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DRUG RELEASE FROM HYDROGEL MATRICES
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Abstract: Description of the kinetics of drug release fronttogels is a domain of steadily increasing academic
and industrial importance. The aim of this papetoigeview mathematical approaches to drug reléasa
hydrogel matrix devices. In the first section thargmeters of hydrogel structure are described. Then
phenomena that influencing resulting drug releasediscussed. Finally, mechanisms of physical seleand
release with chemical reaction are studied. In sleistion mathematical expression that predictingy delease
profiles are described.
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Introduction

Hydrogel is a hydrophilic mixture which has the pedies of both solid and liquid [1,
2]. Hydrogel structure consists of networks that &rmed from randomly cross-linked
macromolecules [3]. It contains three phases:

1) polymeric-network matrix solid phase,
2) interstitial fluid phase,
3) ionic phase.

The solid phase includes a network of cross-linkelymeric chains. Polymeric chains
create a three-dimensional matrix with interstitiplace filled up with water and often
biological fluids. The cross-linked polymeric netkacan be formed physico-chemically,
for example by van der Waals interactions, hydrdgemding, electrostatic interactions and
physical entanglements as well as by covalent hoFus fluid phase fills in the pores of the
polymeric matrix and makes that hydrogel has wet alastic properties. Due to these
properties structure of hydrogel resembles to ¢jvissue. The ionic phase consists of the
ionisable groups that are bounded to the polymainshand the mobile ions (counter-ions
and co-ions). This phase exists due to the pressfrelectrolytic solvent.

Hydrogels can be formed from both natural and stithpolymers [4-6]. Hydrogels
based on natural polymers can have insufficienthaeical properties, contain pathogens
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and evoke immune responses. On the other hand, hheg numerous advantageous
properties like inherent biocompatibility, biodedaility, bacteriostatic and wound-healing
properties. Synthetic hydrogels do not have thelserent bioactive properties.

Drugs can be incorporated into hydrogel matricesamyways [4]:

1) post-loading,
2) in-situ loading.

In the post-loading method a hydrogel matrix isxfed and than the drug is absorbed
to this matrix. For an inert hydrogel system diffusis the major force for drug uptake.
Drug release will be determined by diffusion andjet swelling. For hydrogel containing
drug-binding ligands the release will be determibgda drug-polymer interaction and drug
diffusion. In the in-situ loading a polymer preawrssolution is mixed with drugs
or drug-polymer conjugates. Hydrogel network foration and drug encapsulation are
accomplished simultaneously. The drug release wlidetermined by diffusion, hydrogel
swelling, reversible drug-polymer interactions egchdation of labile covalent bonds.

The device geometry significantly influences thsuténg drug release kinetics [1, 7].
The delivery device can be in the shape of:

1) thin film,
2) sphere,
3) cylinder,
4) irregular solid.

The nanostructure of hydrogel can be describethi®etparameters [4, 8]:

1) v, - polymer volume fraction in the swollen statengéirogel,

2) M, - average molecular weight between crosslinks,
3) & - network mesh size.

The mobility of molecules and their rates of diftusin swollen non-porous hydrogels
are determined by the amount of liquid which isaireed in the hydrogel, the distance
between polymer chains and flexibility of thoseioka

The polymer volume fraction in the swollen statehis amount of fluid which can be
absorbed and retained in the hydrogel matrix. lexpressed as a ratio of the polymer
volume (V) to the swollen gel volume )

V2,s :_p (1)

The average molecular weight between two consezutioss-links /) is a measure

of the degree of hydrogel cross-linking. The crirdss can be both chemical and physical
in nature. Due to the random nature of the polyragion process only an average value of
molecular weight is calculated. It can be describgthe Flory-Rehner equation:

(\jj[ln(l_ VZs)—'- Vst XlZVZZs]

1.2\ (2)
mc Mn 3 v2

where:
M, - average molecular weight of the polymer chains,
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v - specific volume of the polymer,
V;, - molar volume of water,
X1» - parameter of polymer-water interaction.

The network mesh size is a measure of space aokebsitween the macromolecular
chains (eg for the drug diffusion). This space essidered as molecular mesh or pores.
Hydrogels can be classified as:

1) macroporous,
2) microporous,
3) nonporous.

The size of pores is described by correlation lerggtThis structural parameter is

defined as a linear distance between two neighbgumiosslinks. It can be expressed by the

following equation:
1

e=va(e): 3)

1

In this expression(?oz)2 is the root-mean-squared end-to-end distance tfomk
chains between two neighbouring crosslinks in thellen state.
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Fig. 1. Schematic illustration of mesh size in toghl at (A) swollen state and (B) deswollen state
(adapted from [4])

The mash size in the swollen and deswollen stathds/n in Figure 1. This parameter
depends on several factors like the degree of gedsdinking, chemical structure of the
composing monomers and external stimuli (tempegafid and ionic strength).

These three paramete(s;zS,ﬁC and&) can be determined theoretically or through
experimental techniques.

The mechanism of release

Depending on the composition of hydrogel (type alymer, type of drug and
additives), geometry (size and shape), preparaéionnique and environmental conditions
during drug release, one or more of the followitnygical and chemical phenomena affect
the drug release kinetics [7, 9]:

1) Wetting of the drug delivery device surface witteese medium (water).
2) Release medium (water) penetration into the drligetg device (eg via pores).
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3) Creation of pores filled with water.

4) Degradation of drug and/or polymer.

5) Diffusion of drug and/or products of polymer degatidn inside the hydrogel matrix.

6) Diffusion of drug and/or products of polymer degatidn in the fluid.

7) Dissolution and/or precipitation of drug and/or getation products.

8) Microenvironmental pH changes inside the hydrogetrix caused by the degradation
of polymer.

9) Autocatalytic effects during hydrogel matrix degatidn.

10) Swelling of polymer.

11) Closing of pores caused by polymer swelling.

12) Osmotic effects caused by creation of significaptirbstatic pressure in the drug
delivery device.

13) Creation of acidic or basic microenvironments ire tdosage forms caused by
degradation products.

14) Physical drug-products of polymer degradation #tgons (eg ion-ion
attraction/repulsion and van der Waals forces) wiuan significantly vary with time
and position caused by changes in microenvironrheatalitions.

15) Chemical reactions between the drugs and producmolgmer degradation and/or
water.

16) Convection processes caused by significant hydiosf@essure created in drug
delivery device.

17) Adsorption and/or desorption processes.

18) Changes in the drug delivery device geometry andiorensions caused by shear
forces.

It is not reasonable to take all the mentioned ph@ma into account. It is crucial for
a mathematical model to take into account only datmg physical and chemical
processes. Moreover, these phenomena concern amytchnsport in the model system,
not in the living organism. To describe the meckiamof drug transport in the living body
various additional phenomena must be taken intmwtds eg enzymatic degradation,
protein binding, active and passive drug uptake o#lls, interactions with compounds in
extra- and intracellular space [7].

From the process engineering point of view, thehmatsm of release consists of the
following phenomena:

1) exterior diffusion,

2) interior diffusion,

3) desorption,

4) chemical reactions.

Moreover, the processes of shape change (eg heteogs and homogeneous erosion)
and processes of surface change (desorption, itegotsn and reaction) can overlap to
above phenomena. These processes (diffusion, desgrphemical reactions and matrix
erosion) are studied below.

Exterior diffusion

The mechanism of release consists of exterior ateior processes of diffusion [10].
Exterior diffusion takes place when drug moleculéffuse from surface of the hydrogel
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matrix to bulk of the liquid phase (Fig. 2). Theer@f mass transfer can be described by the
following expressions:

NA = kL(C:-\L _C?-\L) (4)
or
GA = kLA(C:-\L - C,SAL) (5)

where:

Na - flux of the drug,

Ga - mass transfer rate,

k. - mass transfer coefficient,

*

C,_ - surface concentration of the drug,

CJ, - bulk concentration of the drug,

A - area of mass transfer.
The mass transfer coefficient jks expressed as:

k, = (DAB)L (6)
O
where (D,z), - drug diffusion coefficient.
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Fig. 2. Exterior diffusion: ~ model concentration profile of drug, =™ real

concentration profile of drug
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Drug concentration is the highest close to theasarfof the hydrogel matrix and it
decreases with the length. When the bulk of ligigdwell stirred the value of drug
concentration is constant. Exterior diffusion camtcol the rate of drug release only in
exceptional cases. In general, the rate of drugasgl depends on interior phenomena,
especially on interior diffusion.

Interior diffusion

In general, the rate of drug release is contrddgchterior diffusion (Fig. 3).

Migration within pores
of delivery device

{\ } e dru
; g molecules
A

s adsorbed drug molecules

Fig. 3. Interior diffusion of drug molecules

Theories which are based on Fick's law of diffusaistinguish two types of systems
(1) reservoir and (2) monolithic devices (Fig. 4).

Reservoir device Matrix device

Fig. 4. Schematic illustration of two types of digfon-controlled spherical drug delivery devices
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In the reservoir system a polymer membrane surmunder bulk of dissolved,
suspended or neat drug [11, 12]. Diffusion of ace@sulated drug through the membrane is
the rate-limiting step in this delivery system. @nstant concentration gradient across the
polymer membrane is achieved by saturated cond¢amtraf the drug core. Drug is
absorbed from inner bulk by the membrane. Theiiffitsks through the membrane and is
desorbed from the membrane to the fluid which surds the reservoir device.

The drug release in a reservoir system where anpoig hydrogel membrane
surrounds the drug bulk can be described by Fialsslaw of diffusion [1, 4]:

__ndC,
N, =-D T @)
where:
Na - flux of the drug,
D - drug diffusion coefficient,
Ca - drug concentration.

For the reservoir device with initial drug conceibn smaller than drug solubility, the
drug concentration at inner surface of the membdweeases with time. The process runs
at the unsteady state conditions and the exacti@olgan be obtained by solving the
equations of mass balance for the membrane anddbihle liquid. For a short time in the
case of non-swelling or dissolving membrane andepersink conditions of release, the
drug release can be described by the first ordestkis. The drug release kinetics is not
dependent on the device geometry [7]:

dM, _ ADKC, _ ADK (M,-M,
dt | | Y,

(8)

where:

M; - absolute cumulative amount of drug releaseda tj

C: - concentration of drug in the release mediumna i,

Mg - initial amount of drug in the device,

V - volume of drug reservoir,

A - total surface area of the device,

I - thickness of the membrane,

K - partition coefficient of the drug between thembrane and the reservaoir,
D - diffusion coefficient of the drug within the mérane.

In the case of a system with initial drug conceidgra much bigger than the drug
solubility in the reservoir device, the releasedlenoles are replaced by the dissolution
molecules of drug crystals/amorphous aggregatese Timer membrane surface
concentration of drug is constant. If the membrériekness and drug permeability are
constant and perfect sink conditions are maintathethg the release, the drug release may
be described by zero order release kinetics. ilhidependent on the drug delivery device
geometry [7]:

dM, _ AJ,, _ ADKC,

a1 ©

where:

dm .
dtt - steady state release rate at time t,
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Jim - membrane-limiting flux,
Cs - solubility of the drug in the reservaoir.

In the matrix system the drug is equally dissoleedlispersed in the polymer matrix
[11, 12]. A disadvantage of this system is theasdewith a continuously decreasing release
rate. This is caused by an increase of diffusiop lwagth and decrease of drug area in the
polymer matrix as the drug release proceeds.

For a matrix system in which the drug is equallypgrsed throughout the polymeric
matrix, unsteady-state drug diffusion in a one-digienal slap-shaped matrix can be
described by Fick’s second law of diffusion [4, 13]

dCA d2
dx dx

In this equation the drug diffusion coefficientassumed to be constant. In the case in
which diffusivity is concentration-dependent thédwing equation can be used:

a&=3[D(CA)"C’*) (11)

(10)

ot  0ox 0X

For monolithic devices the system geometry stromdflgcts the resulting drug release
profile. In the case of the device with the initthlig concentration below drug solubility,
the drug molecules are dissolved in the hydrogein@tithic solution). Otherwise, the drug
molecules coexist with amorphous aggregates amtlay crystals (monolithic dispersion).
For monolithic solution with the following releasenditions:

1) the absence of significant changes in the hydrogetix during the release,

2) perfect sink conditions during the release,

3) the release of drug is mostly controlled by diffusthrough the hydrogel matrix,
different equations are used to calculate a reguteélease profile, depending on the system
geometry.

For example, an analytical solution of Eq. (10) dan obtained using separation
of variable technique [1]:

1) thin film with negligible edge effects:

1 8% - D(2n+1)n%t
M_ TR Z (2n+1f F{ L2 J (12)

where:
n - dummy variable,
L - thickness of the film.
2) spherical delivery device:
M 6 — 1 - Dn’zn’t
M—*l‘?Z?ex’{Tj a3
0 n=0

where R - sphere radius.
3) cylinders deIivery device:

e Z anth > ~ D2p+1)'x zt) (14)

S q = 2p+1 H?
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where:

p - dummy variable,

O, - the roots of the Bessel function of the firstckiof zero order,
R - cylinder radius,

H - cylinder height.

For monolithic dispersion the mathematical modelmsre complicated. Higuchi
developed a mathematical equation to predict delgase from a monolithic matrix system
with the simplest geometry of thin films with negble edge effects [1, 7, 14, 15]:

% = 2C,-C,)Ct for C,>>C, (15)

where:
M; - cumulative absolute amount of drug releaseda tj
A surface area of the controlled release dewp®msged to the release medium,
D - drug diffusivity in the polymer,
Co initial drug concentration,
Cs - drug solubility in the polymer.

Equation (15) can be simplified to the followinguatjon:

,\“/”I—;: Kt (16)

where:
M, - absolute cumulative amount of drug releasedna t that should be equal to the

initial amount of drug in the system at time t = 0,
K - system constant.
Higuchi developed this model using the pseudo-stetate assumptions. A controlled
drug delivery system must fulfil the following catidns:
1) The initial drug concentration must be much higtiean the solubility of the drug
(Co>>C).
2) The release is one-dimensional and thus the edget®tan be neglected.
3) The drug particles are much smaller than the thaskrof drug delivery device.
4) The polymer matrix does not swell or dissolve.
5) The drug diffusivity is constant with the time gnalsition.
6) Perfect sink conditions are maintained in the sgste
The simplicity of Higuchi’'s model is its importaatlivantage.
Peppas and co-workers developed another empiricalaten which assumes
a time-dependent power low function [8]:

M
—L=k0Q" (17)
MDO

where:

M, .

—= - fractional release,

MDO

k - structural/geometric constant for a particuggstem,

n - release exponent representing the release msoha

Table 1 gives values of n for delivery matriceshwdtifferent geometries and release
mechanisms.
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Table 1
Release exponent values (n) in the Peppas eqydlion
Exponent, n Drug release mechanism
Slab Cylinder Sphere
0.5 0.45 0.43 Controlled diffusion
05<n<1.0 0.45<n<0.89 0.43<n<0.85 Anloms transport
1.0 0.89 0.85 Controlled swelling

Fick's law equations cannot be solved analyticallen more complex geometries or
non-constant drug diffusivities are incorporatetb ithe model. Moreover, in the case of
swelling polymers diffusivities of encapsulated ewmlles will be strongly affected by the
degree of swelling and cross-linking density of . Thus D will be sensitive to
environmental changes or degradation polymer matrck might vary over the time-scale of
release. Theoretical models for calculation of roole diffusion coefficients can be
described by the following general form [4]:

D
o * (RS (18)
where:

Dy - drug diffusion coefficient in the swollen hydrégetwork,

Do - drug diffusion coefficient in pure solvent,

rs - size of the drug to be delivered.

This expression takes into account factors whidiecafdrug release, like the gel
structure, the polymer composition, water contant the size of molecules. In the case of
degradable polymer {xhanges with the degradation of polymer network wuan increase
in hydrogel mesh size and decrease in polymer velinaction over time.

Several expressions have been developed to degtibeclationship between drug
diffusivity in the hydrogels and in the solutiororFexample, Lusting and Peppas proposed
the following equation to correlate the relatiopsbietween drug diffusivity and network

structure [4]:
D, _ (1_ Ej ex{_ Y[&D (19)
D, & v,

where Y - ratio of the critical volume required toanslation movement of the encapsulated
drug molecule and the average free volume per sbivelecule.
Finally [10], the influence of pore size on diffasi coefficients should be mentioned.
If:
1) pore diameter is much bigger than average freghesigmolecules - effective diffusion
coefficient () can be calculated from the formula:

DezD% (20)
dc

N, =-D, = 21

A Sy (21)

2) pore diameter is lower than average free lengtmolecules - Knudsen’s diffusion
coefficient () govern the law:
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- /L
D, =9.701C°r ™ (22)

dC
N, =-D, —2 (23)

Simultaneous diffusion and desorption of drug

Drug molecules can be adsorbed either chemicallghysically on the pore surface
[16]. In chemisorptions, the electronic structuete€tronic density) of adsorbate molecule
is strongly modified. In physical adsorption theodshte is weakly adherent by secondary
interactions (eg van der Waals forces).
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Fig. 5. Desorption and diffusion

The rate of mass transfer can be controlled by iphysdsorption if the rate of
desorption is finite (or is comparable to the rateliffusion). In literature, a description of
such processes is lacking. A simple model of delgase with desorption is described in
the work [17]. The drug is desorbed from the hyetqepre surface and then diffuses within
the pore (Fig. 5). In the system with following dtions:

1) distribution of pores in the hydrogel is homogergou

2) movement of molecules is described by first Fid&is of diffusion,
3) diffusion coefficient is constant,

4) the release medium is ideally mixed - without egieresistance,
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the drug release can be described (Fig. 5) byalhenfing equation:

dv%:[(NA +dN,)-N, Ja-r,dv (24)

This equation describes the differential volumetltd medium that is in the pore
between x and x+dx. The final results of the madel be found in the paper [17].

Chemical reactions

In the case of release with a chemical reactiorggirand/or products of polymer
degradation can react with the released mediundeéngs pores. The released medium
molecules diffuse to hydrogel medium pores. Dutimg contact with drugs or products of
polymer degradation they undergo a chemical reacfithis reaction can be reversible or
irreversible, simple or complex and slow or fagheil, the products of chemical reactions
undergo interior and exterior processes of diffasio

Change of shape

Hydrogel matrix can change of its shape duringréiease. Change of shape can be
caused by following phenomena:
1) chain cleavage,
2) matrix swelling,
3) matrix erosion.
These processes are discussed below.

Chain cleavage

In the case of systems with pendant chain (prodrulge drug is covalently linked to
the polymer network and its release depends omratee of bond splitting [4]. The drug
release is not mediated by diffusion in this system

The prodrugs system is used to improve the thetapetficiency of the drug. In
general, the release of covalently bound drugs mitpdy the degradation rate of the
polymer-drug link. Most of these links are hydradglly degradable. This causes that the
rate of drug release is absolutely characterizesirople first-order kinetics.

Gopferich formulated [18-20] a theory of polymergdedation and erosion. He
assumed that the rate of polymer degradation istichd in the whole polymer matrix.
When the polymer is initially insoluble in waterdahydrolysis is the only mechanism of
polymer erosion, then erosion is controlled by:

1) rate of water diffusion into the bulk of polymegi},
2) rate of the polymer backbone degradation by wager (

Water velocity inside hydrogel matrix pores candescribed by diffusion. The rate of
water diffusion into the polymer matrix can be eeqeed by the following equation:

C_Gom
diff 4Deff

(25)

where:
X - mean distance,
D¢y - effective diffusion coefficient of water insidiee polymer matrix.
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The rate of chain cleavage by water can be exptdsséhe following equation:

1 M
t.\n)=={In{x)—In| s A 26
c()x[<> [NAN_lpJ (26)
where:
n - number of polymer bonds,
A - rate constant that takes into account differente the reactivity of hydrogel

functional groups,
M, - average molecular weight number,

Na - Avogadro’s number,
N - average degree of polymerization (the numben@fiomers per polymer chain),
p - polymer density.
Erosion number is used to predict the erosion nmasha It is a dimensionless number
expressed by the ratio of the rate of water diffnsd the rate of chain cleavage by water:

> =t (27)
t.(n)

The values of erosion number can be divided inteethranges. Far>>1 water reacts
with a polymer faster than the water diffuses. Tdyistem is controlled by surface erosion.
For e~1 the erosion mechanism is changed. d<arl water diffuses faster than it can react
with the polymer. This system is controlled by batksion.

Matrix swelling

The mechanism of hydrogel swelling is one of thestrimportant factors in drug
release phenomena. This mechanism of drug relees@sowhen diffusion of an active
agent is faster than hydrogel swelling [4, 15 arid. 2n swelling-controlled system
hydrogels may undergo a swelling-driven phase tiansfrom a glassy state to rubbery
state (Fig. 6). This transition occurs when therabieristic glass-rubber polymer transition
temperature is lower than temperature of fluid Wtsarrounds the drug delivery matrix. In
the glassy state, entrapped molecules remain imendhithe rubbery state dissolved drug
molecules rapidly diffuse to the fluid through theollen layer of polymer. Released fluid
molecules contact the external layer of hydrogélisTforms a moving front that divides
hydrogel matrix into a glassy and swollen regiam.these systems the rate of molecule
release depends on the rate of gel swelling.

In the swelling-controlled delivery system followiphenomena take places [7]:

1) The length of drug diffusion way increases. Thisuses a decrease of drug
concentration gradient (driving force of diffusicamd a decrease of drug release rates.
2) The mobility of drug molecules increases. This eawmn increase of drug release rates.

Drug diffusion time and polymer chain relaxatiomdi are two main parameters that
determine drug delivery from swelling polymeric niggs. In this system the time-scale for
polymer relaxation)) is the rate-limiting step. In the diffusion-cooited delivery system,
the time-scale of drug diffusion (t) is the rateniting step. The Deborah number (De) is
applied to compare these two time-scales:
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_h_ XDZ (28)
t o a(t)
wheres(t) - time-dependent thickness of the swollen phase
z
N
| -
Glassy state Rubbery state

Fig. 6. Schematic illustration of drug delivery @mvin glassy and rubbery state matrix (adapteohfro
[4)

In the case of diffusion-controlled systems (De<®igkian diffusion dominates the
molecule release process. In the case of sweltmiralled systems (De>>1) the rate of
molecule release depends on the swelling rate lgfrso networks.

In the swelling-controlled delivery systems to dése molecule release a modified
empirical power law can be used. Peppas and Sdaimloped such a model taking into
account the drug diffusion and polymer relaxatip®]|{

M, _ K t™ + K, tom (29)

where:

k; - constant that corresponds to the release ratdfosion,

ko, - constant that corresponds to the release rgielgimer relaxation,
m - constant.

The first term on the right-hand side represents dfifusion and the second term
represents polymer relaxation.

This empirical expression does not take into actguoving-boundary” conditions in
which the gel expands heterogeneously as watetna¢ee and swells the gels. For this case
Krosmeyer and Peppas introduced an equation toelater the moving boundary
phenomena with hydrogel swelling:

V()

where:
Sw - swelling interface number,
V - velocity of the hydrogel swelling front,
D - drug diffusion coefficient in the swollen state

In a slab system with Sw<<1 drug diffusion is muelster than the movement of
glassy-rubbery interface and a drug release hasoaarder release profile.

Siepmann and Peppas [23-25] developed a more tigarethod to predict molecule
release from SCDS, the so-called sequential lay&detn This model takes into account
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drug diffusion, polymer relaxation and dilution.rFexample, in the system with cylindrical
geometry and concentration-dependent diffusionfmeriits the following equation should

be solved:
& :i[Dkaij+&a& +i[Dk ackj (31)
ot or or r or 0z 0z

where G and L4 are the concentration and diffusivity of the dsifule species, respectively.

Matrix erosion
Surface erosion

In systems with surface erosion (heterogeneousiogrosirug release is caused by
degradation of the polymer surface (Fig. 7).

Surface erosion

Bulk erosion

Fig. 7. Schematic illustration of surface and berd&sion (adapted from [9])

The rate of bond hydrolysis of hydrophobic polymetworks is much faster than the
rate of water transport into the polymer bulk. Ewasoccurs mostly in the external layers of
the polymer matrix. The degradation takes placey am the surface (heterogeneous
process). This system of drug release occurs onbnhzymatic-degrading systems in which
the rate of enzymatic degradation is much fastan tthe transport of enzyme into the
hydrogel [9, 15].
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Most of the models with surface-erosion are based loydrolytic- and
enzymatic-degrading polymers.

Hopfenberg proposed a model for theoretical prémticof the molecule release from
surface-eroding matrix in which the release depemiison matrix erosion rates [1, 13]:

M, =1—[1— Kal j (32)
M Coag

In this equation kis the erosion-rate constang ia the initial dimension of drug
delivery device (radius for a spherical or cylimdti geometry and half-thickness for slab
geometry) and gis the initial concentration of drug in the polymmatrix. n is the
geometric shape factor (1 for a slab, 2 for a d@mand 3 for a sphere). In the case of slab
(n =1) drug release has a zero-order profile.

Katzhendler, Hoffman and co-workers described aegdnmathematical model for
heterogeneous eroding networks [26]. In this mdtlés assumed that swelling of the
polymer matrix is slower than its erosion. It cam dpplied for the hydrogel tablets with
different rates of erosion in the radial and agliabctions. The kinetics of drug release from
erodible polymer matrix with two coordinates a adial and b in axial directions can be
described by the following equation;

2
My _y (g Kat )[4 2kt (33)
M COaO C:ObO

0

3

In this equation:

ko - radial erosion-rate constant,
k, - axial erosion-rate constant,
& - initial radius of the tablet,

b, - initial thickness of the tablet.

Lee proposed another mathematical theory for sewémoding hydrogel systems [7].
This model can be applied to film geometry devieath different “drug loading/drug
solubility” ratios. Lee considered movements of tliusion front and erosion front (Fig.
8). This model assumes that the front of erosiomes@t constant velocity, edge effects can
be neglected and there are perfect sink conditimrmaighout the test. The drug release can
be expressed by the following equation:

M, _s, Ba . C(1 a (34)
M., D Al2 6
A ALY
=—+8h-,||—+8h| -1-26 h 35
& C. \/( C. ) (35)
2D C,
In the above equations:
& - relative separation between the diffusion amsien fronts,
B - constant of surface erosion front,

a - half-thickness of the film,
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D - drug diffusivity in the system,
T - dimensionless time,

Ba . I . et
D measure of relative contribution of erosion diftlision to drug release.

Undissolved
Solute R - the time-dependent position of the diffusion front

S - the time-dependent position of the erosion front

A- the initial drug concentration within the delivery system

Cs - the drug solubility

Cb - the drug concentration in the well stirred release medium

x - the position (x=0 the center and x=a the surface of the film)

Cs

Eroding Front

Initial Surface

Cb

N
7

0 R S a X

Fig. 8. Scheme of the drug concentration in théasereroding system (adapted from [7])

Bulk erosion

In bulk degrading systems the drug release is gextby degradation of the network
and molecule diffusion (Fig. 7). Bulk eroding polgra degrade slowly and water infusion
into the system is much faster than the degradatiqgrolymer [4, 9, 15]. Thus, the whole
drug delivery device is rapidly hydrated and polynehains break off throughout the
system. Erosion takes place in the entire system@lgeneous process).

Heller and Baker developed a mathematical theomdipting drug release from
waterinsoluble polymers that can be hydrolyticalnverted in water-soluble molecules
[9]. This model assumes that the degradation df budding polymers can be described by
first-order kinetics. Heller and Baker modified thkassical Higuchi equation (Eq. (15)).
They assumed that permeability of the drug in tloeldgradable polymeric matrix is not
constant and increases with time. In their modey wpplied the following ratio of the drug
permeability at time t (Pto the initial permeability (§:

P _ initial numberof bounds N

= = (37)
P, remainingnumberof bounds N-Z
where:
N - initial number of bonds,
Z - number of cleavage during time interval [0,t].
Polymer bonds are split with the first-order kinsti
% =Kk(N-2) (38)

where K - the first order rate constant.
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After integration and rearrangement one can gefdif@ving equation which describes
the drug release from thin slab with initial drugncentration above the drug solubility in

hydrogel:
aM, _A /Z%exaKt iCo (39)
dt 2 t

Charlier and his co-workers described another nmadiieal model predicting drug
release from bulk eroding polymer films [27]. Thessumed that the polymer degradation
and the drug diffusion are simultaneous. Experialergsults of mifepristone release from
poly(lactic-co-glycolic) (PLGA) matrices were compd with model predictions. They
developed this model by the pseudo-steady statemgs®ons, similar to classical Higuchi
equation (Eq. 15). Moreover, the model assumespblgmer chains split with first-order
kinetics and drug diffusion coefficients are expared functions of time:

D = D explkt) (40)
In this equation:
Do - drug diffusion coefficient at time t = 0,

k - polymer degradation rate.
They got the following expression for the cumulatimmount of drug release as

a function of time:
0= S\/ZCOCSDO[Exr(kt) -1 41)

where:

S - surface area of film contacted with the relehsd,
Co - initial drug concentration,

Cs - solubility of drug in the polymer.

Surface phenomena

The rate of drug delivery can be affected by s@rfpbenomena. Different surface
phenomena can be distinguished:

1) desorption of species from surface,
2) surface reconstruction,
3) surface reactions.

The above phenomena significantly influence theiltieg) drug release kinetics. The
species can be desorbed from the hydrogel surfaterelated to surface erosion and has
been discussed above.

In surface reconstruction atomic or molecular r@gement occurs on the surface
of the device, thus the surface/interfacial tensoneduced. Surface reactions take place
when drug molecules react with the release mediimaw substances are formed.

Conclusions

Mathematical modeling of drug release from the pwic matrix has big academic
and industrial importance. It is very difficult sccurately predict the mechanism of drug
release from the hydrogel device in living orgarisifhe drug transport in various organs
and in different cells should be described by défé models. In the future mathematical
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theories will attempt to take into account differes betweenn vitro and in vivo
conditions.
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UWALNIANIE LEKOW Z HYDRO ZELI
Wydziat Inzynierii Procesowej i Ochron§rodowiska, Politechnika £.6dzka

Abstrakt: Zaréwno z naukowego, jak i praktycznego punktu efda bardzo wany jest opis kinetyki uwalniania
lekéw z hydraeli. Celem tego artykulu jest przedlopisanych w literaturze modeli matematycznych Iniaaia
lekéw z matryc hydreelowych. W pierwszej e#ci omowiono parametry opisige struktug hydrazelu.
Nastpnie opisano zjawiska wptywgije na mechanizm uwalniania lekéw. W ostatniegcizprzeghdu literatury
zostaly przedstawione mechanizmy uwalniania. Wciefci zebrano wyrzenia matematyczne stosowane do
opisu profili uwalniania lekow.

Stowa kluczowe:hydrazel, modelowanie matematyczne, kontrolowane uwaiejapodawanie lekéw, dyfuzja,
pecznienie, erozja



