithe red solid curve represents absolute error
from the volume calculations of 3@Pal dosagenhile the red dashed line represents absolute error from the masdatadas from
3DPoral dosage
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3.46 Process Optimization

Knowing the error from each of the processes, it is possible to minimize the cumulative emougn
release For HME, the optimization of HME weight homogeneity is attainable through longer residen
times. For 3DP, the printing temperature can have #eat which for the formulation was 20Q. For the

UV spectrometer, creation of more calibration curves can reduce the random error. Bigger sample sizes alsc
improve the error. Lower error idrug rdeaseleads to a better approximation of the parameteksgnd n)

on the right side in the Peppas equation (equatiof3)3Therefore,in vitro dissolution studies of a torus
processed optimally with 10% PCM has been used to validate minimization of drrafse previous
section,drug releasefor the torus undegoing 5minresidence timein the HME process was shown. From
Figure 313, it was observed that higher HME processing temperature had more homogeneous drug
distribution. A hgher printing temperature of 2°C was used. Five calibration curves were utilized, and the
experiment was replicated in quintuplicates. The cumulative erralriily releasevas found using equation
3-12.0A was 0.11AU. NJ I ArR both®&31mm.Figure 320 shows the resultantirug releaseprofile with

a relative error oft17%. As expected, the EXP error decreas®tipossiblesrror bounds were narrower
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Figure 320: drug release of PCM under optimized manufacture process condition. The red curve is the possible error bound for this
drug release profile.
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The parameters of Peppas equation can be estimated from the two bolincisn be seen that the aspec
ratio which indicates the underlying transport mechanism does not alter significantly that can indicate a

different mechanism. An aspect ratio of 0.45 to 0.89 igraalous transport. This is shown Trable 35.

Table 35: Curve fitted parameters using Peppas model for drug release profile

Release Aspect
constant (k) Ratio
(n)
Lower estimate(Experimental) 9.39 0.56
Averaged estimate (Experimental} 10.13 051
Upper estimate (Experimental) 10.88 0.47

3.5 Limitations

Limitations exist that can hinder the use of such error cumulations to be generic for all drugs. The error in
the drug release profile is essentially cumulative random error exhibited from all the manufacturing
process. The random error wilary for diffeent equipment and alterable process parameter. For example,

a different hot melt extruder will have differertA. and varying the process parameter like screw speed will
affectthe weight homogeneityThe sime reasoning holds for the 3DPdadV spectromedr. The systematic

error will also be minimized by using newer improved equipment.

The limitations to generalizg the drug release from the dosagdso stem from the materials itself. A
different drug or polymer will have a different meliscosity. Thadrug loading will influence the drug
release. A higher drug loading or a hydrophilic drug will likely exhibit faster dissolution rates. The choice of
drug or polymer will alter the rheological and thermal properties of the formulation wkidh cause
changes to the printing resolution and thereby the associated 3DP eiiddedpl Y R spp. Fhis in practice

will be demonstrated by shrinking during solidification anthimdepositionphase

Lastly, gross error and analytical errors are awiphasized irthis chapter. This is because gross errors can
be eliminated, and analytical errors cannot be quantified for every step of the process. Due to the fact, that
all possible errors cannot be always quantified for an experiment, the conceppliddte repeas exists as

this gives the random probability of errors possible across all the analytical(8@f)s
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3.6 Conclusion

In this chapter, the error for the manufacture ofal dosagesia HMEFDM continuougprocess method was
investigated. The systematic, random, and total error for each of the process was deduced. Based, on the
random error from each manufacturing process, the cumulative error indhe&y releaseprofile was
produced.This helps in ascertditg the highest margins of error possible for the given formulation in the
current manufacture process pipeline. Thereafter, based on the findings, five tori under optimum
processing conditiorwere prepared. Thedrug releaseprofile for these tori was comgred wherein the
random error of the quintuplicate was found to be lower compared to-epbmum processing conditions.
Unfortunately, although the error propagation concept can be generalized for any formulation, the error
values dtained here cannot be mplied to any generic formulation. Furthermore, the error values

ascertained cannot be deduced in a gneperiment case due to numerous limitations.
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Chapter 4: Characterisation of the polymers and polymer
blends behaviour in aque ous media

4.1 Introducti on

Polymers are often used as the carriers in the solid dispersions based dosage forms manufactured usin
FDM 3D printing368, 375). A limited number of pharmaceutical grade polymers can be directly printed
using FDM and in most cases, additional excipients such as plasticizers or blending with othergpatgm
needed to achieve the thermoplasticity required fBDM printing(368, 376). Examples of such polymers
include HPQ377), Eudragit EP@78), PEO/PE®7), PVA(379), PLA(380), and PCI(381). In general,
polymers used in pharmaceutical solid dispersions can be differentiated into hydrophobic and hydrophilic
matrix formers. Examples ofyirophobic polymers includetleylcellulose(382), Eudragit(383), PLA(384),

and PCL268) while hydrophilicones such asPEO(385), PEG386), and PVA387). Depending on the
solubility of one polymer in the other, blends of polymeen be classified as miscible, semscible and
immiscible. Therefore, the resultant blend can be a single phase or asbpseaed system This aspect is
important in formulations as phase phenomenon governs the behaviour of the blend and theirrparfos

(such as physical stability and drug release pattern) when used as a drug delhielg. ve

In order to understand and subsegputly predict the drug release behaviour of a polymeric based solid
dispersion system, it is important to have a thoroughdarstanding of the behaviour of the polymeric
matrix in agueous media in the first instan(@88, 389). In this chapter, a systematic study afgroup of
commonly usegpharmaceutical polymrsfor hot melt extrusion (HME) and FDM 3D printing wasgformed

in order toparametrise the hydration, swelling and eims behaviour of thgolymers andpolymer blends

in aqueous environments. The kinetics of these three processes of each polymeraguéous media were
measured. In addition, the behaviour of miscible and semsicible polymeric blends was studied. All
experiments were carried out in pH 1.2 (gastric pH) and pH 6.8 PBS (intestine pH). These kinetics
parameters along with other intrinsicharacteristics of the polymer were used to form a dataset that was

used by later chapters to categorise the polymersdobsn their behaviour in the aqueous media.
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4.2 Materials and Methods

The materials used in this chapter are HPMCAS LF, PCL CAPRBBWSR N10 LE@urified zein,
Eudragit RS100, Xanthan Xantural 180, Soluplus, PVPVA Kollidion, Moweifl&ddduct details and

their phystochemical properties are described in chapter 2

4.2.1Preparation ofFilaments

Filaments were prepared iy HME method. Ae standard procedure mentioned mection1.1.2.1 and

2.3.1 of preparing filaments was used. The dding batch size was 7g in all cases. The extrusion
temperatures forthe polymers and their behaviors are listed Rigure 41. Xanthan gumextrudate was
prepared by adiohg 10% MilliQ water and gently stirring the mixture for 10 to 15 mins. The addition of
water is necessary to facilitate extrusion at a temperature of°C0 Zein extrudates were prepared by
adding 109MilliQ water to powdered zein and mixirig aceramicmortar and pestlgo facilitate HME with

an extrusion temperature of 88C. The screw speed in all cases was 100 rpm. For the polymer blends, the
default polymer mix ratio was 50/50% as per the weightwo polymers. The miscible blend was composed

of HPMCAS/Soluplus while the semiscible blend was composed of HPMCAS/PEO. The filament extruded

was cut into an equal length of 2cms.

Table 41: Polymerextrudates at theirémperatures with behaviors observed

Polymer Extrusion temperature {C) Polymer characteristics
HPMCAS 160 Swell| hydrate, ancerode in pH 6.8
PCL 100 Insolublévery low solubility
PEO 120 Swell, hydrate, and erode in both g
Eudragit 160 Insolublée very low solubility
Soluplus 110 Hydrate and erode in both pH
PVPVA 160 Erode in both pH

PVA 190 Hydrate ancerode in both pH
Xanthan gum 70 Swell, hydrate, and erode in both p
Zein 80 Hydrate andswell but non-eroding
HPMCAS/Soluplus 150 Hydrate and erode in pB.8
(miscible blend)

'("Spe'\r/T'fn'?gé IiDbI;::blend) 150 Swell, hydrate, and erode in both p
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4.2.2Measurement oPolymer behaviour

Three polymer behaviours wergtudied in this chapter. They were hydration, erosion, and sweliimg
aqueousmedia which wereparametrsed. The parametsation allowed comparison of the polymers in
terms of the three behaviours. For polymer blends, these parasestrivalues of the individuglolymer
were used to emulate the behaviour of the blend, accountingtfe 50% mass of individual polymers.

During each sampling point, these thneeasurementsvere done.

The hydration was measured by recording the wet weight of the polymer at the damgime points by

using an analytical balance. Tirereasedwet weight measuredcompared to the initial dry weighivhich
signifies the additional weight due to hydration (water intake) The nosedlhydration is given by the left

side ofEquation 41. The right side of the equatiois the Vangernaudmodel used for fitting to hydration
curve(390). Kyis the hydration constant. The hydration indgw) is an indicator of the diffusion mechiam

for the material. For cylindrical shapes, n<0.55 and corresponds to Fickian diffusion whereas 0.50<n<1.C

indicates that diffusion is neRickian diffusior§391).

Q> pTT 0 O Equation 41

whereW; is weight at time tW, is weight at time Gnin, Ky is hydration constant, anddis hydration index
Theswellingwas measured by using a digital caliper. The volume was measured at the sampling times. The
radius (from the diameter) and lgth of the filament were used to callate the volume othe cylindrical
filament shownin Figure 41. Equation 42 shows the volume calculation of cylindrical geometry. The left
side of Equation -8 showsthe swell ratio calculatin while the right side is an empirical equatiarsed fo

parametrsing the swelling curveAll readings were done in triplicates.

W i a where i - Equation 42

Y pTL TT O o Equation 43

where | is lengthd is diameter, r is the radiuSxis the swell percentage,: i6 the volume at time t, ods the

initial volume Ksis a swelling constant and is swelling index.
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Figure 41: The filament crossection in 3D perspectiveenigth is denoted by (I) whitee diameer is denoted by (d)

Theerosionwas calculated by measuring the dry weight change of the polymers at every sampling time and
comparing to the initial weightThis procedure is as follows. First, an equal numbeilahént samples

were made to the number of sampling times. For examgdenpling times of 5 mins, 10 mins, 15 mins and

30 mins would mean four sampling times. As such, four filament samples can d® Meaxt, all four
filament samples are put in one disgtibn vessel. Thereafter, at a sampling point, one of the samples
would be taken and dried before the weight was measured. This sample would then not be put back in the
vessel. This meant there aralg three samples left in this with three more samplinmés. Eventually, all
samples were measured by the end of the dissoluampling times and all the dry weights were referring

to the weight of the samples after complete drying at each time pdihis differential weight is calculated
using the left sid of the Equation 44. There are reports that polymer erosion dibeen fitted to linear
regression models (zero order) as well as exponential decay (firgr)o(892, 393). Gaillardet al
investigated polymer erosion and concluded that first order fittipgppvided higher accuracy394).
Therdore, the first order model was used for fitting. Thisligstrated by the right side of Equation4

These measurements were done for samples in pH 1.2 and pH 6.8 in triplicates.

Q PTITTW Q Equation 44
where W(dry)is the dry weight at sample tim&/(dry) is the initial dry weight anék is erosion constant.
4.2.3Characterization of polymer blends
The pure pdymers chosen were HPMCAS, PCL, PEO, Eudragit, Xanthan, Solp|is/PVAnd Zein The
blends were chosen to represent miscible and semscible blends. HPMCAS/Soluplus was rtiiscible
blendand HPMCAS/PEO was the semcible blendThe miscibility of polymer blends was determined by

the glass transition temperature d)Tof the resulting miture compared tothe single polymers. They Was
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gathered by using differential scanning calorimetry (DSC). Jbea miscible blend should exhibitsangle
g0 SU6SSYy GKS ¢ 3Qaheankcible Kiénd i® thiy wizk ysFHPNGAS/Solufilns. T can be
calculated by using the Flefox equation, shown in equation4(125). A semimiscible blend will show
two separate § between the range of the individual componen(s22). The semimiscible blend in this
work is HPMCAS/PE®Both miscible andemimiscible polymer blends had 50/50 weight ratio of the
individual polymers. For serarystalline PEO, the recrystallization enthalpy wasdugse estimate the

amount of crystallie PEO.

P © © E tion 45
YO YO VO quation

4.3 Results and Discussion
4.3.1 Overview of polymer behaviour in agueous media

The summary of the kinetics of the behaviour of the polymers is givEigure 42 for pH 1.2 and in Figure

4-3 for pH 6.8 excluding the insoluble polymers that do not any physical changes in the media. It is observed
that for all polymers plotted, there is a simultaneous activity of the three aspects except for zein which does
not exhbit any erosion. Since the polymers, excluding zein and insoluble polymers, are eroding and
hydrating simultaneously, it is not possible to identify the effect of hydration alone. However, it is possible
to distinguish the mechanism of transport fraime shape of the curve and the effect of erosion individually.
Since some polymers swell and some erode without swelling from the beginning of the experiment, it is
possible to categorize them as swellable or erodible polymens. Swelable polymers const of PEO,
Xanthan gum, zein, and soluplies pH 1.2 and pH 6.8. Meanwhile, the erodible polymers consist of PVPVA,
PVA in pH 1.2 and HPMCAS, PVPVA, and PVA in pH 6.8. PCL (not Bitwae 42) is also an eroding
polymer in bah pH but the progression of erosion is longer than the experiment duration. PCL erosion time
has been reported to be two to four yeaf395). Such polymers that erode without swelling have a negative
ratio in terms of volume on the plots as the volume decreases comparedtia wolume. As an example,

this is observed with PVP\aAd PVA.

90



PEO
3.0
R 25
o 20
%15
o 1.0
g 05
0.0
0 50 100 150 200
Time (min)
Hydration «ececeee. Erosion ====- Swelling
PVPVA
15
l ]

Ratio ((XX0)/Xo0)
o
o

050 _F-o F_o_ 6 8 10
1 ==l
-1.5 . :
Time (min)
Hydration «ceeeeee- Erosion = = = Swelling

Xanthan Gum

5 25
X 20 =1
o
g 15
= 10
je)
< 5
o
0
50
Time (min)
Hydration cececeeee Erosion = = = Swelling
Soluplus
1.5
2 1
g P i’:'.\'"\--£ ........
c 05 ’ - I
Je) / St o
0 50 100 150
-0.5 : :
Time (min)
Hydration cececeeee Erosion = = = Swelling

Ratio ((XX0)/X0)

Ratio ((XX0)/X0)

Zein

©
\‘

o
o

o
w

©
[

ceNBgEecesrcrsrcesscscscsrsrcrsrcssscscseces =

-0.1 0 1000 1500
Time (min)

Hydration eececeee. Erosion = = = Swell

PVA

o

o
4

i

300

a1
(S5
I

-0.

]
!
|
I
'
[}
!
1
|
!
|

B
o o

Time (min)

Hydration «eeceeee- Erosion = = = Swelling
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4.3.2 Hydration behaviour

The first paameter measured was the differential wet weight signifying the hydration. The hydration ratio
for all the polymers in pH 1.2 and pH 6.8 is presenteHigure 44. At both pH, here aretwo groups of
polymers The first group are hydratable polymers which exhibit net positive hydratiddet positive
hydrationis when there is an increase in the wet mass during the experiment. All hydratable polymers have
been plotted up to the maximum hydration timepoint. After tipisint, erosion is more dominant in polymer
behaviour.The second group amon-hydratable or miimally hydratable polymers. Polymers that maintain
95% of the initial mass for the duration of the experiment are considered in the second group -of non
hydratalde polymers.The first group of polymerinclude Xanthan gum, PEO, zein, and PVA (only pH 1.2)
Two of the four polymersare superabsorbent polymers (S3\PSAR have three factors contributing to
water absorption.They arethe density of crosdinking, the affinity between polymer and solvent, osmotic
pressure caused by polyelectrolyte counter iokanthan gum, a hydrophilic polymer, hakigh affinity to

water (396). It is also stable over ranges of fiHo pH 11(283). This indicateshie properties it shares for
water as super absorbent are also unchanged over the range of pH wherein it is stable. As such, it expand
in water and other solves. This generates a wider surface area upon which the polymeric chain molecules
can interact wih the solvent attracting more solvent molecules in close proximity. Furthermore, the
conformation of xanthan gum is responsible for the stability which istdube presence of salt. The cation

(Na+, K+, or Ca2+) promote the intermolecular ctimdsngstrengthening thegelnetwork (397, 398).

PEO, a hydrophilic polymer, idirrear polymer but upon contact with wat, rapidly hydrates due to its high
solubility and forms a hydrogel whithiseen inboth pH. When PECcome into contact with water, forces of
attraction (chidly hydrogen bonding) start acting between polymer and water. Due to the Wwigter-
affinity of the polymer, these forces are likely to be preferred over polypwymer interactiong190). The
structure of PEO-Q-CH-CH-),OH is likely to hydrogen bond. It has also been reported that such gels have

high osmotic activity(193). This for a hydrophilic polymercauses the crosslinked network to expand
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outward aspolymericmaterial tend to flow outward due to the high affinity for theossent and solvent to

penetrate to balance the pressure leading to greaterrayion which is a property of SAPs.

PVA is a watesoluble synthetic polymer but the physicochemical and mechanical attributes of PVA are
dictated by the number of hydroxyl grpa. PVA comes in varying hydrolysis percentages. With higher
hydrolysis, thereis an abundance of vinyl alcohol units, which are distributed within PVA, disrupting the
crystalline phase of the PVA. This makes the polymer very hydrophilic and-se&ibte with a high
capacity for hydrogen bondin@99). In this case, with the 989% hydrolysi$261), the PVA chains disperse

in a short time and tend to form hydrogdionds with the solvent

For zein, tiwas reportedthat the hydration can be contributed to the chargBoumanet al mention
osmoatic pressure is increased at pH 1.2 as theezraore counter ions present due to positively charged
zein coming from thepredominanth helix zein with an isoelectric point of pl 6@4). In addition, the
expansion of the network structure was stated likely due to the-ameidation of the glutamine and
asparagine amino acids of the zéi). Although swelling was theesult of this, for the volume to expand,

it indicates the free spadefilled up by the solvent.
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Figure 44: Top)The hydration ratio all the nine polymers in pH Ba&ttom) The hydration ratio all the nine polymerspH 6.8 The

timescale for noshydratablepolymers have been shortened

The second group of polymers Figure 44 include Edragit, PCL, PVPVA, and HPMCAS which are non

hydratable polymers or exhibit minimal hydration. Eudrdgf00 is a copolymer oéthyl acrylate, methyl
methacrylate and low content ofmethacrylic acid ester with quaternary ammoniuside groups. The

ammonium groups areionisable (277). This insolubility arises from thside groups The side chain of
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Eudragit R8onsists ofjroups ofRIH, Gk, R2 CH, GHs;, R3 CH, R4 CHCHN(CH)" Ct (277, 278) of which
non-polar CHin major proportion are hydrophobic and impart low solubility even thougls @lydrophilic

(400). The hydration observed for PCL can be due to the fact it is a hydrophobicrgestailne polymer.

The degree of crystallinity hindersffdision of solvent molecules. It is also noted that with the increase of
molecular weight, the crystallinity decreasétPMCASack of hydration could be due to the unionised state

in the buffer. HPMCAS hésur types of substituents on the hydroxyl§hefirst is methoxy with a mass

O2y G Syl 2s@consiskbenRyNR E& LINB LIBf 6 A ( K |thirdvi adelate Qith i indsy (i 2
O2y G Syl ,andfourhbisdaadzZOOA Y 1SZ G AGK | (225 TasisucCratg gr@ufiasa 2 T |
pKa of 5. This means HPMCAS @ ionsed at mostat pHranges les than pH 4 andt least 50% iosed at

pH values of about &ndhigher. Therefore HPMCAS is insolubdad not significantlyionised at pH 1.2 with

the presence of hydrophobic methoxy and acetatéstituents At pH 6.8, there is more solubility due to

the higher ionisation, makingPMCAS a pH responsive polymer

Table 42 shows the fitting to Vangernaud modehich is a semémpirical model similar to the Korsmeyer
Peppas modelFor Xanthan gum and PEO, the hyimatconstant is higher than all the other polyrsdn

both pH indicating a higher rate of solvent ingress. The explanation for this can be gathered from the
hydration index. The hydration index indicates the mechanism of transport is Fickian diffusich, ig/hi
commonly referred to as Fickian or casdiffusion in literature. According to Singh, the shape of the
hydration curve can yield about the mechanism of transgé@l). However, an issue exists that the shape

of the curve is not amnambiguous criterion for distinguishing Fickiafréim Fickianl transport. In such

cases, it is importantto know whether the boundary mowe If the boundary movesife. volume changes)

and the gel remains rubberthroughout swelling ocollapse afterthe transport is calledFickianl. Since the
boundary moves for zein, PEO, and Xanthan gum, they exhibit Fickian | transport. Addititweally,

molecular relaxation may be eithenuch fasterthan diffusion T>Tg) or extremely slowT<Tg) (401). The §
of PEO 67 °C) and Xanthan gurt23 °C) are both below the dissolution temperature &7°C which

indicates faster molecular relaxation compared to diffusion. Hence the higher solvent ingress and the higher
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hydration ratio. The g of zein (150°C) is higher thardissolution temperatureindicating very slow

molecular relaxation. Hence the lewsolvent penetration and the lower hydration ratio

Table 42: Vangernaud model fitted to hydratabfmlymers.

pH 1.2 6.8
Polymer Kn NH R Kn NH R
PVA 0.04+x0.01 0.61+0.03 0.99 - - -
Xanthan gum 1.31+ 0.70 0.52+0.01 0.98| 2.51+£0.83 0.27£0.04 0.99
PEO 0.73£0.12 0.18+£0.02 0.99|0.66+0.12 0.23+0.05 0.99
Zein 0.03+0.01 0.37+£0.09 0.95|0.02+0.01 0.37+0.02 0.97

4.3.3 Swelling behaviour

The anatomy of a swelling tablet is shown in the top lefEigfure 45. The swelling front is the boundary
between the glassy region (circle A) and the rubberyggbn (circleB)of the polymer marked as(179).
Thediffusion front indicatsthe boundary between the undissolved and dissolpetymerin the gel layer
markedas k. The erosion front is the most outer fringe of the tablet or polymer extruddantifying the

boundary between the maix (ircle C) and the dissolution mediumarked as ¢ This was observed for

some polymers such as PEO while not observed forrethech as Xanthan gum (shown at the bottom of

Figure 45). In both cases, the erosion front was the limit of measurement for matrix edge.

Erosion Front

Diffusion Front

Figure 45: a) $hematic representation afiffusion, erosiormand swelling fronts and differetayersof swelling dosagé€l79). (b) PEO
exhibiting swelling front and erosion front. (c) Xanthan gum without a clear swelling front.

Swelling Front
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The swelling ratios of the polymers are showrfigure 46. It can be seen that the two highieswelling
polymers are SAP. Zein also does swell Hdawer ratio. There are distinctly two groupsf polymerswhere
swelling is observed anghere swellingdoes not occurThe nonswelling polymers (PCL, HPMCAS, Eudragit,
PVPVA, Soluplus and PVA) hawmmbination of insoluble and soluble polymers. For insoluble polymers,
there is no hydration and hena® causation for swellingor soluble polymersf the hydration ratioof the
solvent was faster then the molecular relaxation rate of the polymer llsvgewas observed. Conversely,

swelling was not observed if diffusion was slower than molecular relaxation

Furthermore, it is seen that the swelling ratios are pobportional to the hydration ratiosfor the same
swellable polymerln pH 1.2Xanthand dzY KIF R | YFEAYdzY K&RNJI GSR NI (A2
gl & FrHANPBHLIIKIWR | YIFEAYdzY KISBRNIYiB Ra NSIBR PhnddrdilarFase2 T
for both polymesin pH 6.8.This behaviar is not seen with zeinn pH 1.2, ein at30 minutes exhibited a
hydrated ratio 0f0.12X(12%)and a swollen ratio of 1.11X11%) at 300 minutes (5 hours) exhibiteal
hydrated ratio of 1.36X36%)and a swollenratio of 1.34X(34%) at 1440 minutes (24 hours) exhibited a

hydrated ratio of 1.49X49%) witha swollen ratio of 1.48§18%).
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Figure 46: The swelling ratios of swellable polymers in pHoh 2op and pH 6.8 ahe bottom.

Using equation 4, the swelling constant and swelling index is showitable 43. The high Kvalues of
PEO, Xanthagum, and solupluscompared to zein indicate burst swelling kinetics. Zein shows no burst
swelling consistent with the much lower value of 0.04. Highgagives asteeper gradientvhich gives faster

release initially and such formulations are known to have a burst reldsg
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Table 43: The swollen polymers fitted to the generalized model and their goodnessR8j.fis(s the swelling constant and n is the
swelling index.

Polymer

Xanthan gum| 1.54+ 0.13| 0.74+ 0.03| 0.99( 1.15+ 0.27| 0.68+0.08 | 0.99
PEO 0.46+ 0.11| 0.42+ 0.10| 0.99| 0.43+0.18| 0.49+0.07 | 0.99
Zein 0.04+ 0.01| 0.37+0.08| 0.98| 0.09+ 0.01| 0.18+0.03 | 0.95
Soluplus 0.51+ 0.08| 0.05+ 0.01| 0.98| 0.31+0.0L | 0.05+£0.01| 0.91

4.3.4 Erosion behaviour

The erosion ratios of erodible polymers are presented belowigure 47. It can be seen that other than
PVPVA, the SAP have high erosion rates. However, vergroigibn rates of PVPVA might be contributed to
the unit compositiorof PVPVA. Thenit composition is 6:4 of PVP:VA in PVPVA chain with the aim was of
increased solubility192). Without swelling, erosion is the only dominant process for PVPVA, which occurs
rapidly. Furthermore, it can be argued that the zero order model migha tetter fit for PVPVA. From

chapter 1, zero order polymer mass loss is expected fidase erosion polymers.

The erosion rate found from equationdis presented imTable4-4 suggests that the first order modés in

good agreement \th the data denoted by R Ranking the erosion ratios show a similar trend for both pH
medium (PVPVA < Xanthan gum < PEO < Soluplus < PVA). The exception is with pH 6.8, where HPM(C
erodes and the descending erosion ratios BMR/A< Xanthan gunx PEO< HPMCAS Soluplus< PVA

Table4-4: The erosion rates of erodible polymarsoth pH fitted to exponential decay.

Polymer
PVPVA 19.15€.10| 0.99| 17.349.12 | 0.97
Xanthan Gim | 2.7740.03 | 0.99| 3.07#0.09 | 0.94
PEO 1.916.02 | 0.99| 1.90#.03 | 0.99
PVA 0.6640.02 | 0.98| 0.83#.02 | 0.98
Soluplus 1.216.04 | 0.95| 1.30#.10 | 0.91
HPMCAS - - 1.56#0.04 | 0.99
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Erosion ratio of polymers in pH 1.2
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Figure 47: Top) The erosion ratio of eroding yiolers in pHL.2. Bottom) the erosion ratio of erodible polymers in pH 6.8
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4.35 Characterization of blends

The DSthermogramof the miscible HPMCASoluplus is shown iRigure 48. A single Jis observed for the

HPMCASoluplusbetween the pure HPMCAS and pure soluplus at 988Which agrees with aof 96.75

°C obtained from the Floflfox equation (equation-8) for a 50/50 blend, indicating a miscible blefi®5).

200
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Figure 48: DSC thermogram of the HPMCAS (red), Soluplus (black), and HBM@AS 50/50 blend (bluelhe Tg is shown on the
thermogram, and with the corresponding polymer colours.

In the case of HPMCAXEO, the PEQ, has been reported to be62 °C to-67 °C (402-405). This wel

established value of62 °C will be taken as thd@g of PEO. Rather, the recrystallization and melting

enthalpies are taken intaccount.Thethermogramis shownin Figure 49. It can be seen that for pure PEO,

the recrystallization enthalpy is 189.4 J/g. After accounting for the quantity of PEO in the blend, the

enthalpy calcwdted is 88.83 J/g. The recrgflization enthalpy of the blend is 38.53 J/g which is about 2.3

times lower than 88.8 J/g. This means 43% of PEO is crystalline after heating and 57% is amorphous in th

blend.
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Figure 49: DSC of HPMCAS (green dash), RiQiife), and HPMCAS=O 50/50 blend (black lindhe melting and recrystallization
temperatures and the corresponding enthalpies are given (J/g) whilgytfoe FPMCAS is given.

4.3.6 Misible and semmiscible blend behaviour

The hydration ratios of t miscible blend are shown in the top left lBigure 410. In pH 6.8, there is not

positive hydrationbut rather, negative hydration (erosion) and as such, has been omitted. The blend

appears to exhibit characteristics of both pwigrs. While HPMCAS s insolublepH 1.2 and soluplus

hydrates to a maximum of 1.31X (31%) at 60 minutes, the blend hydmatiém tsame ratio of soluplus but

at a delayed time of 420 minutes (7 hours). The duration of hydration is 7 folds slower comtpared

soluplus. It can be seen that if one is an insoluble polymer and the other is hydratable, the net effect is

slower hydratio. The hydration ratio of the semmiscible blend has been showntime top right of Figure

4-10. In the case of the senmiiscible blend, the hydrationirhe is faster than the pure PEO bupaint to

note is that that behavior kinetics of the blends are different than the constituemtben compared to

miscible blend For the fully misciblelend, the hydration profile is in between the two polymer prdfile

while for the semimiscible blend, the hydration profile is outside the region of the two constituting polymer

profiles. One reason for this could be due to the fact this is not a singleepsystem. Since the HPMCAS is

10% ionsed at this pH, this caimcrease the osmotic activity in the matrix thereby increasing the affinity of

the solvent.The hydration parameters are presentadTable 45. Work done Mudassiet al on hydrogels

shows thatthe mechanism changes with pH and polymer blend composition de@@g. The penetrant
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transport fromthe matrix system is governed by diffusion, so determining the diffusiaffictent of the

hydrogel is essential.

The swellingatio shown in the bottom left oFigure 410 shows the miscible blend swelling does ocatr

pH 12. The swelling profile of the miscible blend is also between the constitutilygnees as opposed to

the semimiscible blend. The swelling constants fbe miscible blendTable 46) indicate thatat pH 1.2,

there is a significant decrease in the swellingaaue to the addition of HPMCAS. The swelling ra@edm

is still hydration dominated but shows thiaded about two-folds, explainable by the insoluble HPMCAS
slowing hydration; not necessarily increasing diffusi@hpH 6.8, as soluplus swelling constant is lower with
HPMCAS eroding, no swelling is alvee compared to pH 1.2. In contrast, the samigcible blend swelling
constant showed a smaller decrease frig0.46 to 0.31at pH 1.2 due to retaining of more individual blend
properties and some conversion of PEO to amorphous form. The valndefchange is greater for the
HPMCAS/PEO is 1.5X greater than PEO. This can account of some portiorfodd st@mvdownby the
addition of HPMCASHowever, the increased rati hydrationis due to some of the PEO becoming
amorphous which ign agreement withroughly the amount of amorphouBEO.The erosion ratios for the
miscible are shown iRigure 411. The erosion ratios exhibit first order mass loss in the cases of all blends in
all medium. As before, the erosionti@s for the miscible blend is between the two constituent polymers
This is expected as both polymers aggregately contribute to faster erosion than either of the one polymer.
An exception emerges for the semiiscible blend eroding in pH 1.2. HPMCAS/PEQian is between the

two constituent polymers while it was expect¢o be outside of the region of two polymers erosion profile.
This can be intuitive as PEO is soluble while HPMCAS is not. It is expected that HPMCAS will slow down t
erosion causing therofile to be between the two constituting polymers. This is doetlie insoluble
HPMCAS polymer slowing down erosiblowever even in the blend, only the PEO composition erodes and

thereafter, erosion is halted. The erosioatios areshown inTable 47.
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Hydration Ratio of HPMCAS/Soluplus in pH 1.2

Hydration Ratio of HPMCAS/PEO in pH 1.2
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Polymer blend KH NH R
HPMCAS/Soluplus 50/5 0.01* 0.55+0.07| 0.99
HPMCAS/PEO 50/50 | 0.39+0.09 | 0.48+0.04 | 0.98

Table 46: swelling constant ($and swelling mechanisior the blends in both pH. Cases of no swelling are denoted by

pH 1.2 pH 6.8
Polymer Ks Ns R Ks Ns R
HPMCAS - - - - - -
PEO 0.46+ 0.11| 0.42+£0.10| 0.996| 0.43+ 0.18| 0.49%+ 0.07| 0.999
Soluplus 0.51+ 0.08| 0.05+ 0.01| 0.983| 0.31+ 0.01| 0.05+ 0.01| 0.812
HPMCAS/Solupluj 0.09+ 0.02| 0.12+ 0.03]| 0.947 - - -
HPMCAS/PEO 0.31+ 0.16| 0.61+ 0.08| 0.956 - - -

Table 47: The erosiortonstantof the polymers and blends in both pH and the goodness of fit

Polymer = R
pH 1.2 pH 6.8 | pH 1.2| pH 6.8
HPMCAS - 1.56£0.34 | 0.97 | 0.99
PEO 1.91+0.92| 1.90£0.23 | 0.99 | 0.99
Soluplus 1.21+0.04| 1.30+£0.10| 095 | 0.91
HPMCAS/Soluplug 0.44+0.08 | 3.51+1.91| 0.95 | 0.99
HPMCAS/PEO | 2.95£0.57 | 3.27+£1.81| 0.97 | 0.9%

Table 45: Hydration parameters fitted to the Vangernaud nebth pH 1.2. (*) indicates the error here is omitted as it is too small.
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Miscible blend erosion ratio
1.2

[E=N
o
DO
HOH
—O
O
B>

© 08
B
g ®
0.6
s
o
S o4 }

0 A
0 50 100 150 200 250
Time (min)

AHPMCAS pH 1.2 X Soluplus pH 1.2 OHPMCAS:Soluplus 50%-50% Ph 1
A HPMCAS pH 6.8 @ Soluplus pH 6.8 ® HPMCAS:Soluplus 50%-50% pH ¢
Semimiscible blend erosion ratio

1.2

°
=
2 i i
5 0.6 }
S
804 i +
®
0.2
0 ¢ . ; 3
0 20 40 60 80 100 120 140 160 180 200
Time (min)
AHPMCAS pH 1.2 XPEO pH 1.2 OHPMCAS/PEO 50/50 pH 1.2
A HPMCAS pH 6.8 ¢ PEO pH 6.8 ® HPMCAS/PEO 50/50 pH 6.8

Figure 411: The erosion ratios for miscible HPMCAS/soluplus 50/50 in pH 1.2 (red) and(pldej.&nd the polymers individually

107



4.3.7 Towards predicting polymer blend behaviouragueous media

One initial approachsito inspect if the prediction of polymer blend as an ideal solution yields accurate
prediction. Predictionrefers to applying the information deduced about the polymer to another blend in a
pre-tested stage.Since the blends are 50/50% weight, the preidigtprofile would result from summing
50% of the weight data at each time point. The resultant for hydnatind swelling of HPMCAS/Soluplus is
presented inFigure 412. It can be seen that hydration and swelling ratios in pH abeen overpredicted

by the calculated prdife. This is due to the fact pure soluplus hydrates and swells more than the blend. The
effect of an insoluble blend has affected this behaviour by more than half for the 50% of the blend. It is
interesting to nde that curve fitting of the calculated pribdé yielded the transport mechanism to be

borderline Fickian and anomalous with @af 0.55-0.03 while experimental data curve fitting yielded of

0.55+0.07 indicating the transport mechanism was not rdeduced. The calculated profile is based on a
prediction case while the experimental curve fitting is based on the actual Neanwhile, the hydration
constant was lower for the experimental data. In pl8,8he model was able to better predict the blend
behaviour kinetics but still produced inaccurate results. In the case of-sgstible HPMCAS/PEO blend
(Figure 413), both ratios were underpredicted by the calculated profile. This is because of pure PEO, which
hydrates and swelle$s than the blend. Moreover, the prediction was erroneous. The fitting of calculated
profile yielded anomalous transport mechanism=0.708.07) which is significantly different from the
experimental profile which yielded Fickian transport#d.48+0.04. In pH 6.8, the calculated profile over
predicted the blend behaviour for hydration and swelling. This is because pure PEO hydrates wehile pu
HPMCAS erodes slowly. Comparing identical sampling times, the hydration ratio of PEO is higher than the
negativehydration ratio (effectively erosion ratio) of HPMCAS. For exampdangling timepoint of 15
minutesat pH 1.2, the PEO hydration rati® 1.26 times while the HPMCA$gdration ratio is0.86 times
(Figure 44). The differencen PEO is 26% increase while the difference in HPMCAS idetA8tse The

faster ratio increase due to PEO causes¢heulativeratio of calculated blenttydrationratio to be higher

than the experimental ratio. Similar reasoning for swelling in pH 6pexp
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HPMCAS/Soluplus Hydration pH 1.2
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Comparing the erosion ratios of both blends in pH 1.2 yields similarly inaccurate blend prediietion as
shown inFigure 414. The insolubility of HPMCAS in pH 1.2 slows erosion of the blend causagttauw
observed values. However, the prediction was more accurate for pH 6.8 but still significantly different for
many of the sampled timegints. A trend seems to emerge when investigating the constituting polymers
and their respective blends. The idgablymer mixture seems to hold in certain circumstances. If the
polymers both exhibit the same propertieise(: both swell or both erode), #n the ideal polymer mixture
scenario appears to be able to predict with better accuracy compared to when theenpiexp of the
polymers differ shown inTable 48. When they differ, the application of ideal polymer mixture calculation is
most likely to be invalid. For example, in pH 1.2, HPMCAS does not &hodkile PEO erode¥| causing

the resultant blend calculation to be invalid)( The calculations hold valid pH 6.8; when HPMCAS erodes
(V) as well as PEQY) erode resulting in the blend to be accurately predict®d.(Ideal solutions form from
the random mixing of molecules withé same size and shape wherein the intermolecular forces between
pairs of like segments and unlike segments are all equivéd€). The molar volume of HPMC/ASL#4,008
cmémol (229, 408) while PEO is 3,571,429n%/mol (409), and soluplus is 109,225n%/mol (409). Since the

molecule sizes are not the same, thgreement to ideal solution laws surprising

Table 48: Blend and polymer kinetics. T{ig indicates no whil¢he (V) indicates yes for the category of the row.

Hydration (positive ratio)

Erosion(negativeratio)

HPMCAS/Soluplu HPMCAS/PEC(

Hydration (positive ratio) \Y U U
\ U U
Erosion(negativeratio) V V \Y
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HPMCAS/Soluplus erosion pH 1.2 HPMCAS/Soluplus erosion pH 6.8
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Figure 414: Experimental and calculated erosion ratios of HPMCAS/Soluplus and HPMCAS/PEO in pH 1.2 and pH 6.8
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For more accurate prection than the ideal polymer mixtur@ther approaches can be applied. The critical
aspect of blends is the miscibility of the constituents leading to the stability of the sy3teenstability

of polymer mixturesan be predicted from knowledge of thelgbility parameters and hydrogenonding
tendencies of the componentsiowever, hese predictions are not always very accuraethe model is
oversimplified. More sophisticated solution theoriedo not perform any betterprediction (410). They
contain parameters that can only be determined by analysis of particular mixtures, isnabit possible to
characteize individuacomponentsa priori. Numerous attempts have been made to improve the predictive
ability of the solubility parameter method hese generally proceed on the recognition that intermolecular
forces can involve dispersion, dipalgole, dipoleinduced dipole,or acidbase interactionsThe most
promising has been proposed blansenand often known as the Hansen solubility parametghich relies

on contributions due to dispersion forces, polar forces, and hydregamding(410).

Other approaches have dealt with determining the miscibilitypoolymer blendswherein the analysisis
depended on the Radom PhaseApproximation (RPA theory and the classical Flafuggins (fH) theory

(412). In the framework of the fH theor, the interacton parameter(.) is dependent on temperature,
pressure, composition.HE polymer kinetics will differ with different compositiofhe. cangivethe energy
differenceof the moleculesof the polymerand thesolvent(412.TK S & Y I f £ S NJ thikerBate@thef dzS
rate at which the free energy of the solution decreases with the addition of solvent. Consequently, liquids
GAGK OGKS avylftftSad . Qa | NB dzadz tvaldes ob Kften indiSadelstong 2 f O ¢
polar attractions between polymer and solvettus increasing miscibilit¢13).

4.3.8 Categorization summary

In this section, a table was camngcted enlistng the parameters measured for the polymer and blends. The
table has been split into three tables. The firfable 49 represents the solubility and swellability of the
polymers. The second,able 410, represents the time points at which the maximum hydration ratios (t
Hnay @and maximum hydration ratios (tn&) were attained. The third Table 411, shows the hydration,

swelling, and erosion paramétation of the polymer and blends done in this chapter.
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Table 49: Polymer swelling and solubility in g2 and pH 6.8 given by yes (Y) or no (N).

Polymer Soluble (Y/N) Swell (Y/N)
pH 1.2| pH6.8 | pH 1.2| pH 6.8
HPMCAS N N N N
PEO Y Y Y Y
Zein N Y Y Y
Xanthan Gum Y Y Y Y
PCL Y N N N
Eudragit N N N N
PVPVA Y N N N
PVA Y N N N
Soluplus Y Y Y Y
HPMCAS/PEO (50/50) Y Y Y N
HPMCAS/Soluplus (50/5¢ Y Y Y N

Table 410: The peak hydration and gling times of the polymer and blend in pH 1.2 and pH 6.8.

Polymer ‘ t Hmax t Snax

pH 1.2| pH 6.8| pH 1.2| pH 6.8
HPMCAS - - - -
PEO 60 60 60 60
Zein 2880 | 2880 | 2880 | 2880
Xanthan Gum 30 30 30 30
PCL - - - -
Eudragit - - - -
PVPVA - - - -
PVA 10 10 - -
Soluplus 30 30 30 30
HPMCAS/PEO (50/50) 45 - 45 -
HPMCAS/Soluplus (50/5¢ 420 - 30 -
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Table 411: Polymer kinetics dataset of hydration, swelling, and erosion in pH 1.2 and pH 6.8

Polymer Hydration constant| Transport mechanism| Swell constant| Swelling Index| Erosion constant
pH1.2 | pH6.8 | pH1.2 pH6.8 |[pH1.2|pH6.8/ pH 1.2/ pH 6.8 pH1.2| pH 6.8
1.56
HPMCAS - - - - - - - - - +0.34
0.73 0.66 0.18 0.23 046 | 043 | 042 | 049 1.91 1.90
PEO +0.12 +0.12 1+0.02 +0.05 | £0.11| £0.18 | £0.10 | £0.07 | £+0.92 | +0.23
0.03 0.02 0.37 0.37 0.04 | 009 | 0.37 | 0.18
Zein +0.01 +0.01 +0.09 +0.02 +0.01 | £0.01 | +0.08 | +0.03 - -
1.31 2.51+ 0.52 0.27 154 | 1.15 | 0.74 | 0.68 | 2.77 3.07
Xanthan Gum 10.70 0.83 1+0.01 +0.04 | £0.13 | #0.27 | £0.03 | +0.08 | £0.03 | +0.09
PCL - - - - - - - - - -
Eudragit - - - - - - - - - -
19.15 19.15 | 17.34
PVPVA - - - - +3.23 - - - +0.10 | #0.12
0.04 0.61 0.66 0.66 0.83
PVA +0.01 - 10.21 - * - - - +0.02 | +0.02
051 | 031 | 0.05 | 0.05 1.21 1.30
Soluplus - - - - +0.08 | £0.01 | +0.01 | +0.01 | £0.04 | +0.10
0.39 0.48 0.31 0.12 2.95 3.27
HPMCAS/PEO (50/50) +0.09 - +0.04 - +0.16 ) +0.03 - +0.57 | £1.81
0.01 0.55 0.09 0.61 0.44 3.51
HPMCAS/Soluplus (50/5C - 10.07 - +0.02 ) +0.08 - +0.08 | £1.91
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4.4 Limitations of the study

In this chapter, only a fixed polymertimawas investigated. Earlier studies confirm that polyrbehaviour
kinetics differ with differing polymer blend ratios. Since a generic set of rules could not be gathered by
adding the individual constituting polymer behaviours, except where the poljmebaviour kinetics are
identical, a database would need iraclude a certain number of ratios that may be used widtiyg saving

from investigatingevery varying degree of compositipsuch as HPMCAS/soluplus 10/90, 20/80, 30/70,

70/30, 50/50, 25,75, 725, 10/90, and other polymer combinations.

Further, molecular level interactions are not investigated in this work but proposed such as the Hansen
solubility parameter and Flory Huggins theory. Based on these theories, more differences observed among
the blends may be more accurately described sastthe hydrated or swelling ratios observed which differ
from the calculated profile of the blends. It may also describe the ipkédifferences observed between

pure polymers such as hydration ratio of 9 tisnfer Xanthan gum in pH 1.2 vs a ratio oftéres in pH 6.8.

4.5 Conclusion

In this chapter, the factors affecting the kinetics of the polymer behaviarewstudied by investigating the
hydration, swelhgand erosion ratios in the two buffers of pHJand pH 6.8. The use dangernaud model

was used to fit the hydration ratios while a power law empirical model was used for fitting the swelling
ratios. Both were chosen over simple fits as they encompass the initial to plateau better showmatbyeR.

The erosion ratios exhibited inverse firgsder and were fitted to first order decaying models.

In addition, an identical approach was used for the blend. The blends in some cases exhibited complex
multiphase profiles which were time dependantof the ¥ LI2 3 A 1S Qa L3R f & YSNJ LINZ LIS
hydration time and/or maximum swell. At these maximum points, the dominant mechanism would change
for the blend. The application of ideal polymer mixtures accounting for 50% weight of the constituting
polymer © create the blend profiles yielded only resmbly good agreement when both effects were

common in the constituting polymers such as both eroding. This has rendered the deduction of a generic
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equation unattainable for blends which do not exhibit comrysharedbehaviour in the mediguch as one
constituent being a swelling polymer and the other a remelling polymer or likewise one hydrating

polymer and the other a nchydrating polymer.

Lastly, a datasewith the gathered data of polymersyas constrated to help in modelling the behaviour of
the drug loaded formulation using the polymer/blend bringing one step closer to being able to achieve a

desired drug release profile and choosing an appropriate formulation.
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Chapter 5: Categorizing the effect of drug types on
polymer behaviour

5.1 Introd uction

In the previous chapter, the factors affectinige kineticsof the behaviour ofpharmaceutical polymers
(hydration, swelling and erosionsed in 3D printing @re investigated. The cornerstone of polymahmoice

in oral dosages is to attain drug rake in adesiredpattern in order to achieve the optimal absorption and
therapeutic outcomg414, 415). There have been sevedugs reportedoeing made solid dispersions using
FDM 3D printingsuch as acetaminophef49), indomehacin (368), warfarin (378), carvedilol (375),
theophylline (47), puerarin(416), gentamicin sulfatg25), felodipine (52), haloperidol(417), ciprofloxacin
hydrochloride(418), domperidone(377), prednisolone(419), dipyridamole(53). As reported widely in the
solid dispersions mearch, the physicochemical properties of the drug and the polyangy interations
can have profound impacts on the properties of the formed solid dispersii®® 421). Therefore, it is
important to investigag systematicallyhow different types of drugs can interact with polyméosinfluence

the polymerbehaviourand drugrelease.

In this chapterthe drug release behaviour of the solid dispersions formedhibge model polymersand

three model drugs were caed out Themodeldrugs were chosen to present positively charged, negatively
charged or neutral in pH 1.2 or 6.Bhe data generated were used to buddlatasetthat was later usedn
building the classification approach to facilitate theoosing theappropriate poymer or combination of
polymersfor a given drug

5.2 Materials and methods

The polymers useih this chaptemvere purified zeinHypromellose acetate succina(elPMCASASLF, and
Poly(Ethylene OxidefPEQ WSR N10 LEO and their plogshemical propertis are described in section
2.2.4 to 2.2.6 of chapter 2. The three drugs used were lidocaine, ibuprofen, and paracetamol and their

phystcochemical properties are described in section 2.2.1 to 2.2.3 of chapter 2.
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5.2.1 Preparation of filamets

The proceduramentioned in section 4.2.1 of preparing filamaming HME technigueras used However,
in this case, the addition ofirug loadings of 10% and 30% by weighttwo different batches were

prepared The extruded filament waken cut into 2cm pieces forin vitro studies.

5.2.2Measurement of factors

The measured factors of the formulation were hydration, swelling, and erosion in pH 1.2 and pH 6.8. The
methods of measurement were as peine outlined procedure of hydration, swelling, and eims in section
4.2.2 of chapter 4An additional procedure was to measure the drug release of the formulatidres drug
releasewas measured by UV spectroscopy at waveleagth220nm, 264nm, and 243nm rfdidocaine,

ibuprofen, and paracetamol respectiyalsing the procedures described in sectioA.20of chapter 2

5.2.3Choice of polymers and drsg

The choice of polymers here was to investigate the difference between a polysaccharide (HPMCAS), «
protein (zein) and superabsorbent polymer (PE®),the presence of a positively charged, a negatively
charged, and a neutral dru§ylost molecules catain some specific functional groups likely to lose or gain
proton(s) under specific circumstances. Each equilibrbetween the protonated and deprotonated forms

of the molecule can be described with a constant value cadfledhe log of this value is known & The
charge of the drug can be deduced from the species distribution diagram of the drug in the(8@8eThe
species distribution diagram was calculated using Marvinsketch soft¢@®. The p< plugin calculates

the pKsvalues of the molecule based on its fiar charged species distributioiihe reported pKa values for
lidocaine, ibuprofenand paracetamol is 7.8, 4.5, and 9.5 respectiy20y, 210, 424). The percentages of
charged specieare shown inTable 51. Thecharged form (column 2) indicates the charge that is possessed
by the percentage fractiom pH 1.2 (column 4) and pH 6.8 (column 6). For example, in pH 6.8, lidocaine is
90.01% positively charged while ibuprofen is 98.89% negatively chdtgechypottesized that lidocaine,
which is ionic in both pH, is soluble and has a higher osmoldwdty heutral drug and will cause higher
hydration, swelling, and erosion in the formulation compared to placebo. Two sets of drug loading with

each polymer were chosefor the studies: 10% and 30% drug loading. It is hypothesized that higher ionic
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drug loadng should cause higher and faster hydration, swelling, and erosion due to the fact higher quantity

should amplify the osmolarity compared to the 10% drug loaded fdations.

Table 51: The % of charged species of the drughérbuffers. The charged form of the drug in the buffer is given by cd@umn

pKa | Charged form| Neutral (%)‘ Charged (%) Neutral (%)‘ Charged (%
Drug pH 1.2 pH 6.8
Lidocaine 7.9 + 0 100 9.99 90.01
Ibuprofen 4.4 - 99.98 0.02 1.11 98.89
Paracetamol 9.5 - 100 0 99.78 1.22

5.3 Results and Discussion

The characterisation of the formulations are presented in the apperiive presentation of results is
divided into eght sections. Prior to all the sections, the results of polymer behaviours and drug release is
presented for all the formulations. HPMCAS formulations results are presenteHigime 51 for
HPMCAS/lidocaine, iRigure 52 for HPMCA&buprofen, and inFigure 53 for HPMCASparacetamol. Zein
formulation results are presented iRigure 54 for zeinlidocaine, inFigure 55 for zein/ibuprofen, and in
Figure 56 for zein/paraceamol. PEO formulations results are presentedrigure 57 for PEQlidocaing in

Figure 58 for PE@buprofen, and inFigure 59 for PE@paracetamol. In each section, the effect on the
individual polymer with regards to hydration, swelling, and erosigth the different drugsis presented.
Thefirst section (section 5.3) presents drug release cas@e first casein no particular order, is drug
release driven only by diffusion. In this case, the diffusion is due to hydration. The second case is th
diffusion is accompanied by simultaneous swelling or erosion. In thistt&se are two polymebehaviour
exhibited The third case is when all three of the behaviour ocdinereafter, the individual polymer
behaviour will be investigated to understand the different cases of drug release from formulation. Three
cases of polymebehaviourarise for drug releas@.he seond sectior(section 5.3) report effect of charge

state on polymer hydration. The third sectio(section 5.33) presents the effect of drug loading on
hydration. The fourth sectiofsection 5.3) presents the effect of charge state on polynsvelling while

the fifth section (section 5.3) presents the effecof drug loading orswelling Thesixth section(section

5.36) presents the effect of charge state on polynezosion and the last sectigfgection 5.37) summarizes

the effect of charge state toverall polymer behaviour.
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Figure 51: Drug release and HPMCAS behaviour for lidocaine formulations. The generic fA0d/X@jhas been presented, which can be substituted by wet mass in the case of hydration,
volune in the case of swelling, and dry mass in the case of erosion. the drug release is plotted on the seeargldtyogion is always plotted in inverse increasmg fn initial ratio of 1.
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Figure 52: Drug release antHPMCA®ehaviour foribuprofenformulations. The generic ratio (&0)/X0) has been presented, which can be substituted by wet mass in the case of hydration,
volume in the case of swelling, and dry mass in the case of erosion. the drug release is plititeslecondary-gxis. Erosio is always plotted in inverse increasing from an initial ratio of 1.
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HPMCAS+Paracetamol 10% pH 1.2 HPMCAS+Paracetamol 30% pH 1.2
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Figure 53: Drug release and HPMCAS behavioup&yacetamolformulations. The generic ratio (0)/X0) has been presteql, which can be substitutday wet mass in the case of hydration,
volume in the case of swelling, and dry mass in the case of erosion. the drug release is plotted on the seaxisd&rpgion is always plotted in inverse increasing from an initialafal.
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Figure 54: Drug release andeinbehaviour folidocaineformulations. The generic ratio (&0)/X0) has been presented, which can be substituted by wet mass in the case of hydration, volume in
the case of swetlg, and dry mass in the caséerosion. the drug release is plotted on the secondayig. Erosion is always plotted in inverse increasing from an initial ratio of 1.
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Figure 55: Drug release andeinbehaviour for ibprofen formulations. The generic ratio {X§)/X0) has been presented, which can be substituted by wet mass in the case of hydration, volume
in the case of swelling, and dry mass in the case of erosion. the drug release is plottedemotitary yaxis.Erosion is always plotted in inverse increasing from an initial ratio of 1.
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Figure 56: Drug release andeinbehaviour forparacetamolformulations. The generic ratio (0)/X0) has been presented, wiican be substited by wet mass in the case of hydration,

volume in the case of swelling, and dry mass in the case of erosion. the drug release is plotted on the seawisd&mpgion is always plotted in inverse increasing from an initial ratio of 1
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PEO+lidocaine 10% pH 1.2
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Figure 57: Drug release anBEChehaviour folidocaineformulations. The generic ratio (&0)/X0) has been presented, which can be substituted by wet mass in the case of hydration, volume in
the case of swelling, ardty mass in the e of erosion. the drug release is plotted on the secondarysy Erosion is always plotted in inverse increasing from an initial ratio of 1.
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Figure 58: Drug release anBEChehaviour for ibuprofen fonulations. The gegric ratio ((XX0)/X0) has been presented, which can be substituted by wet mass in the case of hydration, volume
in the case of swelling, and dry mass in the case of erosion. the drug release is plotted on the se@xislaEyosion iglways plotted irinverse increasing from an initial ratio of 1.
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Figure 59: Drug release an®EObehaviour forparacetamolformulations. The generic ratio (&0)/Xo) has been presented, which can be substituted bynass in the casefdydration,
volume in the case of swelling, and dry mass in the case of erosion. the drug release is plotted on the seaxisd&rpgion is always plotted in inverse increasing from an initial ratio of 1.
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5.3.1Effect oflonisation state of the modeadrug on drug releasef solid
dispersions

In this sectionthe drug release profile and polymbehaviourwill be presentedAs mentioned previously,
three cases of polymebehaviourarise for drug releaseThe first caseis drug release driven only by
diffusion which is due to hydration. The second case is the diffusion is accompanied by simultaneous
swelling or erosio and he third case is when all three of the behaviour océ&udditionally, he drug release
constant (I), release mechanism (n), andethso (drug release hallife) will be useful in comparing the

formulations.

5.31.1 Case |

In case |, thelrug releasds driven only by diffusiomwhichis due to hydation. The first case is seen with

HPMCAS formulations in pH 1.2. HPMCAS, in pHisligsoluble. The addition of a hydrophilic drug
increases the osmotic gradient. This drives the diffusiorthefsolvent into the matrix which becorse
entrappedcausing a density reductian the matrix wihle allowing the hydrophilic drugs to dissolve it
solvent. At 30% lidocaine loading for HPMCAS, the quantity of lidocaine is sufficient to egshiteggrant
effect in the matrix. The duration of complete drug release was much shorter than lld86aine loaded
HPMCASHydrophobic ibuprofen slowedhe diffusion significantly. Additionally, HPMCAS, in pH 1.2,
showed a low Kand a long @) duration compared to other formulations, shownTable 52. Lidocained
was lower than paracetamolst as expected Wile Ibuprofen had a higherd which is expected for a
hydrophobic drug. For both paracetamol and ibuprofen at lower drug loadings, the mieohan release
was Fickian diffusion (n<0.45) ahdcomesanomalus transport (<0.45n<0.89) at higher drug loadiAs
mentioned in chapter 1, Fickian diffusion occurs when the polymer relaxation time is much greater than the
solvent diffusion time. At 10%rug loading, diffusion becomes the only mechanism and thussttie slow

but at 30% loadingnajority ofthe formulation composition isnore hydrophili¢ the diffusion rate becomes
equal to the polymer relaxation and hence the increase ofatues for all lidocaine and paracetamol
formulations in pH 1.2. By comparing the drug release of lidocaine, which isedhtrgouprofen, it can be

noted that solubility is a more dominant factor of determining drug release tbaisation.
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5.3.1.2 Casdi

In this case, the diffusion is accompanied by either swelling or erosion. In such cases, the density of the

polymer atthe matrix interface is quite lowothat the polymer chains along with drug molecules dissolve
into the solvent. In such cases, tiigher the ratio of swelling or erosion, the lower the density of the
matrix will become at the interface. This will drittee drug release to bereater compared to aless
swelling or erding polymer This behaviour can be seen with all zein formulatieh®wn inFigure 54,

Figure 55, andFigure 56. The parametrized values of fitting of zein formulations are showFairle 52.

Zein does not mde in either pHZein is positively charged in pH 1.2. Paracetamol and lidocaine release did
not show any significardifference for to, Ko, or n.Zein exhibited an intermediate;¢ between HPMCAS and
PEO.Zein with 30% ibuprofen loading had release mechanism value of 0.99 indicates case Il transport
whereby the movement of molecules in the matrix is influenbggolymer relaxation and associated with
state transition (glasto-gel transition). As such theeliing layer of zein gradually becomes thicker and
therefore the drug concentration gradient along the diffusional pathlength is decreased. The gradually
decreaseddrug concentration gradient results in progressively slower drug release rates as evidgnced
very low K (0.04) for this formulation. lbuprofen is neutral like paracetamol but showed significant
difference reasoning that solubility is a factor, nonisation. In pH 6.8, Zein is neutrally charged and
exhibits longer 4 for lidocaine and paradamol formulations. Bouman et al observed that charge
difference between zein and indomethacin retarded the drug release and like charges accelerated the drug
release (14). The charges for zein, lidocaine, and ibuprofen are showRigare 510. This still does not
explain the reason for zein (neutjaand ibuprofen (negative) fast drug release times. One possible
explanation for this might be that the hydpsbobic drug diffuses through the hydrophobic zein matrix faster
than the hydrophilic drud425). This may indicate that intermolecular forces have a more dominant role
compared to ionisation.However, if ibuprofen is charged it is behaving as waek. This may lead to
certain local regions where the pH is reduced. Once water is absorbed, the system becomes more

heterogeneous and the behaviour could be highly complex.
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Ibuprofen

R
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Figure 510: Schematic overview of the chargezein, lidocaine, and ibuprofen. The pH scale has only been shown until pH 8. Beyond
this, any charge attainted was not part of the experimental pH. Paracetamol was omitted as it is neutral inTélegtashed line
shows the two pH at which studies werrformed.

5.3.1.3 Case lll

The third case is wherein diffusion, swelling, and erosion occur simultaneously. This is observed for PEC
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formulations shown irFigure 57, Figure 58, and Figure 59. PEO exhibited the shortestotand high K
values as a superabsorbent polymer. However, in both pH, theiena significant difference among the
drug release parameters. In the case of 30% ibuprofen loading in pH 1.2, case |l transpaenvesdtlis a
significantly prolongedst of 88 minutes (5.5X slower than other PEO formulation which is slowed 1.3X). In
genaal, ibuprofen loadings retardedsst due to the hydrophobic nature of the drug. This reaffirms the

ionisationplayed a minor role fodrug release.
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Table 52: Drug release constantfk+ SD and the mechanism of releasthefformulations in pH 1.2 and pH 6.8. t50 is
the half release time that allows for comparniso

pH 1.2 pH 6.8

Formulation

HPMCAS+Ladaine 10% 5.93+1.98 | 0.29| 0.91 325 16.79 £ 6.91| 0.39 | 0.95 26
HPMCAS+Lidocaine 30% 1.46+0.88 | 0.59 | 0.98 50 13.60 £ 0.38| 0.23 | 0.98 20
HPMCAS+Ibuprofen 10% - - - - 3.58+1.41| 0.75| 0.99 36
HPMCAS+lbupreh 30% 15.69+14.43| 0.46 | 0.84 14 293+1.76| 0.80 | 0.99 28
HPMCAS+Paracetamol 109 4.87 £+1.54 | 0.37 | 0.93 539 11.28 +3.49 0.43 | 0.94 48
HPMCAS+Paracetamol 309 2.12+1.15 | 0.64 | 0.92 88 14.83 £2.38| 0.32 | 0.98 36
Zein+lidocaine 10% 8.84+2.04 | 0.33 | 0.97 220 291+£159| 0.44| 0.99 680
Zein+lidocaine 30% 7.22+3.31 | 0.35| 0.96 120 4.26+1.25( 0.41 | 0.98 340
Zein+lbuprofen 10% 1.62+0.47 | 0.51 | 0.98 120 1.98+0.34| 0.61 | 0.87 12
Zein+lbuprofen 30% 0.04 £0.29 | 0.99 | 0.98 120 1.99+0.98| 0.25 | 0.91 15
Zein+Paracetamd 0% 6.78+1.69 | 0.38 | 0.96 190 2.18+1.93| 0.39 | 0.98 760
Zein+Paracetamol 30% 7.45+156 | 0.34| 0.95 120 412 +1.34| 0.52 | 0.97 634
PEO+lidocaine 10% 13.22+8.38 | 0.46 | 0.93 10 422 +247| 0.64 | 0.99 10
PEO+lidocaine 30% 8.85+4.43 | 0.58| 0.91 13 256+04 | 0.72] 0.99 14
PEO+Ibuprofen 10% 295+1.21 | 0.24| 0.94 16 3.51+225| 0.68 | 0.98 33
PEO+Ibuprofen 30% 0.74+0.45 | 0.99| 0.91 84 3.44+£1.38| 0.77 | 0.95 21
PEO+Paracetamol 10% 9.48+4.34 | 0.53 | 0.94 14 3.98+2.08| 0.68| 0.98 18
PEO+Paracetamol 30% 12.38+3.3 | 0.58 | 0.97 14 3.49+187| 0.68| 0.98 24

5.32 Effect ofionisation state of the model drugn polymer hydration
(positive weight change)

A note about the word hydration used in this work needs to be mentioned. When measuring the wet weight
of the extrudade, there is a simultaneous activity of water ingress and erosion is taking place. The hydration
ratio of pure HPMCAS and HPMCAS formulaisopresented irFigure 511. Hydration ratio is taken as a
positive ratio. As such, hydiah of HPMCAS formulation occurs only in pH 1.2. The hydration ratio was
higher for lidocaine than the other two drugs. Lidocaine is a hydrophilic drug which is fully positively
charged in pH 1.2. As the formulation is immersed in the solvéetcharge drug molecule in the matrix
modifies the wettability of the formulation intdace (426). In this case, the wettability is increased resulting

in an increased solveniptake Ibuprofen and paracetamol, mewhile, are neutral in this pH and does not

increase osmolarity as does lichine.
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Hydration ratio of HPMCAS formulaiton in pH 1.2
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Figure 511: HMPCA@®ydration ratio andHPMCA%rmulation hydrationratios in pH 1.2.

However, although paracetamol is alseutral, there is a difference in the hydration ratio between
ibuprofen and paracetamol loaded formulatiorihis greater solubility of paracetamol (&g mLin pH 1.2

than ibuprofen(0.06 mg/mLin pH 1.2)esults in higher hydration in pH 1(227). Hence in the case of an
insoluble pdymer (HPMCAS) which a@s anon-interacting carrier, the true effect of the drug can be

investigated.The driving force for hydration is likely the solubility of the drug.

The PEO loadefdrmulation hydrationis shown inFigure 512. In the case of PEO, the effect of the ionised
state of the drug is less obvious due to PEO being a saljsmrbent polyme (SAP). Such SAP can retin
large percentageof solvent relative to its weightwithin their structure(143). Lidocaine loaded PEO had an
initial high hydration ratio but piteaued earlier than the two other formulationhis may bebecause
lidocaine was released earlier within the first ten minsit@hen the hydration ratio was higher. The drug
release to hydration will be compared later okt pH 6.8, the two hydrophilic dgs, of which lidocaine is
90.01% positively charged and paracetamol is 99.78% neutral, did not show any significant vafiation

hydration ratio from the pure PEO itself. Ibuprofen, which was 98.89% negatively charged exhibited a
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slowdown.lonisationwill increase the osmolarity and therefore the driving force for water ingrébgs can
explain thedecrease the wettability of # surfaceof ibuprofen loaded formulationkeading to lesamount

of solvent ingress.

The zein formulation hydration ratios are shownFigure 513. Lidocaine loaded zein formulations were
observed to show a higher hydration i@in bothpH. A factor for this could be thelectrostatic interaction
between the drugs and the zein matrBoumaret alobserved the drug release was faster when the carrier
and drug were identically charged and release was slower when they were tgdpasiargd (14). The
same reasoning could hold in theseaof hydration. In pH 1.2, zein and lidocaine are positively charged
while ibuprofenand paracetamol a neutral. This can explain the higher hydration ratio observed for zein
and lidocaine Lidocaine is positively charged and ibuprofen is negativelygedawhile paracetamol is
neutral. This can explain the higher hydration ratio observed for zein anddide (both +) and lower
hydration ratio for zein and ibuprofen (+ ard Figure 510 illustrated this, however, it is more likely that

solubility is the explaining factor.
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Hydration ratio of PEO formulaiton in pH 1.2
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Hydration ratio of zein and its formulation in pH 1.2

- -
N N
e

o1
=
g 1
s
5 0.8 L}
: 4
@
% L e i E N e o
o |~ IR % ______________________________________
< 04 % o #

0.2 '

0
0 200 400 600 800 1000 1200 1400 1600
Time (min)

A ZeintLidocaine 10% O Zein+ibuprofen 10% X Zein+paracetamol 10% --#---Zein

Hydration ratio of zein and its formulation in pH 6.8

0.9

9o
N @

o
fo)

o
w

o
N
—H—
B
€
B e

Weight Ratio ((WAN0)/Wo)
o
o
P>

o
N
\
\
\
\
>
\
RN
‘.
\
V\
e
\

o
=

o

0 200 400 600 800 1000 1200 1400 1600
Time (min)

A Zeintlidocaine 10% 0O Zein+ibuprofen 10% X Zein+paracetamol 10%---#--- Zein

Figure 513: Top) zein hydration ratio andzein formulation ratios in pH 1.2. Bottongein hydration ratio and zein formulation
hydrationratios in pH 6.8.
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5.3.3 Effect of drug loading on polymer hydration

An interesting case arose with 30% lidocaine loaded HPM®ASedency ofidocaineto dissolve is much
greaterthan at 10% lidocaine loadirigat it causes erosior{negative hydration) for the insolubleRNCAS
polymeric matrix Hydration ratio is taken when the wet formulation to dry formulation ratio is positive but
this formulation was included in the hydration ratio as this is an excepfienthe suface of the matrix
erodes, this causes the solventpercolate to the inner layers causing more wetting amdsion In pH 1.2,

the solventlimits ionisationof HPMCAS chaio 10% at most. Due to thishé dissolved chain remains in a
compact blded stake. Asthe chains are hydrophobic when unised in apoor solvent HPMCAS/lidocaine
30% formulatiorcollapsesinto globules The addition of lidocaine in high quantities has made the drug act
as a super disintegrant andtlough paracetamol loadg of 30%with HPMCAS did not exhibit this
behaviour,it is believed that higher loading of paracetamol will cause the same eroding behaviour of
HPMCAS formulation to occur in pH 1428). The hydration ratios of HPMCAS formulation in pH 1.2 is

shown inFigure 514.

HPMCAS formulation hydration ratios in pH 1.2
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The comparedratio of hydration at different drug loading is shown inFigure 515. The hydrated ratio

(plotted on the primary axis) was derived by dividing thaximum lydrated ratio at 30% by thmaximum
hydrated ratio atl0%(i.e. FormulatiogosdFormulationioe). A value, greater than one would indicate higher

hydration for the 30% formulation as the numerator is increasing faster than the denominator. A value
between zeo and one would indicate slower hydration for the 30% drug loaded formulaéiative to the

10% drug loaded formulation. A negative ratio indicates erosion. Erosion is not included in this plot. The
only exception was the case of HPMCAS loadétl 30% lidocaine at pH 1.2. This was included for
comparison as the 10% lidocaine dea did not show any erosion but 30% lidocaine loaded HMCAS

formulation did.

The time ratio (secondary axis) indicates how fast the higher drug loading causedrthéation to reach

the maximum hydrated ratiovhere the hydration ratio was compared ohet primary axis. A value of one
indicates the time taken was the same for both formulations while a value lower than one indicate a shorter
time. Therefore, it can beegen that br the HPMCAS lidocaine formulation, the addition of higher drug
loading cause erosion and the time taken to was faster at a ratio of 0.1 (a tenth of the time). For most
formulations, the higher drug loading caused slower hydration. Zein loadiddibuprofen had value just
above one (1.08) but this can not be taken to be significdue to the variation overserved on the
triplicates. The time ratio for most of them is the same which allows for a comparison of the hydration
ratios at identical tnes ratio.Some formulations such as PEO with lidocaine and PEO with paracetamol in
pH 12 and PEO with ibuprofen at pH 6.8 showed lower hydration but at a much shorter time. This seems to
be an observation with PEO which is prone to absorbing high giemiif solent but also undergoing
erosion. Since the hydration ratio is lower but theé is shorter, it could be the rate of solvent ingress is
faster due to the increased affinity of the matrix from higher drug loading causigg of the drug to be

released faker, but also increasing erosion.
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Hydration ratio comparision
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Figure 515: Formulation hydration ratio and timé reach hydration ratio comparison. A weight ratio above 1 indicates faster
hydration while between 0 and 1 indicates slower hayidn. Negtive ratio is indicating erosion. The time ratio (secondary axis)
indicates low fast the higher drug loading caused the formulation to reach the maximum hydrated ratio. The time ratio
(H30%/H10%) is the time of maximum hydration ratio at 30%y doadingdivided overmaximum hydration ratio att0% drug
loading A valueof less thanl indicatesfaster swelling for the 30% formulation.

5.34 Effect ofionisation on polymerswelling

The swelling ratios of zein formulations are showtrigure 516. The addition of hydrophilic charged drug
increased the swelling ratio in both pH. This is to be expected based on the hydration ratio that was
observed. As more of the solvent ingresses, more of the polymer fraeneols ocapied causing the
polymer toundergo relaxation. Ibuprofen caused less swelling due taltihg hydrophobicity The addition

of hydrophobic drugs to the zein matrix makes the combined system more hydroplioh#s been known

that upon contact ith the sdvent, five steps occur in spience(165). First, the solvent diffuses into the
matrix. Then, the solvent acts as a plasticizer, lowering the polymer glass transition tempeiigiwasing

the glassrubber transition, the geformation, and polymer swelling. At thipoint, the soluble drug dissolves

and diffuses through the gel layer. If the drug is hydrophilic, it will accelerate the diffusion as the
molecularly dispersed hydrophilic drug particles in the matrix enhance tgffimi the solvent particles. If

the drug is hydrophobic, the particles will decelerate the diffusion of solvent by acting as a repulsive the

solvent particles. This is the most probable cause for a difference between the lidocaine and ibuprofen.
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Swelling ratio of zein formulation in pH 1.2
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Figue 516: Top) Zein and zein formulation swelling ratios in pH 1.2. Botidan and zein formulation swelling ratios inGB

In the case of PEO formulations, lidocaine loaded formulation did show higher swelling than ibuprofe
While, in pH 6.8, the swelling ratio for both drugs is lower than the pure FeWell and Banks describe
that moisture control can be subcategorizedaater repellents and dimensional stabilizers. While water

repellents control the rate of water sorjoin, dimersional stabilizers control affect swelling requiring
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chemical modification§429). The reason ibprofen loading could lower the swelling ratio is that ibuprofen

is negatively charged while the hyayl in FEO is also negatively charged leading repelling which cause less
solvent uptake and in turn less swelling. Lidocaine is positively charged ipHhand the increase in
positive charge while the reduction in Qtduldlead to less solvent uptakand therdore less swelling too.

The PEO formulation swelling ratio is showkigure 517.

Swelling ratio of PEO formulation at pH 1.2
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5.35 Effect of drug loading on polymeswelling

It appears the swellg was reduced in pH 1.2 but not significantly as the ratio is close to one but in the
range of 0.9 to 1 except for 30% lidocaine loaded PEO formulation. Thengwelle ncreased for this
formulation as the value is close to 0.2 (value on the seconddsyfar the dashed line), indicating swelling
was five times faster with three times the drug load. The swelling rate increased for all PEO formulations in
pH 1.2with the highest increase being for lidocaine followed by ibuprofen and then paracetamol. The
compared ratio of swelling at different drug loadings are showrdrigue 518. In pH 6.8, the swelling
increasedor both zein and PE®y the addtion of higher quantities of hydrophobic ibuprofen. The swelling
rate decreased for all formulations with the addition ogheér drug loading as all values are less than 1.
Moreover, it can be observed that the swelling rates exhibited the &isiacreag for lidocaine
formulations and slowest increase for paracetamol for both formulatidwsording to obstruction theories
(430432, which focus onsieve effect in the polymeric network, the addition of more hydrophobic drug
particles should make the network more impenetrable elongating the pathtiefay solvent molecules to
defuse in and drug molecules to diffuse out. Convergbly addtion of more hydrophilic lidocaine should
make the network more impenetrable but to a lesser degree than hydrophobic ibupratem.swelling

profile fitted to the semiempirical power model is presentedTliable 53.
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Figue 518: Swelling ratio comparison for swellalitemulations.The time ratio (secondary axis) indicates how fast the higher drug
loading caused the formulation to reach the maximswvellingratio. A volumeratio abovel indicaes fasterswellingwhile between
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Table 53: The swelling constankg), the swelindexn), and their goodness of fit{or polymers and drug loadings in pH 1.2 and

pH 12 pH 6.8
[T B =2 =
Zein* 0.04+0.aL | 0.37+£0.08| 0.99| 0.09 +0.01| 0.18+0.03| 0.99
PEO* 046+011| 042+0.10| 0.99| 043 £0.18/ 0.49+£0.07| 0.99
Zein+lidocaine 10% | 0.04 +.001| 0.48+0.06 | 0.96 | 0.02 + 0.01] 0.52+0.16 | 0.95
Zein+idocaine 8% 0.21 £0.04{ 0.38£0.12| 0.91| 0.01 +£.008 0.68+0.24 | 0.98
PEO+lidocaine 10% | 0.59 £ 0.08 0.37+0.09| 0.94| 0.45 £ 0.14 0.55+0.17| 0.99
PEO+lidocaine 30% | 0.24 +0.06 0.31+0.12| 0.94| 0.29 + 0.16 0.52+0.18| 0.92
Zein+lbuprofen 10% | 0.08 + 0.01| 0.34+0.08 | 0.97 | 0.07 + .006/ 0.23+0.08 | 0.96
Zein+lbuprofen 30% | 0.02 + 0.01] 0.26+0.05| 0.96 | 0.01 + .008 0.49+0.14 | 0.93
PEO+Ibuprofen 10% | 0.38 + 0.08 0.23+0.04| 0.98| 0.16 + 0.08 0.35+0.10| 0.70
PEO+Ibuprofen 30% | 0.25 + 0.04 0.37+0.13| 0.98| 0.09 +0.02| 0.53+0.09| 0.99
Zein+Paracetamol 109 0.06 + 0.01] 0.42+0.08 | 0.97 | 0.05 £ .008 0.56+0.16 | 0.99
Zein+Paracetamol 309 0.17 + 0.02| 0.54+0.07 | 0.98 | 0.03 + .009 0.61+0.21 | 0.99
PEO+Paracetamol 10| 0.43 + 0.24) 0.26+0.03| 0.96| 0.13 + 0.08 0.49+0.14| 0.95
PEGParacetamol 309 0.37 + 0.16 0.28+0.11| 0.97| 0.23 £ 0.10 0.54+0.19| 0.94

5.36 Effect ofionisation state of the model drugn polymererosion

The erosion rates of the formulatiorfgted to exponential decayre presented inTable 54. There is a
significant increase in erosion rates with the addition of drugs for all formulations excepZeginis a non
eroding polymer.HPMCAS is insoluble in pH 1.2 while 30% lidocaine HPMCAS loading exhibited a
disintegratng effect. The likely explanation for this is the quantity of the hydrophilic drug. Lidocaine is
hydrophilic and upon contact witthe solvent the hydrostatic pressur in the formulationis increased

(433). The pressure is increased either by water/solvent wicking into the plug or swelling phenomena. The
latter effect is not observed. This wicking promete-aggregationof the plug particleg434). Shce the
majority of the constituent is the insoluble polymer, the plugs paetichre alldrug particles. As these
particles are dissolved, microscopic channels are created through which percolation of the solvent occurs.
The surface layer breaks at someimt when a critical osmotic pressure builds up inside the matrix due to
the acumulationof solvent(161). Such effect is not seen with paracetamol 30% HPMCAS loading but it is

suspected that with higher paracetamoklding, this phenomenon will be observed.

The type of bond within the polymdrackbonemainly that determines the rate of hydrolysis, degradation,

and subsequent erosiorin the case of PE@he CO-C backbone of PEO gives unmatched hydrophilicity
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compaed to carbon based backbor(é35). The ncrease in erosionf PEO formulation relative to pure PEO

is due to the addition of the lidocaine and the decrease is due to the addition of ibuprGtarerally
increasingnet solubilitygivesrise to hydrophilicity and erosion. By the samedankPEO/ibprofen loadings

were observed to have lower erosiamtio than lidocaine as ibuprofen has two atoms available for
hydrogen bonding. However, this does not fully explain for differences in solubilities between lidocaine and
ibuprofen. Based on $ability theory, factors such as temperature, pressure, density @mtentration of

the solvent, intramolecular attractive forces, and polarity affect the solubility of the solute ((#86)437).
Furthermoe, hydrate theory, and theories of dissociation and molacassociation advance the study of
the solubility of solvents. Since the dissolution of a particle of a solute in a liquid is due to (i) the attraction
exercised by the molecules of tlselvent (i) the attraction exercised by the molecules of solutesatty in
solution, the variance in erosiamtios between lidocaine and ibuprofen can reducibly be explained by this

variance of attraction due to all the solubility factors mentioned above

In pH6.8, the erosiorratio for PEO was lower than pH 1.2 but BEO formulations exhibited a higher
erosion rate. Kavanght al showed that an increase in ionic strength polymer toa decrease in matrix
erosion rate(438) implying reverse is also true. The decrease in erosion rates as thestimigth hcreased

gl a FOGadNROGdzi SR (2 (KS byitlelofgdnit yors praseni i the dissoliutiors medie &
However, PEO is a ndonizable polymer and pH insensitive polynf243). Additionally, Kofi also showed
the model drugs used showed that despite HPMC being aierin polymer, the medium ionic composition
can influence its behaviou#@38, 439). Similarly, HPMCAS (pH responsive) formulations exhibited erosion
(higher erosion rate for HP®ASidocane 30%) in this pH. In the previous chapter, the pH responsiveness
of HPMCAS has been dissed. HPMCAS polymer chains, which aresadnin pH 6.8, expands due to the
repulsion between charges on the polymer chain allowingHerdissolution d the chan and subsequently
undergoeserosion. In contrast, in pH 1.2, the solvent preveiotsisaton of HPMCAS chain, the dissolved
chain remains in a compact, folded state. Since the chains are hydrophobic whensemhiamia poor

solvent, they collaps into gldules which were precisely observed for HPMGA&caine 30% in pH 1.2.
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With regards to theonisationof drugs, there was not a significant difference between HPM{@a&aine

(+) and HPMCA@&aracetamolneutral) This reflecta similar resulttrend obtained by Rani&t al where the
dissolutionbehaviourof carvedilol was investigated. They found that although carvedilol was 1008doni
from pH 1.2 to 90% iogkd at pH 6.8, the dissolutiohehaviourand erosion was unaffected and only
changed vken the imic strength othe medium was altered by adding salts which varied the solubility from
2398.6>g/ml in pH 1.2 to 31.3g/ml in pH 6.8(440). Thus, the erosion variance between ibuprofen and
lidocaine/paacetamol can beexplained by the difference in their solubilities in the medium; not by the
ionisationwhich if true, would exhibit a difference in pH 1.2.

Table 54: Erosion rates (&SD) of polymers and formulatis in pH 12 and pH 6.8.
pH 1.2 pH 6.8

HPMCAS 0.64 £0.23 0.98
Zein - - - -
PEO 0.79+1.32 0.94 | 0.58 +0.12 0.98
HPMCAS+Lidocaine 10% - - | 2.2440.12| 0.98
HPMCAS+Lidocaine 30%| 1.19 + 0.23 0.91 | 4.91+ 0.63| 0.98
Zeintidocaine 10% - - - -
Zein+lidocaine 30% - - - -
PEO-+lidocaine 10% 7.91+£1.09 0.95|8.11+1.43 0.95
PEO-+lidocaine 30% 3.11+0.87 0.85| 5.05 + 1.56 0.96
HPMCAS+Ibuprofen 10% - - 11.63+£0.42 0.96
HPMCAS+Ibuprofen 30% - - |0.86+0.52| 0.97
Zein+lbuprofen 10% - - - -
Zein+lbuprofen 30% - - - -
PEO+Ibuprofen 10% 3.87+1.34 0.94|5.89+1.18 0.96
PEO+Ibuprofen 30% 254 +1.23 0.93| 4.72+0.92 0.98
HPMCAS+Paracetamol 1( - - 1.81 £0.83 0.97
HPMCASRaracetamb30% - - 13.82+£1.19 0.98
Zein+Paracetamol 10% - - - -
Zein+Paracetamol 30% - - - -
PEO+Paracetamol 10% | 5.33+1.67| 0.96 | 8.08 + 1.07| 0.98
PEO+Paracetamol 30% | 4.72 +0.84{ 0.98 | 7.03 £ 1.15 0.99

5.3.7 Effect of ionisatioon overallpolymer behaviour

In the preceding sections, the overall effects of the ionisation of the drugs on polymer behaviours were

investigated. The dynamics of polymer behaviour and drug release is complex. The ionisation of the drug

146



affects the drug elease otthe matrix system @mpared to the placebo polymer. However, it is more likely
that solubility plays a more dominant role than ionisation. The effect of ionisation on polymer behaviour
compared to the placebo is summariziedl eble 55.

5.4 Conclusion

In this chapter, four major parameters were investigated relating to the dissoldtigmaviour of the
formulationin pH 1.2 and pH 6.8. They were hydration, swelling, erosiot,drug release. Three different
carrier classes were ipdigated with three different drugs. The aim was to investigate whether the
ionisation of drugs contributed to a difference in the four parametelswas found that formulations
showeddifferencesin hydration ratio and a clear #nd based on ionisatiowas not shown.Higher drug
loading increased hydratioratios in some case$iowever, the solubility of the drug had a more dominant
role. For swellingthe SAPshave the highest swell as well asdin formulations. The differencenithis
swellingbehaviou can define a distinguishing criterion for different classes of carriers which is discussed
more in detail in the next chapter. The swelling increased for ibuprafsaxpectedcompared to lidocaie.

The mechanism of swelling alehanged with the druggindirectly loss of polymér Higherloading of
hydrophilic drugs caused more anomalous transpi¥ith regards to erosion, solubility seems to be the
driving factor for erosion rates with the pH hene of the factors that can altesolubilities of the

formulation. It was also observed that very high quantities of hydrophilic drugs can act as a disintegrant.

Variations in drug loadings causechange of release mechanisms. Addition of higher hydobjhdrug
quantities equats to more diffusion controlledrelease whilethe addition of hydrophilic drugs leado
more anomalous controlled release. The addition of some hydrophobic drugs to a formulation can give rise
to case Il transport. In terms of dation of release, SAPs are thestiast and proteins arehe slowest. pH
responsive formulations are very versatile in this regard. It wascastirmedthat if the polymeranddrug
have identical chargesthis accelerates drug release while if they hawen-identical charges this

deceleates drug release.
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Table 55: Polymer behaviour compared for ionised drug loadings. The arrows indicate if the factor is increasing or decreasing as a
result. The = sign denotes change of $hene magnitude. N/A is noted whéme specific factor danot apply to the polymer.

pH 1.2 pH6.8
HPMCAS
- Hydration Swelling Erosion Hydration Swelling Erosion
Charge| Ratio| Time | Ratio| Time | Ratio| Time| Ratio| Time| Ratio| Time| Ratio| Time
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- L | = | NANA|NA|NA]NAINAINAINAT T | |
0 L = | NnafNnANAINAINAINAINAINALTT | T
Zein
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Chapter 6: Classification of drug release profiles
6.1 Introduction

In this chapter, the aim is to utilize statisticapproaches to analyse the correlations between polymer
behaviour and drug release kinetics with an atteértgp use such knowledg® develop a prediction tool to

aid the development of solid dispersion formulations. The polymer behaviours data gathechdpter 4

are classified usinigmean clustering while the drug release profiles gathered in chapter frateeduced
using pmdpal component analysis (PCA) to create a reduced model of drug release profiles folloied by
means clustering. This allowilse creation of a classified library (shown in the top paneFigure 61).
Thereafter, the scenario oéchieving a desired drug release profile is investigated witeeedrug and the

drug release duration is known (shown in the bottom pandtigiire 61).

Chapter 4data of polymeibehaviours Chapter 5 data of formulatiodrug
(hydration, swelling, and erosion) release profiles

Use PCA to create a reduced mod

Classify polymer behaviouf
usingK-means clustering

Classif the reduced modalisingk-means clustering

Createa library ofcorrelatedpolymerbehavious and drug release profiles

dinical scenario wheréhe drug and
the expected drug release is given

Yes Does the No
drug exist in
the library?

Is there a Is there a
polymer with Use the drug and \Yes similar drug
corresponding polymer from same

behaviour? class?

A 4

Add the drug and/or plymer to the dataset [«

Figure 61: Top) Thentegration of chapter 4aand chapter 5 data to classify the data. The dashed line indicates separation. Bottom)
The logical pathway of investigation when the drug and drug release duration is provided for achieving a desired drygoélease
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6.2 Methads
6.2.1Clustering

K-means clustering, being linear, is faster computational clustering method but and only reduces in speed
for a much larger dataset and hence not a problem for the dataset being analysedddyeBackground

to Kmeans clustering technique has been discussedhapter 2 K-mean clusteringwas used on the
polymer dataset for all the factors that were measured. The cluster distinguishing criteria was chosen based
on the dda. The cluster centregave the value of the factor that is common characteristics of the cluster,

which was also obtained frolémeans clustering.lGsteringwasperformed on SPS®ftware

6.2.2Principal component analysis (PCA)

PCA is a dimension rection technique that waperformed on all the drug release profiles (known as the
full model) to create a reduced model. This type of PCA is known as function@42L Details of the PCA
technique has been discuskén chapter 2 The cration of the reduced moel is mathematically complex
but in a simplified step is given below:

1. All drug release profiles are passed as a data matrix

2. The mean and variance of all the profiles are computed in the matrix

w

Eigenvalue decoposition of the matrixs computed which givesigenvalues and eigenvectors

1 The eigenvectors are the principal components (PC)

4. The significance of the PC is observed (variation as a probability that is accounted by each PC)

5. The PCs are plotted asofiles. These plotted PCpbfiSa | NB (i Sediwo 8RB a QWNEB R d:
These reduced curves are important as it gives the underlying most distinct curves that account for most of
the variation of all drug release profiles in the full model. Separate PCA wesmed for drug release

profiles for pH 1.2 and pH 6.8he number of components for PCA was chosen based on eigenvalues that

have a value greater than the value of 1.

A different type of PCA, known as simplified PCA, was used to deduce any diffefearoe underlying

behaviour thatdistinguishes all the dig release profiles(442). Simplified PCA gives the best possible
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representation of g-dimensional dataseih g dimensions ¢<p) while being able to account fanaximizing
variance irg dimensions Rotations of axigre used to find the bessuited axis forg dimensions that
minimize the distance to all data points thereby accounting for maximum variance among all the data
points. In this case, Varimax rotation was used on the drugaselgrofiles. Loading plots (m@med in
chapter 2 Figre 2-20) created from this PCA, on which furthemi€ans clustering was performed to classify

any groups of observations.

6.2.3Artificial neural network (ANN)

ANN was used on the polymer and formulation datasstapter 2outlinesthe details of ANN in geeral.
The input for ANN were all the factors measured and the output was chosen te bwalf drug release
time) in the first scenario andidbh (complete drg release time) in the second scenario. ANN procedure
resulted in the raking of the importancef individual factors. This ranking is useful in understanding the
effect of each factor in achieving the outputs(ind tiog). This means that given this rastklist, the most
important factor can be varied to have the highestiadon of the output. lkewise, the second most

important factor has the second most variation on the output. Alé performed on SPS8ftware V25

6.3 Result and discussion
6.3.1Pdymersclassification

Polymers behaviours were classified uskmeansclusteringfor hydration swelling, and erosianAs a
reminder, the term hydration is used to describe weight gaia onlypositiveweight gain ofthe polymer.

The aspect on which tlse behaviours were classified was with respect to thelifaltso) of the behaviour.

Four clster categories were chosen with each of them representing a differeninterval. Cluster #1
represents notsp of hydration for polymers. Cluster #2preserns shorttso (low value)of hydration for
polymers Cluster 8 represens intermediate tso of hydration for polymers andcluster #4represens long

tso (high value)f hydration forpolymers. The intervals of clusters are relative to the data available. Since
the cluster intervals (high or low or intermediate) are relativethe data, the cluster bondary does not
AYLX @ |y Foaz2fdziS LIKeaAOrf A yofitkemiudwd df subdivaighs sughRs & d

very low, low,high, and very highst etc. For example, the boundary between ne and low &g for
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hydraton is a value of five mutes. Values greater than five minutes lie within the cluster#2 @ t

whereas vales less than five minutes lie within cluster#1 (Iay).t The clusters are shown irable 61

through toTable 63 below.

Table 61: Hydrationtso of polymers

Clusters| Clusters

(pH 1.2) | (pH6.9)

Table 62: Swelling 4o of polymers

Clusters| Clusters
(pH 1.2)| (pH 6.8)

Table 63: Erosiortso of polymers

Clusters| Clusters
(pH 1.2)| (pH 6.8)

1:HPMCA 1
2:PEO 2
3:Zein 4
4:XG 2
5:PCL 1
6:Eudragit 1
7:PVPVA 1
8:PVA 2
9:Soluplus 2
10:HP/PE! 2
11:HP/DI 3

PR NN R R R NN W R

1:HPMCA
2:PEO
3:Zein
4:XG
5:PCL
6:Eudragit
7:PVPVA
8:PVA
9:Soluplus
10:HP/PE(
11:HP/Sol

N[N N R R R RN N W R

PR N R R R RN N W R

1:HPMCA
2:PEO
3:Zein
4:XG
5:PCL
6:Eudragit
7:PVPVA
8:PVA
9:Soluplus
10:HP/PE!
11:HP/Sol

RN NN AN R R W R W e
NN NN R R R W RN

The cumulative classified clusters of all polymer behaviours are presentddhliie 64 for pH 1.2 and in

Table 65 for pH 6.8. In both tables, the column denotes thestbrs, and the clustezaegory denotes the

characteristics of the cluster. The two tables represent the library of polymer behaviours in the two pH.

Table 64: Clusters of all factofer pH 1.2. Polymers of the factors clusigmare displayed in thedl unit. The cluster category row

indicates the interpretation of each cluster for the preceding factor in the row.

pH 1.2
Factor

. . PVA, Xanthan gum, Soluplus .
Hydration HPMCASPCL, Eudragit, PEO, HP/PEO HP/Sol Zein
Cluster category| No hydration Low k0 Intermediatetso hightso
. HPMCAS, PCL, Eudragit, Soluplus, HP/SoHP/PEO .
Sl PVPVA, PVA Xanthan gum PEO Zein
Cluster category| No swelling Low 0 Intermediatetso hightso
. HPMCAS, Zein, PCL, iagd, PEO
Erosion HP/Sol HP/PEO, Saplus, PVA Xanthan Gum PVPVA
Cluster category| No erosion High &0 Intermediatetso Lowtsg
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Table 65: Clusters of all factors for p&18. Polymers of the factors clustered are displayed in theicilIThe cluster categyp row
indicates the interpretation of each cluster for the preceding factor

pH 6.8 Clusters
Factor 1 2 3 4
. HPMCAS, PCL, Eudragit, Xanthan gum, soluplus, .
e PVPVA, PVA, HP/Sol, HP/PEO PEO PVA Zein
Cluster category No hydation Low &0 Intermedate t50 hightso
. HPMCAS, Zein, PCL, Eudragit, PVP .
Swelling PVA. HP/PEO, HP/PEO Xanthan gumSoluplus PEO Zein
Cluster category No swelling Low &0 Intermediatetso hightso
. . . PVAHPMCAS PEO
Erosion Zein, PCL, Eudragit HP/PEOHP/So| Soluplus Xantha Gum PVPVA
Clustercategory No erosion High &0 Intermediatetso Lowtso

6.32 Drug release urvesclassification

The drug release curves of all the formulations are shown in the top left and top rigfgusé 62 for the

two pH. FunctionaPCA performed on th&ll modelin eachpH vyielded the most underlying curves that
explain most of the variatioriThe number of components in PCAsehosen to be three as they explained

most of the \ariance in observanc&he bottom left & Fgure 62 shows the reduced curves in pH 12 pH

1.2, Component #1 explained 88.1% of the variance, while component #2 explained 8.8% of the variance
and component #3xplained 1.8% of the variance for a cumulativé®8.7%of the total variation explained.

The similarity of the rotated curves to a formulation is given by the coefficient of the rotated component
matrix. Only the highest similarity of the generated cuteea formulation is stated here. The curve
genemated bycomponent #1 is 93.5% similar to HPMCAS loaded with 10% lidocaine. The curve generated by
component #2 is 93.7% similar REQoaded with10% ibuprofen. The curve generated by component #3 is
57.7% Bnilar to HPMCASoaded with30%ibuprofen. The bottom right of Fgure 62 shows thereduced

curves for pH 6.8. In pH 6.8, Component #1 explained 55.7% of the variance, while component #2 explainec
39.4% of the vaaince, and component #3 explained 3.3% of the variance for a cumuldti@®.426 of the

total variation explained. The curve generated by component #1 is 92.9% similar to PEO loaded with 10%
lidocaine. The curve generated by component #2 is 95.2% similziridoaded with 10% lidocaine. The
curve generated by component #326.7% similar to PEO loaded with 30% ibuprofiéris observed that

even with the number of PCA components chosen to be three, two components explain most of the

variance sufficientlyeasonably. The drugs which appear in both pH are lidocaine and ibuptafeking at
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the coefficient of the rotated component matrshown inTable 66 for pH 1.2 and irTable 67 for pH 68,
the coefficient(values)of paracetamol formulations are close to the lidocainevesindicating most of the
characteristics of the paracetamalrmulation can be explained by the lidocaine formulations. Therefalte,
the drug releaseprofiles can beexplained as dinear combinationof ibuprofenand lidocaine,which also

explains pareetamol, accounting for 98.7% and 98.4% of the variance il f2Hand pH 6.8, respectively.

Next, the polymers in terms of drug release can be classified by combinkgi®<means clustering. The
number of components was determined using the eigenvalusoff approach (eigenvalue >1) which led to

two PCA componds. In the loading plot that is constructed from the PCA, the components appear as
component #1 and compome #2, not what the components are. The interpretation of the component is
subject tothe dza SNRA& LISNOSLIIA2Y 2F GKS OB YNE 2afal thai lié highy § K
correlated on that specific component axisom loading plot, component #1-éxis) can bénterpretedto

be the drug release times and component #2afs) can b taken to be release amount. The loading plot

(also known asomponent plot) of the formulations pH 1.2 is shown iRigure 63.

Table 66: Component matrix in pH 1.2 Table 67: Component meix in pH 6.8
Component Matrix in pH 1.2 Component Matrixinp H 6.8
Component Component Component Component
1 2 1 2 1 2 1 2
HPLido10 0.902 | -0.417 | HPParalO 0.913 | -0.383 HPLido10 0.953 | -0.291 | HPParalO 0.953 | -0.291
HPLido30 0.981 0.134 | HPPara30 0.964 | -0.254 HPLido30 0.956 | -0.283 | HPPara30 0.890 | -0.352
ZeinLido1l0 | 0.963 | -0.217 | ZeinParal0 | 0.999 | -0.004 ZeinLido10 | 0.798 | 0.569 | ZeinParal0 | 0.806 | 0.568
ZeinLido30 | 0.986 | -0.155 | ZeinPara30 | 0.986 | -0.156 ZeinLido30 | 0.875 | 0.482 | ZeinPara30 | 0.875 | 0.482
PEOLido10 | 0.900 | 0.406 | PEOParalO | 0.888 | 0.433 PEOLido10 | 0.955 | -0.248 | PEOParal0 | 0.955 | -0.248
PEOLido30 | 0.918 | 0.385 | PEOPara30 | 0.928 | 0.357 PEOLido30 | 0.966 | 0.004 | PEOPara30 | 0.961 | 0.088
HPlbul0 0.977 | -0.130 HPIbul0 0.974 | -0.168
HP1bu30 0.979 | -0.131 HPIbu30 0.988 | 0.044
Zeinlbul0 0.960 | -0.261 Zeinlbul0 0.955 | 0.263
Zeinlbu30 0.994 | 0.081 Zeinlbu30 0.969 | 0.205
PEOIbul0 0.943 | 0.066 PEOIbul0 0.940 | -0.304
PEOIbu30 | 0.924 | 0.313 PEOIbu30 | 0.912 | -0.303
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Hgure 62: Top left) Formulation curves in pH 1.2. Top rigbi)rfalation curves in pd.8. Bottom lef) PCA performed curve in pH 1B2itom right) PCA performed curve in pt8

155



Component Plot in Rotated Space
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Figure 63: PCA ptated loading plot of formulations in pH 1.2. Greater values of PGssibly represent longer release times of formulations and greater PC 2 values possisgntdygher
amounts of drug released of the formulations. The rotation method cheasiVarimax rotation. Kneans Clustering was done on the points. Clustensbers are labelled below the cluster.
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It can be observed that all the datakigure 63 lie within the first quadrant of the graph where both x and y

are postive. Neither release time nor release amount can be negative excluding the possibility of any data in
any other quadrants. It can be observed that PEO based fotimu$ahave shorter dig release times and
achieve a higher drug release in that tinmarfie relative to other formulations. Therefore, PEO polymer can

be clustered in terms of drug release in that region of the plot. HPMCAS and zein form the other duster a
zein is very slovin drug release times and release less amount in that time relddWPEO formulations.
HPMCAS is insoluble and for all practical purposes, attain the same effect as zein for drug Telease.
clusters represent were formed based orettistance to the narest neighbour. Clustefl seem to contain

PEO while clustef2 contains zein ad HPMCAS10% ibuprofen loaded with PEO seems to be an outlier and

is within the region bounded by cluster #2, which in this case is miscategorized.

In pH 6.8, a clear digict clustering is harder for the polymers. One polymer to notelPM@S which is
erodible in pH 6.8 has shifted towards PEO in the loading plot of pH 6.8, shdviguine 64. Moreover,

three clusters formed aabe seen. HPMCAS can be grouped with PEO mostly. Cluster #2 contains both zein,
HPMCS#A, ad PEO. Therefore, a general categorization of polymers may not be possible based on clusters
directly. However, one moddation that could be done is to calculateet number of polymer formulations

that fall within each cluster. If the majority of [yoner lies in a cluster, cluster #2 data can be attributed to

that cluster. So, for zein formulations, four samples fall istelu#1 and two samples fall in cluster Based

on this, cluster #1 contains 66% (4/6) of the zein samples. Therefore, theeiwtormulations from cluster

#2 can be taken to be part of cluster #1. Likewise, calculations for PEO and HPMCAS |éawhtolations

of cluster #2 to be allocatetd cluster #3. The clustered polymers in terms of PCA component interpretation

from Figure 63 andFigure 64 is sorted inTable 68.

Table 68: Polymer ategorization from PCA cqranents for drug release

Drug Release times Drug Release apunt

H1. PEO Zein, HPMCA| Zein, HPMCA| PEO
sJalsReY PEO, HPMCA Zein Zein HPMCAS
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Figure 64: PCA rotated loadg plot of formulations in pld.8. Greater values d?C Ipossibly represertigher anourts of drug released of the formulations and grea®& 2/aluespossibly
representonger release times of formulation§he rotation method chosen was Varintatation. KKmeans Clustering was done on the points. Clusters numbers are labelled betiustire
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6.3.3 Relating polymer behaviour clusters to drug rele@basters

In sections 6.3.1, the classification of polymer behaviour kinetics which was based ondrydsatelling,
and erosion was performed. These classification schemes have not begedrto drug release. This is
crucial as the aim is to be able to extragela drug release profile based on the polyntahaviour

kinetics. The pathway to relatingshown inFigure 65.

Gather the cluster centers of polymer
hydration, swelling, and erosion which wa
presented in Table-@ for pH 1.2 and in
Table 65 for nH 6.8 )

Get cluster centers of
drug release clusters
which was presented in
Table 66

a

\ 4

Link the hydration, swelling, and erosiol
cluster @nter with the corresponding
polymer for drug release cluster center.

Figure 65: Concept of associating polymer behaviour with drug release

So far, the cluster centre information for hydration, swelling, and erosion was omitted but is nove@mlis
Table6-9 for this part of the analysjsvhich was obtaied from K-mean clustering. These cluster centres
give a single quantified value of the appropriate cont$abeing measured (hydration, swelling, and
erosion), which isn approximaed value and a common characteristic of all the polymers in that cluster.

Thecluster centre of the drug release is based on the drug release time and drug release amount.

Table6-9: Kkmeans cluster centres for factofrom Kmeans clustering in pH 1.2 and pH 6.8.

Cluster #2|  Cluster #3 Clster #4

pH 1.2
(Low=——p  High)riminutes
Hydration 0 24 210 728
Swelling 0 17 25 728
Erosion 0 30 45 86
pH6.8
(Low=—==p  High) in minutes
Hydration 0 20 190 728
Swelling 0 26 38 728
Erosion 0 40 52 80
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Cross relating’able 68 and Table6-9 in terms of cluster centre yields the main datasetdiyr, shown in

Table 610, which links he cluster cere of drug releaseand polymer behaviour.

Table 610: Clusters relating polymer behaviour and drug release summarized. The basis of effect interp(ktas, high, etc.) is
based on the cluster distinction as notedleble 64 and Table 65. The effect interpretation of release time and amount from the
clustering of thdoading plot is introduced here

pH 1.2
Zein 728 728 0 2304 40
Effect High High None Slow Low
HPMCAS 0 0 0 2304 40
Effect None None None Slow Low
PEO 24 25 50 146 96
Effect Low Intermediate| Intermediate Fast High
Zein 728 728 0 2649 39
Effect High High None Slow Low
HPMCAS 0 0 160 72 95
Effect None None Intermediate Fast High
PEO 20 38 52 72 95
Effect Low Intermediate| Intermediate Fast High

With Table 610, it is possible to proceed to the different scenarios ofiaghg a desired drug release

profile. Three possible scenarios can arise. In all the scenatids first important to be able to find the

Of 2asSai
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foundin the bottom of Hgure 62 for the two pH. Scenarios | is where the drug and the desired drug release

profile (which is dictated by the polymkeexists in the libraryScenariosl is where thegivendrug does not

exist but a drg from a similar class exist in thibrary the desired drug release profildoesexist in the

library. Scenariosllis whereneitherthe drug nordesired drug releaserpfile exists in the library.

6.3.4 Scenario |

In this scenario, the drug, and theud release profile both exists ime library. As an example, the choice of

drug is lidocaine and the chosen pH is pH 1.2. The chosen drug release profile is a fesledsagprofile

similar to the reduced curve by component #2 in the bottom leffigiire 620 ¢ K S
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reconfirmation is obtained fronTable 610, where the fast drug release is associated with PEO polymer for
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pH 1.2.It could have been any other polymer that shetlke commonality of fast release (tie data library
of Table 610 had more polymers).Thus, forcomparison, the experimental lidocaine loaded PEO
formulation drug release profiles in pH 1.2 are given along with the predictor curve, wtéckhown in
Figure 86® ¢ KS LINBRA OG2NJ OdzNIBBS A a I s4sNBRer@®mSiRedidioaMas Q
PEO lidocaine formulation in pH 1.2
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Figure 66: FECGlidocaine experimental and predictor curve compared in pH 1.2

6.3.5 Scenario Il

Scenams Il is whee the drug does not exigh the librarybut the desired drug release dite does exist in
the library.In this scenario, logic would be to predict wahother drug release profile which would achieve
the identical desired release profileoirthis, the first step would be to locate if a substitute drug exists in
the library. A well established classification system for drugs isBimpharmaceutics Clasication System
(BCS) which consists of four classifications based on solubility ameaigility (443, 444). In BCShe drugs

are grouped in far classesvith classl being drugs possessimggh solubility and high permeabilitglassl|
consisting of drugs possessitgy solublity and high permeability while dass 1l consisting of drugs
possessingiigh solubility and low permeability, amthss I\consisting of drugs possessilogv solubility and
low permeability (445). Thesolubility and permeabilityn BCSefer to aqueous solubility andntestinal

membrane permeability, respectivelfPlacement ofthe three drugs (paracetamal46, 447), ibuprofen

(@]
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(448, 449, and lidocain€450)) and dher drugs gathered fronsecondarysources(445) in the BCS are

shown inFigure 67.

4 | I O

Lidocaine, Guanfacine, Sotalol Ibuprofen, Carbamazepine, Felodipine

High Solubility Low Solubility

High Permeability High Permeability

| BCS classes
4
1l IV
Paracetamol, Ranitidine, Cetirizine | Sulpiride, Chlorothiazide, Amphotericin B

High Solubility Low Solubilit

Low Permeability Low Permeability

Figure 67: Some drugs in the BCS system

An example of scenario Il, the chosen drug will be ranitidiféclivdoes not exist in the dataset library in
Table 610. However, a similar BCS class Ill drug, paracetamol, does exist in the dataset. The chosen
duration of drug release is chosen to be a long duration and the chosen pH i8.pFt@nHgure 62, the

2yt e WNBRAzOSR O daNdaiSsibed ghisrac@iisticiNS thab of ooimSoaent #2. That particular
curve most resembles is that @éin loaded with 10% lidocairveith a resemblance is 95.2%. Even thbu

from this, it can be deduced that the most likely polymer which should be useslrisconfirmation from

Table 610 is desired. This indeed is zein fromable 610. Therefore, zein formulations with pacetamol
canbe used to predict the drug release of zein with ranitidingpH 6.8. Boman et al investigated zein
loaded with 22.2% randine in pH 6.§14). The drug release profile obtained from that work will be used
FT2N) O2YLI NAyads RS WKBR&OIR dza S Rterin ghangeld $asddIds tReh O (i
pergective of usage criteria), for this work. This is showrFigure 68. Interestingly, zein with 22.2%
paracetamol loading in pH 6.8 was also obtainedbyman et al (14). This is added for comparison of the

two paracetamol formiation but not the main focus dfigure 68. Scenario Il aseswhen the drug or drug
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release profile does not exist in the dataset. In this case, the drug with a polymer that would exhibit similar

drug release duration would nedd be experimentally performed and added to the dataset.

Zein formulation release in pH 6.8
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@ Predictor drug release profile O Zein+Ranitidine78% A Zein+paracetamol78%

Figure 68: Paracetamol loaded zein formulation apcedictorcurve compaedin pH 1.2

6.3.6 ANN as a predictor refinement technique

ANN can be used to rank order thegortance of all the inputs in relation to the output. The ranking of the
inputs will aid in understanding which factor(s) can be altered to achieve the most variation of this
outcome, and thus achieving a refined moreca@te desired outcomeANNwas used with the outcome
0SAy3a WRNIMz3 shbk finGiguse $9. lid thi¥ SaSe, there was one hidden layer for performing
internal neural network process but however cases of two or three hidden layers have also been performed
(451). The outcome, in this case, is also a single factdrdases of two or more factors have been
performed (452). Four inputs were provided but the ANN process always automatically satddss input.

The variable ranking of this particular ANN process is showigure 610. However, due to the number of

data points, an issue of reproducible consistent results exist. It can be seen that as the ANN process is run
the ranking of the variables differs. Therefore, deducing which variable has theshigffiect based on

these few runs would be a false deduction. Nevertheless, this approach will produce accurate consistent

ranking if the number of observations (dataipts) for each variable is sufficiently large.
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Figure 69: ANN performed for the output of drug release time in pH 1.2 with four inputs. The aigsrnsatically added by ANN.

Normalized Percentage Normalized percentage Normalized Percentage
importance (%) importance (%) importance (%)

Polymer proportion 25 Bias 31 Bias 44
Bias 28 Polymer proportion 27 Polymer proportion 18
Drug content 16 Drug content 22 Drug solubility = 15

Drug solubility = 14 Molecular weight = 11 Drug content = 12
Molecular weight ZI drug solubility = 9 Molecular weight | 11
0 20 40 0 10 20 30 40 0 10 20 30 40 50

Figure 610: Normalized ranking of input factors from ANN
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6.4 Limitations

Several limitations exidh the approach used. First, as mentioned, the usage of clustering causes loss of
individual attributes and only a clust&ride common property exists for the cluster suas cluster common
hydration constant, or cluster common wly release amount, etc. Mever, the hope of using clusters is

that on large scale varying datasets, common properties can be found to categorize subsets of data. There
were cases where cluster gtiategorized dataset from PCA component reduction. Numectassification
techniques are being developed to improve categorizatiog@53). Using clusters was the dominant
technique in this chapter. This caused the introduction of errors in the form of miscategorizatien.
proposed method of reducinmiscategorizations addingmore dataset of with varyig rature. This causes

more clusters to be created, which can not only reduce errors but give emergence to explain the data more
refined. Another limitation was the cora&ing polymer hydration, erosion, and swelling to the drafpase

based on clusterslt was not possible to directly relate these factors to drug release constant or drug
release index as was shown in chapter 5. A sense of how the drug ionization pfigeter hydration,
swelling, or erosion kinetics was sumizad in comparison to th@ure polymer kinetics. The degree of
correlating aspects is less objective to deducing an analytical equation, which has a high degree of
objectivity and strict restrictie underlying postulations. The limitation observed with tlee of ANN is with

the number of data points available and usually preferred by ANN. ANN is capable of learning and predicting
indicators to a specific outcome but with a sufficiently large nundfedata points.

6.5 Conclusion

In this chapter, the metho@f K-mean clustering wasisedto classify the polymers in terms of polymer
behaviour, which included hydration, swelljrgnd erosion. The interpretation of the classification arose

from the dataextremes, with one extreme being labelled high and othephserved effect.

Functonal PCA was applied to create a reduced model of the full model consisting of all the drug release
profiles. This resulted in three curves that explained about 98% efvéiriances in both pH. Additionally,

simplified PCA was permed on all drug releasprofiles to deduce any distinguishing characteristics of the
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polymers and the drugs. Two principal components were chosen based on eigenvalues that had values
higher thax one, from which loading plots were created. The interptieta of the two principal
components was taken to be drug release time and drug release amount. Fitieans clustering on the
loading plots deduced clusters and their centres which yieldedhiiagive information about the polymer
behaviour, such asosmmon hydration or commoswelingratio, and drug release parameters, such as drug
release times and drug release amount, in that cluster, which was correlated. Thereafter, the drug release
profft S ¢ a 3ASYSNI GSR dzaAy3d (GKSRAOL 2 NIND BB ES edizZNID S
discussed which affect the possibility of error in the created drug release profile. In the next chapter, further

improvements, and areas of investigatitimthe scope of worln this thesiswill be discussed.
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Chapter 7: Conclusion remarks and future outlook

Controlled drug release systems (CDiRdiyer the drug locally or systemically at a predetermined rate for a
specifiedduration (454, 455). 3D printing has shown promising potentials of being used to manufacture
CDRSDrug releasefrom CDRSs often dependent on polymer properties Therefore, a thorough
understandingof the drug and polsner's properties and theimteractions will facilitate the production of
highlyreproducibleCDRS with the desirable drug release kindd&§). This indicates two areas of research
for improvement: reproducibility and predictability. This was the overaighheme of this work. The issue

of reproducibility is related to the minimization afrrors that arise during # manufacture and the
measurement of the performance CDRS. The issue of predictability is related to polymer, drug and the
formed solid dispetisn properties and any pharmacokinetic models used to attain the drug release. The
reproducibility of CDRS wasvestigated in chapter 3, and the predictability was investigated in chapters 4
through to chapter 6.

7.1 Reproducibility

Error in the measurenm@ of the drug release profile is unavoidable. In some publications, the error is
reported to be as large as30% (31). Commercial software such as GastroPlus reports errors based on
dza SN A& obfidehée Snfervald(Cl) (200, 202). In this case, a range is defined such that the
measuremat is within the range (irdrval) with the specified probability (confidence). For example, a 95%

Clindicates that95%of the measurement fronthe true mean of thesampes exist within that interval.

The sources of error in the drug release profile Df@@inted solid dosage forswas investigated in chapter

3. The sources of error arose from each of the manufacturing steps and the measurement of the drug
release at temination. The manufacturing steps included udnaog melt extrusion (HME) coupled wiB8DP.

The drug release prité was measured by using a dissolution machine and subsequently a UV spectrometer
and parametrised by the Peppas equation. Since the Peppaatieq relates to the initial drug mass and
sampled time drug, estimation of errors drug mass or inferred drugrass from the equipment were

substituted in the Peppas equation. The source of error in initial drug mass came from HME and 3DP anc
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the sourceof error in sampled drug mass at a sampling timepoint came from the entire process of
dissolution and samplingsing the UVspectrometer Two cases arose for the initial drug mass: one was the
direct error estimation from weighted 3DP samples and the ptlias the estimation of error in drug mass
from the volume of the 3DP sample in thesance of direct weighingn khe latter case, the drug mass was
inferred using the drug mass uniformity from HME technique while verifying that the 3DP process step did

not significantly alter the drug mass.

While identifying the sources of error, it watso possible to identifyhe types of errors in each step. The
types of error were systematic and random error. The systematic error indicates the accuracy of the
equipment while random error reflects the precisiaf the equipment Modifications to theprocedure can

help minimize the systematic error. Some of the modifications were discussed in the chapter such as
optimizing the residence time of HME or optimum temperatto achieve the optimum melt flowability of

the filament for 3DP. Furtheggestion can include makipthe HMEFDM a continuousne step process
Thiscan help reduce systematic error observed for die shrinkage from two dies (HME and 3DP stage) to one

die (3DP stage). A schematic of this is presentédguare 71.
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Figure 71: HME3DP as a continuous process. The die through which filament exits the HME is also the beginning of the 3D printing
process. Adapted from referen¢457).

Systematic erres for dissolution machinghat are procesgelated can include sampltroduction and

multiple point sampling. Samples introduction in the dissolution vessel can be tricky and may not be able to
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be performed repoducibly. Samples can have a dissolutiaterthat is position dependantEor exampleif
the sampleis offcentre, the dissolution rate is high due to shear forcA#ternative, ifit is in the centre,
coning may occur anthe dissolution rate wilbe lover (458). Such behaviour can bebserved in the tori
that were used for trificate studies, which is shown kigure 72. Multiple sampling time points are also an
issue. A study conducted by Zhagtgal of BCS Class Il drimymulationsdetermined that multiple ample
pulls from the dissolution vessahen compared t@ singlepull resulted in diierent dissolution rate$459).
This could becaused by the additional insertions andsigence of the sampling prebin the vessel during

multi-point samplingwhich subsequently causegisturbance of fluid hydrodynamscin the dissolution

vessel458). Hydrodynamic conditions are crucial tiee drug release raté460, 461).
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Figure 72: The individual sample in differepositions during thelissolution after the sample was introduced. The individiuady
release profilés stown before the mean is caleted.
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Random errors that arise can be minimized with the technological advancement of equipment. More
sophisticated HME, 3DP, UV that imprgurecision will reduce the random variation. Using the cumulative
drug release equatim in terms of process errgrobtaned in chapter 3, the reduced error will lead to a
more accurate and precise drug release error estimate which would be valid for eaverigg sample
prepared using the HMBDP coupled methodTable 71 summarises the two tygs of irreproducible

behaviour, which are either manufacture or measurement related, observed in this thesis.

Table 71: Summary of the types of irreproducibility and thepgwsed solution in each case

Irreproducibility Solutions

Measurement

9 Calibration curves Using multiple calibration curves (minimum three)

T Number of samples
1 Sample position
T Number of sampling pulls

More than three samples if intraampék variation is high

More samples iinter-sample variation is high

Lesanultiple pulls recommended

Estimate drug content from weighing samples comparg

to estimating from volume

e

1 Sampling method 1 Automated samplindpetter than manual sampling

1 Continuous couled process (HME+3DP) tm ¥itro+tUV)
reduces the irreproducibility

1 General improvement of machine| { Better precision of all readings acradbmachines

Al=A|=Aa|A="

T 3D object drug content estimation

1 Manufactureprocess type

Some areas can Harther investigated for reproducibility of 3D prirdesamples. Currently, thelie no data

on an optimum temperature difference between the printing temperature and platform temperature.
Further investigation of this whichill cause an improvement of dgsnatic error observed for the volume

of 3DP sampldudctuating from the designpecification.

7.2 Predictability

Predictability was the other key area of this work. Predictability can be divided into three parts. The first
being able to predict the betviour of the carriers of the formulation, which atiee polymers. Chapter 4
investigated the hydration, swelling, and erosion of some common polymers used in 3D printing. The focus
was to be able to predict the behaviowrsing an ideal polymer mixture rdel, for a 50/50% w/w miscible

and semimiscible bled that was prepared from twaf the individual polymers studied. It was found that

ideal polymer mixture laws would only be able to predict a specific behaviour if th&tittding polymers
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exhibited thesame characteristic behaviour in the solvent. Faaregle, the erosion could beredicted for
HPMCAS/PEO and HPMCAS/Soluplus blends since HPMCAS, Soluplus, and PEO erodes. Since PEO swe

HPMCAS does not swell, theedling for HPMCAS/PEO blend comdd be predicted.

This approach highlighted the befits and limitations. Théenefit would be that if the ideal mixture laws

are valid, then it would be valid for any proportion of the blend. The limitation was dueh¢o t
parametrisation approach usednherein even if the blend behaviour could be predittby the semi
empirical modé the model does not yield any insights about the mechanisms of blend behaviour. Also,
blend behaviour can only be predicted if the indivitlpalymer behaviour is known. lcases where the
approach of ideal polymer mixture lans invalid, a different ggoach is required. An alternative approach
such as using the solubility parameter could be used. However, an issue exists that thereasl tioegoy

that predicts the behawour of polymer blends generally in the same way ttiedre is no general theorgf

liquid mixtures so the hope of a unifying theory is unpropitious.

The second part of attempting prediction is being able to predict potyb@haviour in the presence of
drugs. Chapter 5 investigated polymer behaviours in ghesence of selected drug¥he hypothesis was
that ionisable drugs affected the polymer behaviour compared to-iomised drugs. The effect of ionisation
was summarizedand, in some cases, significadifferences were observed while in other cases, no
significant differences werelserved. Several limitations existed. It was assumed that drugs do not interact
with a polymer to form any drugolymer complex. Classificaticand clustering were used to deck any
trend that may exist between the drug releasgpes of drug, and polymedsehaviour. The third part of
predictability is to be able taise a mathematical equatiothat reliably parametrises thedrug releas.
Based o the parametrisation, a model nabe used to predict unexperimented drug release jpeof
Deducing better equatios can better predict the drug release with more accuracy and precision but this
was not the focus of this work. The Pepgéarsmeyer equationvas used in this work which egohs the

drug release reasonably well. All data ga#itein chapters 4 and 5 weresed to create a dataset.
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Chapter 6 investigated any trend in drug release profiles and polymer behaviour based on the dataset
created. Thisvas achieved by using a clagsifion based on clustering, and principal componemalgsis
(PCA). The first gbewas the classification of polymer behaviour. PCA performed on the drug release profiles
yielded the most distinct reduced curves amongstf@imulation curves. This yielded trend in the drug
release profiles based on the gutity released in a giverime. Once again, it was observed that drug
release is dominated by polymers rather than drug types or drug ionisation. Howevegngsitive PMCAS

did not follow a clear tred. K-mean clustering was further performed on the PfEAg release curves which
deduced that HPMCAS formulations are loosely clustered to zein formulation in pH 1.2 but form a different
cluster in pH 6.8. The reason forghs, in pH 1.2, HPMCAS is instd@wand shares drug release profile that
resembles z@ formulation, which is verslow to achieve half release or complete release of the drugs. In
6.8, the HPMCAS formulation resemblance is less like zein and more toftetion but still not close
enough to be clustered together with PEO formulatiddthoughthis was successftibr the dataset used, a
logical extension to this approach would behe able to predict the desired release profile for any given
drug. Thebottleneck limitation of the approach occurred at this stage. To be able to predigtrélease for

any drug, tle scale of the dataset has to be sufficiently large and contain a diyexfsthe drug types and

the different polymers candidates, whichdscussed next.

7.3 Future works

This section discusses some of the future researehsathat can help build otine concepts. These include

scaling, simulation, and their potential apgations in the design of personalization.

7.3.1 Scaling

A problem that arises with a dataset that is less than optimum is thigther sensitivity to outéirs or
erroneous data pointexists which lead t@verfitting, poor generalization, large bias, andiaace (462,

463). Figure 73 attempts to summarize some issues associated with small datasets.
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—  Lack of generalization

— Data imbalance

Difficulty in prediction
(interpolation and extrapolatior

~

Implications of small dataset

|__ Probability of type | and tyde
Il error increases

Figure 73: Problems encauered with small datasets for analysiype | erroiis the rejection of a true nidhypothesis while &ype
Il error is theacceptancef a false null hypothesisvhich occurs in statistical hypothetical testing.

Several methods exist to handle small asgts such as data augmentation, regularization, using confidence
intervals, using sipler fitting models to the dta, using ensemble approach among oth@®4). Yet, it has
been suggested that the mosfficient method is to increase the dataset s{@é3). With a large, general
diverse dataset, additional refinement for the drug release predicttan become possible throhgleep
machine learning335, 462, 465). An example ofleeplearning is the artificial neural network (ANN), which
has already been applied in chapter 6 and other works predicting drug release pf88&sFurthermore,
ANN is more efficient in learning and predicting any given outcome with scalingeudataset. ANN is
designed to be trained with existing data and predict for new addél untested data. Tik type of growth

of data over time across sectors is known as consortium appr@eh

7.3.2Simulation

Finally, the simulation will put the prediction into a meaningful applozatand speed up the pressof

dosage form development. A possible pipeline is showkigare 74.

Improve
reproducibility of
drug release

Improve
predictibility of drug

Simulate drug
release profile

In vivovalidation
release

Figure 74: Pasible milestones to achieving a personalised drug release profile
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There are many leve of simulation with the sailest range dealing with angstro(0) to a larger range of
meters. Angstrom level simulations are quantum level models (QM) and meter level simulations are
multiscale models (MM). In principle, all systems can be simulated by QM but this is extremely time
consuming and computationallyomplex, and thus is impractical. Therefore, depending on patrticle size, an
appropriate level of simulation is chosen. Particles in matrices can be simulated using finite element method
(FEM)(466). Such FEM simulation could have a visual animation of drug released from thir asatrell as

the predicted drug release profil€igure 75 illustrates a concept of this FEM for a torus geometry that was

simulated as time progresses using Blendhiol is a simulation rendering software.

Time Progressiorfor animation »

Drug Release Ratio
(=
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Figure 75: Top) Animation of drug particle releasing from a torus using blender software. Three snapshots of the torus are shown at
different times. The arrow shows the progression of time for the snapsBoteom) The accompanyingeneraed drug release
profile.

7.3.3 Personalization

A milestone of achieving desired release profile would be to achieve personalization of multige dru
Polypill was mentioned in chapter 1. In this work, the predictability of solid dispersions contaisingle

drug and a single polymer were investigated. Predictability of multiple drugs with one or more polymers
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(polypill) is an area of future inveégations with the wider application in personalised polypill development.
Such a polypill can also be exped to achieve a more complex profile such as a periodic drug release
profile (467). A periodic pulsive drug release profile is where thisra drug release for a certain duration
followed by no drug release for a duration and followed by drelgase for a duration again. This would
require using different layers of polymers or compartmentalizing to control the drug release from the matrix
at different times. Such a layered tablet has already been 3D pri@®d A polypill containing up to five
compartments has also been printdd68). A concept oflayered torus polypill containing two drugs to
achieve a periodic drug release profile is showFRigure 76. Simulation of polypills will present a different
set of dhallenges such asdtily accurate prediction of drug dissolution profitea molecular level especially

in the case where the drugs can have a dduogg interaction. As more drugs are added in the polypill, it is
expected that the controlled release duram will be longerand therefore, more sophisticated computer

power will be required which can run the simulations at a molecular lever for a longer duration.

Drugrelease profile for drug 1

Drug 1 with
fasteroding
polymer X

Drug2 with
fasteroding -
polymer X Time
Drug release profile for dru@
Drug1 with fast

erodingpolymer X
embedded in slow
eroding polymer Y

% release

% release

7] Polymery

Figure 76: Concept of a torus polypill designed to have different releasédgmoThe drug release profile for drug 1 is an example of
a periodic drug release profile. The dashed line indicates the continuation of the formulation not visible on the pleggam

Time
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Appendix

DSC thermograms

Paracetamolloaded PVA extrudates

Heat Flow (W/qg)

52.96°C()

42.92°C

Method Log: 49.01°C

1. Data storage: Off

2: Sampling interval 0.10 sec/pt

3: Equilibrate at 0.00°C

4: |sothermal for 3.00 min

5: Data storage: On

6: Ramp 10.00°C/min to 250.00°C
7: Ramp 15.00°C/min to -90.00°C
8: Ramp 10.00°C/min to 250.00°C
9: Data storage: Off

10: End of method

58.99°C

54.32°C(l)

62.25°C

T
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Temperature (°C)
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Appendix Figuré: DSGhermogramof 10% PCMbhded PVA extrudat@he Tg of the mixture is 53.6&

193



HPMCAB. idocaingformulation

Heat Flow (W/g)
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Appendix Figuré: Lidocaine loadedtHPMCA%rmulations showing enthalpy of kinetic events
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HPMCARBbuprofenformulation

Heat Flow (W/qg)
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O —
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Exo Up Temperature (°C)
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PEQ@Lidocaine formulation

Heat Flow (W/g)
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Appendix Figurd: Lidocaine loaded?ECformulations showing enthalpy of kinét events
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PEQIlbuprofen formulation

Heat Flow (W/g)
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Appendix Figuré: Ibuprofen loadedPECGformulations showing enthalpy of kinetic events
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Zeir Lidocaine formulation

Heat Flow (W/g)
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Zeir lbuprofen formulation
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FTIR spectra
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