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Urdrattur

Lyfjafreedileg lyfjalosunarkerfi eru i auknum meeld deerast fra einféldum pillum og

sprautum i att ad hapréudum lyfjalosunarkerfum pam lyf eru losud til ad viohalda

akvednum styrk til lengri tima litid. Lyfjalosunagii af pessum toga geta aukid lifsgeedi
sjuklinga auk pess ad abyrgjast rétta lyfjaskammta.

Proun kerfa med styrda lyfjalosun er flokio fertj er enn sem komid er a tilraunastigi, byggt
a morgum tilraunum med tilheyrandi kostnadi beedidaadi tima og efni. Med pessu
verkefni er reynt ad auka vid hefébundnar tilraei@t og peer nalgadar med télulegum
likbnum. | stuttu mali sagt er likanid byggt & twer Olinulegum samtengdum
hlutafleidlujofnum sem leystar eru tdlulega. Markidi er likan sem getur med mikilli
nakvaemni sagt fyrir um hrada lyfjalosunar fra sitikhimnum, auk pess ad ad geta sagt til
um magn ouppleysts lyfs i himnunni i hverjum timaidu

Petta er samstarfsverkefni & milli Vélaverkfraedi- lo/fjafreedideildar vid Haskola islands.
Enn sem komid er lofa nidurstddur fyrir einfold miaga tilvik godu. En rannsaka parf betur
marglaga silokonhimnur fyrir mismunandi ramfreeddeldgun sem er lokamarkmid pessa
verkefnis.

Abstract

Pharmaceutical drug delivery systems are movingyafnam simple pills and injections
towards more sophisticated controlled release systihat release the drug in a controlled
fashion to maintain an appropriate concentratianafdong period of time. Drug delivery
systems of this type can improve the quality oé Ifbr patients, as well as helping to
guarantee correct dosages.

Development of controlled release systems is aeraithvolved process and still quite an
experimental science, based on a large numberatd, twwith the associated cost in time and
materials. With this project it is proposed to aeginthe more traditional experimental
approach with numerical modeling techniques. Byjdathe model is based on two non-linear
coupled partial differential equations (PDEs) antied numerically. The target is a model
which can accurately predict the rate of drug #etom silicone elastomers, as well as
solid drug concentration in the material at eacimta time.

This project is collaboration between the Mechdniagineering and the Pharmaceutical
Departments of the University of Iceland. To dat®mising results for simple multi-layered



cases have been achieved. However, work remainactarately model multi-layered
silicone-based drug delivery systems with varioesrgetries, which is the ultimate goal of
this project.
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1 Introduction

Given the importance of efficient and safe drugpeisation nowadays, drug delivery
systems are moving away from simple pills towardstiolled release and sophisticated
programmable delivery systems. Controlled relegstems are systems that release the drug
in a controlled fashion to maintain an appropried@centration for a long period of time.
Delivery systems of this type will have an impanttbe quality of life of patients as well as
providing a potentially safer way of delivering meot dosages.

Mathematical modeling of the drug release procdsgspan important role in the design of
controlled release systems as it can be used ¢ty starious design parameters and avoid
excessive experimentation. Furthermore, given tignifscant advances in computer
simulation technology, numerical modeling is insiegly becoming an integral part of
research and development in this area. Althoughnskie experimental studies have been
carried out in this field in the recent years, modgof these systems is currently lacking.
Numerical modeling relies on careful representatbthe physical situation, and it requires
a thorough understanding of drug release kinesissyell as mathematical expressions and
modeling tools.

Diffusion through matrices is one of the major mamkms utilized for controlling drug
release rate. Diffusion-controlled systems can ib&led into two categories, depending on
the relative magnitudes of drug concentration aallitslity in the matrix. If the drug
concentration is low enough, such that all druge ba dissolved uniformly and the
dissolution process proceeds rapidly, the releaigecan be determined from the well-known
Fick's second law. In the case of higher drug catre¢ions, or lower solubility, then both
dispersed and dissolved drug exist in the matrith@tsame time. Theoretical description of
such system was first provided by Takeru Higuchgjid [2] almost 50 years ago.

Some efforts have been made in recent years to/zzndhe dissolution- and diffusion-
controlled release systems. For example, Frenniihg[8] and [9] proposed two models
where he combined the Noyes-Whitney equation amd diffusion equation for slowly
dissolving drug release.

Similar to the work of Frenning, Cabrera et al.][8ed Fick's second law and the Noyes-
Whitney equation to model drug release from playmtem where the drug dissolution is
slow. Their model for the release process takesantount situations like non-uniform drug
loading and non-uniform size distributions of dissd particles at a finite rate. The model
assumes a one-dimensional release direction. Tbhdelnwas later expanded to describe
cylindrical and spherical multilayered systems. @&y, Blagoeva and Nedev [11]
considered a nonlinear diffusion problem for dretease from two-dimensional polymeric
systems with finite dissolution rate. Their numatischeme was based on finite element
approximation in space and time difference methdowever, these models are all case



specific and have only limited experimental veation. Furthermore, they do not directly
apply to silicone matrices.

In contrast to the previous work in the field ofigrelease modeling, the goal in this study is
to have a generally applicable modeling systemisltimportant that engineers and

pharmaceutical scientists work together to prodaffective controlled release systems
ensuring a step-by-step validation of models agarperimental results. The focus of this

work is on developing a numerical model that quea#ithe controlled release of drugs from

silicone elastomer matrices.

In this work, a numerical model is developed thesatibes the drug release from silicone
matrices. The model is in the form of coupled noedir partial differential equations (PDES)
that are solved numerically by a second order idiffee scheme in space and a fully implicit
first order difference scheme in time. This modas$ been implemented in Matlab [12]. Two
types of drugs are considered: Ibuprofen and Dacla€. A parametric study is carried out
for various initial and boundary conditions.

This thesis is organized as follows:

Chapter 2 describes the mathematical backgroumehat has been done in the field of drug
delivery systems along with methods.

Chapter 3 describes the experimental work; hownteasurements were carried out it the
Pharmaceutical Department of the University ofdoel and what tools were used.

In Chapter 4 the mathematical model is describebtlae case studies are introduced for two
drugs; Ibuprofen and Diclofenac.

Chapter 5 describes the numerical results and casops with measurements from
experiments carried out by the Pharmaceutical Dejeant.

In Chapter 6 the conclusions are summarized.



2 Mathematical background

This chapter describes the most common mathematicalels that have been used in
research of drug delivery systems. The modelsharéitguchi model, Fick's second law, the
Noyes-Whitney equation and a combination of the @éeWhitney equation and Fick's
second law. All parameters used in this chapter aeording to information from the
Pharmaceutical Department.

2.1 Higuchi model

Takeru Higuchi was the first to publish a theowtidescription of a model on drug release
through a matrix system. Higuchi assumed that theumt of drug initially present in the
matrix was substantially larger than drug solupiland that the dissolution rate was
instantaneous. In his model he assumed that thg wlas equally spread in the matrix. He
divided the matrix into two regions. In one regidepletion zone) all drug is dissolved and a
concentration gradient exists, and in the otheroregolid and dissolved drug coexist,
making the dissolved drug concentration constaiguthi derived his square root of time
law using a pseudo-steady state approximationHerdrug concentration in the depletion
zone and taking the movement of the border betwserzones into account [1]. The Higuchi
model is as follows:

Q = [D(2q; — C5)Cst]"/? (2.1)

whereQ is the total amount of drug released per unit afethe matrix [mg/cr, D is the
diffusion coefficient for the drug in the matrixnié/hour], g is the total amount of drug in a
unit volume of matrix [mg/crlj, Cs is the dimensional solubility of drug in the polgm
matrix [mg/cni] andt is time [hours].

This simple model is commonly used for analysiexperimental data for matrix systems.
However in Higuchi‘s work the system was simplifisdd some assumptions made in order
to enable an exact solution assuming infinite aizeé drug content, instantaneous dissolution
and uniform distribution of the drug. Furthermothe model neither accounts for non-
uniform drug distribution nor complex matrix shapéhe Higuchi model is therefore of
limited use for designing medicated silicone prests, where the entire drug will be
released. For example, in the case of permaneramspwhere the particle properties can
affect the release and the device can have arulereghape.



To show the limitation of Higuchi‘s law Figure 2vilas plotted with parameters from the
Pharmaceutical Department [14].
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Figure 2.1: Q as a function of time with the Higuotodel.

As t approaches infinityQQ approaches infinity since the membrane does ne¢ lafinite
size. Equation (2.1) is just an approximation aotall parameters are included in the model.
The model is only valid when the initial quantiti drug per volume unitg, is bigger than
the drugs’ initial solubility,Cs, or g: > Cs. If g >> Cs then the dissolution raté, starts to
affect the result as well as the particle size g trug,P, and geometric parameters
describing the particles featurds, L, andL,. As was mentioned before Higuchi assumed
that the amount of drug initially present in thetmxawas substantially larger than drug
solubility and that the dissolution rate was insaeous. Therefore the dissolution rate and
particle size are not needed in the model.

2.2 Fick’s second law

Another model to describe drug release is Ficktosd law. It predicts how diffusion causes
the concentration field to change with time. Ficklecond law is different for the Higuchi
model in the sense that it is valid when the amadimitial drug per unit volumeMo/Vo) is
smaller than the dimensional solubility of the d{@g) or Mo/Vo<Cs. The dissolution rate is
also irrelevant. Fick’'s second law is expressed as:

oc 9%C

where the matrix is viewed as an infinite membrafiehicknessL and x denotes the
direction normal to the membrane. As befdiejs the diffusion coefficient an€ is the
concentration for dissolved drug per unit voluméthihe initial conditionC (0, x) = C, and



= 0 andC(t, L) = 0 the solution can be expressed exactly as
=0
an infinite Fourier series, from which it can beldeed that [15]:

(o]

_j ZCO Z (Dt) (2.3)

n=1,3,5,..

ac
ox

x=L

t
Q= f j(e) dt (24)

Herej(t) is the flux through the boundary of the matsix L, as a function of time ar@ is
the quantity of released drug per unit al€ais the initial concentration for dissolved drug
per unit volume. These values were calculated nigalbr, using Matlab, taking 20 terms in
the sum. The results are shown in Figures 2.2 aéhéb2n = 20,D = 0.00169 crithour,Cy =
10 mg/cni andL = 0.2 cm [10]. Fick's second law assumes thatlalfy dissolves, but that
does not apply in the real world, there are alvwsrae drug particles left behind.
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Figure 2.2: Flux through bottom boundary as funataf time.
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The flux is greatest at the beginning which is ¢agias the drug amount in the matrix is at
maximum at the beginning and then decreaségeis bigger and the drug releases.



Quantity (mg/cmz)

D=0.00169 cmZ/hour
L=0.2 cm

C0=10 mg/cm3
n=20
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0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time (days)

Figure 2.3: Quantity of drug release as a functariime with Fick’s second law.

After 3 days the system has reached equilibriunt &ubefore Fick's second law does
assume that all the drug dissolves and the matemibnane will be “cleaned”.

Figure 2.4 shows the Higuchi model compared to’Eis&cond law.
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Figure 2.4: Comparison between the Higuchi model Rick’'s second law.
As may be expected the results for the Higuchi rhadd Fick's second law do not agree

well, since the model based on Fick's second lasum®s that all the drug is effectively
dissolved at timé = 0.



2.3 Noyes-Whitney equation

The two models above do not take into account iksotlition rate. The Noyes-Whitney
equation [3] however does. This is a well-known agpn in pharmaceutical science that
relates the rate of dissolution of solids to theperties of the solid and the dissolution
medium. The Noyes-Whitney relation gives the rdtdissolution,dS/dt as:

It L (2.5)

WheredS/dtis the rate of dissolutiol is the diffusion coefficienti\w is the surface area of
the solid per unit volumeZ is the concentration of the solid in the bulk dls§on medium
at timet, C; is the concentration of the solid in the diffuslager surrounding the solid ahd
is the diffusion layer thickness.

2.4 Combination of Fick’'s second law and Noyes-
Whitney equation
When Fick’s second law and the Noyes-Whitney equadire combined the result is a model

containing drug release through a matrix systencrdesd by two coupled nonlinear partial
differential equations (PDES). Let us introduce:

Ayw = 4y (:—0)2/3 and % =k

By substituting forAnw and% into equations (2.2) and (2.5) the two coupledliinear partial
differential equations (PDES) are presented as:

€ _ p9C | a (5)2/3 (Cc— 0) 2.6
ot oaxz " Po\g,) s (2.6a)
05 _ kA (5)2/3 (Cs = C) 2.6b

HereC is the concentration of dissolved drug [mgiEr is the concentration of solid drug
per [mg/cni], k is a dissolution rate constant [cm/hou}, is the initial surface area of the
solid drug per volume unit matrix [Gem’], Cs is the solubility of drug [mg/cfi, D is the
drug diffusions coefficient [cAthour] andS, is the initial concentration of solid drug in the
matrix [mg/cni]. These equations can also be expressed in noerdional form [7]:



ac’ a3c’ 2, ,
¥= 652 + kS'3(C's —C'") (2.7a)
aS, IZ ! !
—o = —KS"3(C’s = C1) (2.7D)
inac’' =& ¢/ =5 1 =Cs K __ Dt X
by settingC —SO,S —SO,CS = k=" T andE—L.

Equation (2.6a) is basically a one-dimensionalugitin equation, with an additional term for
drug dissolution. The model assumes a given typ®ofinear drug diffusion and adsorption
isotherm. It further assumes a planar matrix witinnmal in thex-direction and the lateral
dimensions to be much larger than its thickresbBhe drug dissolution and release processes
are described in terms of concentratiox,t) of dissolved drug within the matrix and the
concentration of solid dru§(x,t) both have the dimension [mg/8mEquation (2.6b) is a
reformulation of the Noyes-Whitney equation. Thefate area of the solid drug is assumed
to be proportional to its volume to the power d.2This is found by the following relation

of the surface area and volume of a sphere:

4
A=4nr?andV = §7rr3

The general relationship between A and V is then:

A = bV?/3 where b is 4.84 (2.8)

Thus if the solid drug consists of shrinking spBamose original volume & with surface
areaA, the surface area when the volume of the drugddisced t&S will be:

S

The model used to describe the problem in thisighedased on the equations above and is
described more fully in Chapter 4.1. It is very on@ant to have real measurements to
compare to when numerical models are designed. iBhigsne of the strengths of the
collaboration between the two departments. In neixapter it is illustrated how the
measurements are carried out and what tools ack use

2/3



3 Experimental work

As has been pointed out this project was collabmratetween the Mechanical Engineering
and Pharmaceutical Departments of the University ladland. The Pharmaceutical

Department has performed measurements on drugseekbeough silicone matrices using

equipment called Franz Diffusion Cell. The measuet® are elaborated in Chapter 5. The
Franz Diffusion Cell is illustrated in Figure 3.1.

Plexiglass —p
Silicone
Membrane ——p

Heater/ ~\ @ Sampling Port
Circulator N\ / l

‘

e S
7c) | R
" -~ /1

(N /[ Receptor
| i Chamber
Water Jacket =¥ & Stirbar

4

Figure 3.1: Franz Diffusion Cell [16]. Image modifl and published with permission of
PermeGear.

The drug is put into the silicone membrane whicthen put between two flat ground joints.
The silicone membrane is bigger than the jointsucinference where the drug release takes
place, therefore the drug can be released frompdtof the membrane that is not in direct
contact with the receiving phase. This is taken axtcount in the calculations. The released
drug is then collected in the receptor chamber medsured after the experiment is over.
Figure 3.2 shows an exact schematic of this process
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part A part B Drug incorporated
+ silicone matrix
Vertical Franz
diffusion cell
Solid drug
particles

Drug has diffused
from silicone matrix Drug diffusion unidirectional
-1.77cm surface area of drug
matrix in contact with
receptor phase

Figure 3.2: Schematic Figure of drug release framglincorporated silicone matrix system.

Silicone is chosen because of its properties.dhignorganic synthetic polymer, composed of
repeated silicon-oxygen (Si-O) units in the polyrokain and organic groups linked to the
silicon with C-Si bonds [4]. Silicone elastomers de@ molded into different shapes and are
commonly used in various types of medical deviaas jprosthetics. Specific advantages of
silicone are its heat stability, chemical inertnedsrability, biocompatibility and non-

biodegradability [5, 6].
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4 Problem description

In this chapter a more complete description of ireghematical model is presented along
with a schematic figure. Case studies are explaat@uy with parameters for each case.

4.1 Model conditions

It is assumed that the drug can only flow in onedion or in other words this is a semi-
infinite problem. Figure 4.1 shows the direction tbé flux and how drug release from
silicone matrices is described. The lateral dimamsiof the system are assumed to be much
larger than its thicknesls, so that the drug release process is effectivag-dimensional
with a normal inx-direction. Flux and drug release can only occuhatlower boundary of
the membrane or at = L. Before measurements can start the membrane rteegsach
equilibrium and it is assumed that the drug is emifly distributed through the membrane at
time t = 0. As time goes by the amount of solid drugha matrix decreases as the drug
travels further down the membrane until it hagralhsformed into dissolved drug. At=L

the drug is collected in the receptor chamber.

x=0

—

V

Figure 4.1: Schematic of the matrix system.

The change in concentration of dissolved drug,rd, @ solid drug, S, is then given by the
following equations.

€ _p2C a (5)2/3(0 0) 41
ot~ axz " Po\g,) s (4.1a)
as S\
= = —kdq <S_o> Cs - C) (4.1b)

Already introduced in equations (2.6 a and b). Thibasically a one-dimensional diffusion
equation with an additional term for drug dissauti
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The initial conditions for the model are expresaith:

Co(0,x) = Cs

IC: (4.2)

My
S,(0,x) = —2—C

HereMjp is the initial amount of drug inserted in milligna andV; is the initial volume that

is, the surface area in the contact face timesrtémbrane thickness. These conditions are
used since the membrane is allowed to reach equilibbefore measurements start so there
is concentration present at the very beginning.

The boundary conditions are expressed with:

ac)
BC: {oaxl,_, (4.3)
C(t,L)=0

These conditions are known as perfect sink cordgiace it is assumed that there is no drug
concentration present outside the matrix.

The amount of drug release is expressed by thewolh equation:

L
Q =SoL — f (C+S)dx (4.4)
0

The integral accounts for the entire drug remairimthe matrix.Q has the unit [mg/cfh
The PDEs are solved numerically by a second oritfarehce scheme in space and a fully
implicit first order difference scheme in time. $humerical scheme was implemented in
Matlab. Two different drugs will be studied, Ibufen and Diclofenac. Since it is difficult to
estimate the initial surface area of the drug per wolume matrix we shall treat the product
k*Ao as a single parameter which is denotedkbwnd is to be referred to as effective
dissolution rate constant. It has dimension [1l/d&ifferent values of this effective
dissolution rate constark, as well as the solubilityss, have great effect on how much drug
is released through the silicon membrane. Thesetsfare also viewed. In Chapters 4.2 and
4.3 three different cases for each drug will berespnted along with the properties of the
drugs.
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4.2 Case studies for Ibuprofen

The silicone matrix is composed of 5 layers of édbickness. The initial distributions of
Ibuprofen with these layers in this study are:

Empty 5% Ibuprofen 5% Ibuprofen
Empty 5% Ibuprofen 5% Ibuprofen
Empty 5% Ibuprofen 5% Ibuprofen
Empty 5% Ibuprofen 5% Ibuprofen
5% Ibuprofen 5% Ibuprofen Empty

Figure 4.2: Cases 1, 2 and 3 for Ibuprofen.

The specific cases in Figure 4.2 were chosen sineePharmaceutical Department had
carried out measurements for them. 5% Ibuproferessmts that in each layer there is 5%
Ibuprofen and 95% silicone. The drug is put intohekyer and then all five layers are put
together. Case 1 was chosen since it is the siingasg possible. Case 2 was chosen to see if
it has any effects on the results to make the dauthrough many layers. Case 3 was chosen
to see if it was possible to control the drug re¢eaith empty layers.

Ibuprofen is a non-steroidal anti-inflammatory drugis used for relief of symptoms of
arthritis primary dysmenorrhea, fever and as an analgesieciedly where there is an
inflammatory component. Ibuprofen is known to hare antiplatelet effect, though it is
relatively mild and short-lived when compared widther better-known antiplatelet drugs
such as aspirin. In general, Ibuprofen also acts eassodilator, having been shown to dilate
coronary arteries and some other blood vesselgrdien is a core medicine in the World
Health Organization's "WHO Model List of Essentidicines", which is a list of minimum
medical needs for a basic healthcare system.
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Known parameters for Ibuprofen are presented inelél.

Table 4.1: Known parameters for Ibuprofen.

Description Parameter I buprofen
Dimensional solubility of drug in theCs 0.042 mg/cm
polymer matrix

Diffusion coefficient for the drug inD

the matrix

For Case 1: 0.00169 crivhour
For Cases 2 and 3: 0.00138 crithour
Quantity of initial drug Mo

For Case 1: 2.75mg

For Case 2: 14.94 mg

For Case 3: 13.82 mg
Membrane thickness L 0.2 cm
Membrane surface area intact withy 1.77 cnd

contact face

Membrane surface area intact with contact fégg,is calculated from the membrane radius
which is 1.6 cm. However only 22% of the membranmicontact with the contact face and
therefore the area becomes 1.77.cm

The measurements were carried out for two diffetgmes of silicone. That explains the two
different values for the diffusion coefficient irallle 4.1.

4.3 Case studies for Diclofenac

The three cases of Diclofenac are shown in Figu3e@ases 1, 2 and 3 were chosen do to
same reasons are for the Ibuprofen.

Empty 5% Diclofenac 1% Diclofenac

Empty 5% Diclofenac 1% Diclofenac

Empty 5% Diclofenac Empty

Empty 5% Diclofenac 1% Diclofenac
5% Diclofenac 5% Diclofenac Empty

Figure 4.3: Cases 1, 2 and 3 for Diclofenac.

1% and 5% Diclofenac represent that in each layenetis 1% or 5% Diclofenac and 99% or
95% silicone, respectively.

Diclofenac is a non-steroidal anti-inflammatory gitaken to reduce inflammation and as an
analgesic reducing pain in certain conditions. @heg is mainly used for musculoskeletal
complaints, especially arthritis, rheumatoid atibyi polymyositis, dental pain and pain
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management in cases of kidney stones and gallstghesadditional indication is the

treatment of acute migraines. Diclofenac is usetdroonly to treat mild to moderate post-
operative or post-traumatic pain, particularly whieflammation is also present and is
effective against menstrual pain and endometriosis.

Known parameters for Diclofenac are presented InleTd.2:

Table 4.2: Known parameters for Diclofenac

Description Parameter Diclofenac
Dimensional solubility of drug inCs 0.6*10° mg/cn?
the polymer matrix

Diffusion coefficient for the drug inD

the matrix

For Case 1: 0.52*10° cné/hour
For Cases 2 and 3: 0.00104 criYhour
Quantity of initial drug: Mo

For Case 1: 3.63 mg

For Case 2: 16.95 mg

For Case 3: 2.12 mg
Membrane thickness L 0.2cm
Membrane surface area intact withy 1.77 cni

contact face

In next chapter all of these cases are studiedcangbared to measurements.
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5 Results and comparison with data

With the model described in equations (4.1a) andib{4six case studies were made. The
model was run with parameters from the Pharmacdubepartment of the University of
Iceland for the drugs Ibuprofen and Diclofenac [IPje quantity of released druQ, was
calculated for different values of solubilit§s, and effective dissolution rate constait,3D
graphs were made to show how solid and dissolved dhange with time and distance
through the membrane and in a specific time pantifferent values ok’. The quantity of
released drug was compared to measured data feoPhiéwrmaceutical Department.

5.1 Results for Ibuprofen

5.1.1Case 1 for Ibuprofen

As already was mentioned this is the simplest passible. The drug only diffuses through
the bottom layer so the thickness is now 0.04 cm.

Empty
Empty

Empty
Empty
5% Ibuprofen
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Figure 5.1 shows the quantity of released drugfasetion of time for different values of the
drug solubility for Case 1:
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Figure 5.1: Quantity of drug release as a functairiime for increasing values of.C
As the drug solubility increases the drug is retdathrough the membrane in a shorter

amount of time. This is to be expected since tighdr the solubility the faster is the rate of
drug dissolution according to equations (4.1a) @ntb).

Figure 5.2 shows the quantity of released drugfaseion of time for different values of the
effective dissolution rate.
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1.4 ——— k'=11.5 1/hour

©— k'=57.3 1/hour
—+— k'=114.7 1/hour B
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D=0.00169 cm?/hour

Q(mglenf)
o
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Figure 5.2:Quantity of drug release as a function of timeifmreasing values of K'.
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As the effective dissolution rate increases thegdsureleased through the membrane in a
shorter period of time. This was expected sincehtbker dissolution rate the faster the drug
travels through the membrane. Figures 5.3 and Bofvshow the quantity of solid and
dissolved drug changes with time and distance tirdbe membrane.

S(mg/cms)
N w IN
o =} o

[y
o

200

0.04 O t (Days)
x (cm)
Figure 5.3: Solid drug as a function of time andtdnce with k' = 11.5 1/hour, G 0.042
mg/cni and D = 0.00169 chthour.

The amount of solid drug does not change much girahe membrane for each time point.
After t = 125 days there is no solid drug left in the meanb for giverCs, D andk’.

C(mg/cms)

t (Days)

x (cm)
Figure 5.4: Dissolved drug as a function of timelatistance with k' = 11.5 1/hour,&
0.042 mg/crhand D = 0.00169 chthour.
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At t = 0 the values for dissolved drug star€at 0.042 mg/crhthrough the entire membrane
according to the initial condition in equation (4.As time passes the values for dissolved
drug decrease along the upper boarder g&r=a0. Atx =L there is no dissolved drug present
according to perfect sink boundary condition (4&3cording to which there is no drug
concentration outside the matrix.

Figure 5.5 shows how the amount of solid drug ckanprough the membrane when the
effective dissolution rate changes at a specifiotge= 30 days.
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Cs=0.042 mg/cm3
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x (cm)

Figure 5.5 Solid drug for different k' values at t = 30 days

0.04

As Kk’ increases the less amount of solid drug is presteeach point in the membrane. The
drug dissolves more quickly and therefore the arhotisolid drug decreases.
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Figure 5.6 shows how the amount of dissolved dhanges through the membrane when the
effective dissolution rate changes at the spepiiatt = 30 days.

—+— k'=11.5 1/hour
—&—Kk'=57.3 1/hour |
—+—k'=114.7 1/hou
—<4<—Kk'=172.0 1/hou

Cs=0.042 mg/cm3
D=0.00169 cm?/hour

O 1 1 1 1 1 1 )
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
X (cm)

Figure 5.6: Dissolved drug for different k' valuast = 30 days.
As K’ increases more amount of dissolved drug is pregemintt = 30 days. The solid drug

changes into dissolved drug before passing outefriembrane and therefore the quantity of
dissolved drug increases with increasing effeatiigsolution rate.
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Figure 5.7 shows the numerical model compared thighHiguchi model and measurements
for Ibuprofen.

—+— Numerical model ;s
gL | —© Higuchi model M}*’ff‘ 7
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D=0.00169 cm?/hour
qt=38.84 mg/cm3
M0=2.75 mg

Q(mg/cmz)
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Figure 5.7 Quantity of drug release as a function of timetfee numerical and Higuchi
models along with the data for Ibuprofen.

1
0 50 100

The value forg; is calculated from the initial drudvip) divided by the membrane ared) (
and membrane thickneds)(

M, 2.75mg

= = = 38.84 3
Ay *L 1.77 cm? «0.04 cm mg/em

q:

The two models do not compere well. Higuchi’'s maakdumes that the membrane thickness
is infinite and that the dissolution rate is insgaeous and therefore the curve will grow
infinitely. The Higuchi model compares better witie numerical model ds increases. The
numerical model fits very well with the Ibuproferatd for this specific dissolution rate
constant. According to the measurements all th@rtifen has been released through the
membrane after approximately 120 days. The figlrews that Higuchi model is very
limited and cannot be used to describe the drueasel through a silicone membrane.

By changing the paramete@ andk’ it is possible to control the quantity of releaskdg.

By running an optimizing routine in Matlab it wastablished that the best fit for the
measurements for Case 1 is given wkth= 917.5 1/hour an@s = 0.0080 mg/cth The
diffusion coefficient is the same as before. Fighu& shows the quantity of released drug for
these parameters along with the measurements diprdfen and the numerical model with
parameters from the Pharmaceutical Department ash@vn in Figure 5.7.
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Figure 5.8:Quantity of drug release as a function of timetfeg numerical model with
optimized parameters fors@nd k’.

The numerical model fits the measurements bettar ih Figure 5.7. Note that the value for
k' is ~ 80 times larger whereas the value for Cs B0 times smaller. Such a correlation is to
be expected since these parameters are strongtgdednd also indicates that it is difficult to
estimate separate values of these parameters énametric fit.

Figure 5.9 shows a 3D plot of how the solid drugrafes with time and distance.
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e
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E
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Figure 5.9:Solid drug as a function of time and distance wiptimized parameters forsC
and k'.
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Here an empty zone is formed that is, no drugesemt. As the drug travels further down the
membrane and as time passes the higher perceritdgedrug is dissolved and passes out of
the membrane. By increasing the dissolution ratestamt the non-zero zone would decrease
faster.

Figure 5.10 shows the values for solid drug atsgpecific pointt = 30.
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Figure 5.10:Solid drug for different k' values at t = 30 days.

0.025 0.03 0.035 0.04

As k’ increases the less amount of solid drug is prestezdich point in the membrane and the
zone boundaries gets more defined.

5.1.2Case 2 for Ibuprofen

Now there is drug present in all five layers anerdifiore the drug needs to diffuse through
five layers. The thickness of the membrane is how0.2 cm.

5% lbuprofen
5% Ibuprofen

5% lbuprofen
5% Ibuprofen

5% Ibuprofen
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Figure 5.11 shows the quantity of released drug fasction of time for Case 2 for Ibuprofen
compared with measurements from the Pharmaceigadrtment.

7
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Figure 5.11: Quantity of drug release as a functadrime for the numerical model and the

data for Ibuprofen.

The numerical model and data compare well for it 40 days. It seems like the silicone
membrane saturates after a period of time and fiverelrug remains in the membrane.
According to measurements approximately 38% ofnii&l drug has been released through
the membrane after 394 days. According to the nizademodel, however, the entire drug
will pass out of the membrane eventually.
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Figure 5.12 shows when the entire drug has paagathmugh the membrane with Ibuprofen
in all five layers.
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Figure 5.12: Quantity of drug release as a functartime for the numerical model.

After 750 days all the Ibuprofen has diffused duthe silicone membrane.

As before, by changing the paramet&sandk’ it is possible to control the quantity of
released drug. Figure 5.13 shows the quantityleised drug whe@s = 0.0125mg/crhand
k' = 970 1/hour but witlD = 0.00138 mg/crhas before.
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Figure 5.13:Quantity of drug release as a function of timetfer numerical model.
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The numerical model fits the measurements bettn th Figure 5.11. After 300 days the
curves split and more drug is released throughnteenbrane according to the numerical

model than happens in reality.

Figure 5.14 shows a 3D plot of how the solid drabgrges with time and distance.

S(mg/cm3)

02 O t (Days)

Figure 5.14:Solid drug as a function of time and distance Wita 917 1/hour, G= 0.0125
mg/cni and D = 0.00138 chthour.

As for Case 1 an empty zone is formed where no grpgesent. As the drug travels further

down the membrane and as time passes the higheznpage of the drug is dissolved and
passes out of the membrane. By putting a higharevedr the dissolution rate constant the

non-zero zone would decrease faster.

27



Figure 5.15 shows the values for solid drug atsgecific pointt = 30.
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Figure 5.15: Solid drug for different k' valuestat 30 days.

According to the figure there is not much chang#, dsk’ increases less amount of solid
drug is present at each point in the membraneladdne boundaries get more defined.

5.1.3 Case 3 for Ibuprofen

Now there is drug present in four top layers arel st layer is empty. As was mentioned
before, this is done to see if it is possible totod the quantity of released drug. The
thickness is stilL = 0.2 cm.

5% Ibuprofen
5% Ibuprofen
5% Ibuprofen
5% Ibuprofen

Empty
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Figure 5.16 shows the quantity of released drug fasction of time for Case 3 for Ibuprofen
compared with data from the Pharmaceutical Departme
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Figure 5.16: Quantity of drug release as a functadrtime for the numerical model and the
data for Ibuprofen.

The numerical model and the measurements do nopa@mwell at all. According to
measurements approximately 4.5% of the initial dhep been released through the
membrane after 77 days indicating that the diffasioefficient in the bottom layer is in fact
lower than that used in the numerical model. Suntbcking” by the bottom layer would lead
to saturation in the remaining four layers that {dalow down the drug dissolution.
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Figure 5.17 shows when the entire Ibuprofen hasqehsut through the membrane with 4
layers of Ibuprofen.
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Figure 5.17: Quantity of drug release as a functartime for the numerical model.

After 800 days all the lIbuprofen has passed otit@kilicone membrane.

5.2 Results for Diclofenac

5.2.1Case 1 for Diclofenac

As for the Ibuprofen, we start with the simplesteand the thicknesslis= 0.04 cm.

Empty
Empty

Empty

Empty
5% Diclofenac
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Figure 5.18 shows the quantity of released drug asction of time for different values of
the drug solubility for Case 1 for Diclofenac.
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Figure 5.18: Quantity of drug release as a functafriime for increasing values of.C
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As C; increases the drug is released through the memlnaa shorter amount of time. This
is to be expected since the higher the solubility taster is the rate of drug dissolution
according to equations (4.1a) and (4.1b).

Figure 5.19 shows the quantity of released drug asction of time for different values of
the effective dissolution rate.
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Figure 5.19: Quantity of drug release as a functadriime for increasing values of k'.
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As K’ increases the drug is released through the membnaa shorter amount of time and
therefore the amount of released drug is highee&ah time point.

Figure 5.20 shows how the quantity of solid drugrafes with time and distance through the

membrane.
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Figure 5.20:Solid drug as a function of time anstahce with k' = 690 1/hour, & 0.6*10°

mg/cni and D = 5.2*10° cnf/hour.

For the first half of the membrane there is litl® no change in the amount of solid drug
present. After that the solid drug changes intealised drug and starts to pass out of the
membrane. Att = O there is no change through the membrane aogptd the initial

condition in equation (4.2). At= 300 days and = 0.04 cm there is no solid drug present in

the membrane since it has all dissolved.
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Figure 5.21 shows how the quantity of dissolvedgdahanges with time and distance
through the membrane.

0 300 t (Days)

x (cm)

Figure 5.21 Dissolved drug as a function of time and distanith W = 690 1/hour,
Cs = 0.6*10° mg/cni and D = 5.2*10° cnf/hour.

According to the initial condition in equation (3.the values for dissolved drug is 0.0006

mg/cn? at the boundary = 0 as well as for= 0. The values for dissolved drug reach zero at
the boundary = 0.04 cm.
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Figure 5.22 shows how the amount of solid drug gkarthrough the membrane when the
effective dissolution rate changes at the spepiiatt = 150 days.
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Figure 5.22: Solid drug for different k' valuestat 150 days.

As K’ increases the less amount of solid drug is prestgombintt = 150 days. The drug passes
out of the membrane more quickly and thereforeatineunt of drug decreases. Empty zones
remain near the lower boundary layer.

Figure 5.23 shows how the amount of dissolved ahanges through the membrane when
the effective dissolution rate changes at the §pemintt = 150 days.
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Figure 5.23: Dissolved drug for different k' valuatst = 150 days.
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As K’ increases the more amount of dissolved drug isemiteat point = 150 days. The solid
drug changes into dissolved drug before passingobuhe membrane and therefore the
quantity of dissolved drug increases with incregslissolution rate.

Figure 5.24 shows the comparison between the naaieriodel, Higuchi model and data for
Diclofenac.
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Figure 5.24: Quantity of drug release as a functadriime for the numerical and Higuchi
models along with the data for Diclofenac.

The numerical model fits very well to the Diclofendata for the values of the dissolution
rate constant equal to 690 1/hour for the first Hags. After that more drug is released
according to the model. However even more druglesassed according to the Higuchi model.
This is because in that model the membrane is asdum be infinite. According to the
measurements 15.1% of the initial Diclofenac haanbeleased through the membrane after
277 days.
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Figure 5.25 shows the numerical model compared thghHiguchi model for a longer period
of time.
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Figure 5.25: Quantity of drug release as a functadrtime for the numerical and Higuchi
models.

The curves for the numerical model and the Higuobdel have the same form uptte
6000 days when the entire drug has passed thrinegimémbrane according to the numerical
model. After that the curve for the numerical moaghains constant but the Higuchi curve
continues to grow.

5.2.2Case 2 for Diclofenac

Now there is drug present in all five layers so dineg needs to diffuse through five layers.
The thickness of the membrane is now 0.2 cm.

5% Diclofenac
5% Diclofenac
5% Diclofenac
5% Diclofenac
5% Diclofenac

36



Figure 5.26 shows the quantity of released druca dsinction of time for Case 2 for
Diclofenac compared with data from the Pharmacelbepartment.

0.8

—+— Numerical model
0.7 | —5— Diclofenac measurements

0.6f
0.5
€
(&}
> 0.4
E
o
0.3
D=0.00104*10" cm?/hour
0.21 Cs=0.6*10"% mg/cm® )
qt=47.88 mg/cm3
0.1 k'=2070.0 1/hour 4
M0=16.95 mg
O ¥ | | | | | | |
0 50 100 150 200 250 300 350 400

Days

Figure 5.26: Quantity of drug release as a functadriime for the numerical model
compared with the data for Diclofenac.

The numerical model and the data compare veryfaethe first 200 days for the dissolution
rate k' = 2070 1/hour. After that the model assumes mouog delease. According to the
measurements 5.8% of the initial Diclofenac hambeteased through the membrane after
394 days. As with the Ibuprofen it is likely thaotnall drug particles dissolve in the
membrane and therefore the quantity of releaseglidrso little.
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Figure 5.27 shows when the entire drug has passedgh the membrane with 5 layers of
Diclofenac.
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Figure 5.27: Quantity of drug release as a functafrime for the numerical model.

It takes about 150.000 days for all the Diclofetmpass through the membrane for gign
D andk'.

5.2.3 Case 3 for Diclofenac

Now there is Diclofenac present in three layers vl layers are empty. As was expressed
before, this is done to see if it is possible totoal the quantity of released drug. The
thickness is stilL = 0.2 cm.

1% Diclofenac
1% Diclofenac
Empty
1% Diclofenac

Empty
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Figure 5.28 shows the quantity of released druca dsinction of time for Case 3 for
Diclofenac compared with data from the Pharmacelbepartment.
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Figure 5.28:Quantity of drug release as a function of timetfeg numerical model
compared with the data for Diclofenac.

According to the figure more drug seems to passutjit the membrane in real life for the
first 50 days then is accounted for by the numénuadel. However this measurement was
carried out for a shorter period of time than ie thther two cases for Diclofenac so it
remains to be seen what will have happen in réaldfter 300 days. But as before the
membrane is assumed to saturate and after 50 days drug has passed out of the
membrane according to the numerical model therhénreasurements. According to the
measurements only 1.8% of the initial drug getspd®ut of the membrane.

39



Figure 5.29 shows when the entire drug has padsedgh the membrane with 2 empty
layers and 3 layers of Diclofenac.

1.4
’ —#— Numerical mode|
1.2r
1 | -
NE 0.8 B
(8]
>
£
o 0.6 s
0.4 J
D=0.00104*10" cm?%hour
Cs=0.6*10"3 mg/cm3
0.2 k'=494.7 1/hour 1
M0=2.12 mg
0 | |
0 5000 10000 15000

Days
Figure 5.29:Quantity of drug release as a function of timetfer numerical model.

It takes about 14000 days for the entire quanfitiolofenac to diffuse out of the membrane
with those specific values fét, Cs andD.
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6 Conclusions

The focus of this study was to develop a numenmadlel that describes the control of release
for drugs through silicone matrices. So far the etadorks well for some multi-layered
cases that have semi-infinite geometry. Since tisene® easy way to measure the dissolution
rate constant, the values used in this project waiesen to achieve the best fit for the
measurements.

The numerical model seems to describe the drugselwithk’ = 11.5 1/hour for Case 1 of
Ibuprofen when the entire drug passes through gmalmane. As the layers were added up to
five for Case 2, the model compared well to thexdat up to 40 days. After that more drug
is released according to the numerical model. Tilg obvious explanation for this is that
the membrane saturates so that not all drug pestdissolve in the membrane and therefore
the drug release is not as high as it is accortdirtbe numerical model. When an empty layer
is put at the bottom of the membrane as in Cabe 8ug release decreases even more. Now
the entire drug needs to diffuse through an emgoggrl before passing out of the membrane.
If it would be possible to put a stimulus substaimcéhe empty silicone layer, the diffusion
would without a doubt be faster. As Figures 5.85how it is very easy to control the drug
release by changing the parameters of the effealigsolution rate constant and the
solubility of the drug. If it is possible to contrihe concentration of the drug in each layer
the numerical model can foretell with much accurdeyamount of drug released through a
silicone membrane as well as the solid drug comagah in the material at each time point.

For Diclofenac the numerical model did not worlna| as for the Ibuprofen. For Case 1 the
model fits the data well for the first 50 days,eafthat it assumes more drug release. The
most likely reason for this is that the valuesha tlimensional solubility of drug;s, and the
diffusion coefficient,D are assumed to be too low. The membrane seemsutatsaand the
drug release becomes only a few percent of the ahaduwrug that was initially put in to the
membrane. The changes in silicone for Cases 2 a®ei@s to be better for the drug release,
since the new diffusion coefficient is two timesger than the first one. Case 2 fits the
measurements well for 200 dayif= 2070 1/hour. If the effective dissolution ratsstant

is set to a lower value, the calculated releasag dmount would be smaller. For Case 3 the
measurements were only done for 77 days and there &vempty layers in the membrane.
Due to this only 1.8% of the initial drug diffusest of the membrane.

From this we can draw the conclusion that the nisakmodel works well for drugs with
rather high values for drug solubility and diffusiooefficient. As these parameters decrease
the effective dissolution rate constant needs ¢ceimse. For drugs similar to Diclofenac, that
have very low drug solubility as well as low diffos coefficient the model compares well
only at the early stages. After that the membramems to saturate and since the
concentration is almost constant throughout the bmane the effect of the diffusion is
limited. When empty layers have been added to thmionane the model does not fit as well
to the measurements. As a result from that the delgase decreases. The effective
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dissolution rate constark,, dimensional solubility of drugzs, and the diffusion coefficient,
D, have a big influence on the model. It is easgawotrol the drug release by changing these
parameters.

The future work for this project would be to hahe numerical model work for any type of

geometry with different drug concentration in tlagdrs of the membrane and combine the
use of it with more accurate estimates of the asévalues.
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