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B. Zierenberg
Pharmaceutical Research and Development
Boehringer Ingelheim KG
6507 Ingelheim/ Germany

ABSTRACT

An interferometric technique was developed and used to de-
termine the diffusion coefficient and the physico~chemical
gtate of different drugs in a polyacrylate-copolymer as a
carrier system. By applying Ficks' second law the release
rate of the drug was calculated and compared to in vitro/
in vivo data. From the relativly good agreement of the
prediction with the experimental results it can be con-
cluded that the pure mobility of the drug in the polymer
is the rate determining factor for the mass flux. The
physical councept used in the Higuchi equation seems to be
not applicable for the examined system with monodispersed

drugs.
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INTRODUCTION

Using drugs incorporated in polymer systems as a trausdermal
delivery system for the controlled release, one has to get
a closer insight into the diffusion-process in order to cou-
trol and to design the polymer device in a proper way. One
important factor is to know the distribution of the drug in
the polymer matrix after the fabrication and the change of
the concentration profile during the in vitro/ in vivo
release of the drug. It is the purpose of this paper to

show that by an interferometric method the amount of drug
ag a function of the distance in the polymer can be measu-
red. By coumparing these experimental data with the flux of
the drug calculated by Ficks 8second law, the mechanism

of the drug release can be described in proper terms.

MATERIAL AND METHODS

A. Drug-Polymer System

The drugs used in this investigation were scopolamine,
haloperidoel and brotizolam, a polyacrylate-copolymer
(Suppier: Rohm/ Darmstadt) served as the polymer matrix.
Boths components were dissolved in an organic solvent

(e. g. acetone) and the highly viscous solution cast on

an aluminium foil. After the drying process, a homogenous,
colourless film resulted, with a constant thickness of about
150 um. The percentage of the incorporated drug was

varied in the range from 5 to 20% (w/w) depending on the

type of drug, The in vitro release was determined by stick-
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ing the aluminium containing side of a 3 cm2 film on the

bottom of a glasstube, the container was filled with 10 ml
water or 0.1nHC1 (T = 31°C) and the flux of the drug wea-
sured by the extinction at the appropriate waveleungth as a
function of time. For the measuremeunts in the interfero-
meter the polymer film was cut with a microtom into slices
of 40 puw thickness rectangular to the plane of diffusion

and placed in between the mirror-plates.

B. Interferometer

The interferometer we used for our experiments was a modi-
fied Fabry-Perot-Interferometer and was constructed by
Prof. Fuhrmaun/ University Kaiserslautern/ Germany. The
principal set-upof the instrument is shown in fig. 1
Monochromatic light ( A = 0.63 um) from a He-Ne-laser is
focused amd converted into parallel light end passes then
through two silver coated glass-plates containing the
polymer sample. The resulting picture of interference
lines passes into a microscope, where it can be observed
and photographed. A more detailed description of the con-
ditions where the interference takes place is given in
fig. 2. The sample is clawped withiu the two glass-plates,
which enclose a very small angle (E‘-7'10'5°). A por-
tion of the incident lightbeam passes directly through

the sample, a further portion is splitted and reflected

at the inner walls of the silver coated glass-plates. The
two resulting beams interfere, a maximum of inteusity is ob-

tained if eq. 1 is fulfilled.
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FIGURE 1

Principal set-up of the interferometer

MIRRORPLATES

POLYMER SAMPLE

vy

INCIDENT BEAM
INTERFERING BEAMS

FIGURE 2

General illustration of the experimental conditions
and the generation of the interference fringes
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(eq. 1) n-a = K< /2
n: refractive index of the medium between
the glass-plates
a: thickness of the sample
A : wavelength of the used light

K: integral number

The material to be examined has to be optically homogenous,
in order to obtain proper interference fringes. From the
interference picture, an example is given in fig. 3a, the
refractive index n as a function of distance x in the poly-
mer film can hbe determined. Based om the sound assumption
that the refractive index n (x) in the drug loaded polymer
film depends linearily on the concentration C (x) of the
drug:

(eq. 2) n (x) = a + b.C (x)
a and b: constants depending on the polymer/

drug system

The curvature of the Kth interference line, as described
by eq. 1, reflects the profile of the drug distribution
in the polymer. An exact calculation, which is not dis-
cussed here in further detail, leads to the following

gsimple expression:

(eq. 3) ¢ (x) = CmaX-'ﬁi (x)
o]
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FIGURE 3a

Interference fringes obtained
from a polymer-sample with a
drug concentration profile

The used symbols are explained in fig. 3b. The councentration

profile, knowing C the maximum drug concentration at the

max
outer end of the film, is obtained in the proper unit by a

simple measurement of length.

MATHEMATICAL MODELS AND EQUATIONS

For describing the diffusion process of the drug in terms
of the concentration profile C (x,t) within the film, Ficks'

second law has to be used:

2
(eq. 4) a© D-Q—% (one dimensional case)
at dx
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4 4

A Y-AXIS CONCENTRATION AXIS

X-AXIS
FIGURE 3b

Schematic drawing of fig. 3a
with the explanation of the
gsymbols used in the equatiouns

C: concentration at the ordinate x and time ¢

D: diffusion-coefficient in cm2/ day

The general solution of this differential eq. has the
following from (1):

S (n-rc)z Dt ne M *x
(eq. 5) C (x,t) = bn-e' T sin (-—Tr——J
nei
L/2: length of the filw in cm

bn: Fourier coefficients

RIGHTS

123

iy



Drug Development and Industrial Pharmacy Downloaded from informahealthcare.com by Biblioteca Alberto Malliani on 01/20/12
For personal use only.

124 ZIERENBERG
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FIGURE 4

Schematic illustration of the
concentration profile in a
polymer film at two different

times
Pure polyacrylate Polyacrylate + Polyacrylate +
10% brotizolam 10% brotizolam
t = 0 days t = 2 days

The geometrical conditions are described in fig. 4, it

should be pointed out that for mathematical purposes a
symmetrical set-up is chosen. Because the diffusion process
itself is symmetric the wanted concentration profile at diffe-

rent times can be evaluated by a simple shift in the x ordi-
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nate. In order to apply eq. 5 the boundary conditions in the
experiments have to be defined. For our purposes two situ-
ations are discussed: in the first case the concentration at
the outer end of the film is always kept at zero. This expe-
rimental condition might prevail during the in vitro/ in

vivo drug release. In mathematical terms

(eq. 6) C (0,t) =0 and ¢ (L,t) =0

With thls boundary condition the Fourier coefficient bn in

eq. 5 can be determined and one obtains the following ex-

pression.
e . 2
) _(n 7t) Dt . .
(eq. 7) C(x,t)=2.co Z_—l'cm’ n n)e T egin(BL X ”L X)
ne X

h:1

Co = initial councentration of the drug in the film

with uniform distribution

In order to transform the concentration profile C (x,t)
into the measurable quantity amount of drug released, eq.7
has to be integrated over the film length and this leads

to the mass M (t) remaining in the polymer at time t
2
G _(Eégi) Dt
(eq. 8) M(t) = 8.F- Cojg: L e
2
n=4n .7(

0dd numbers

=
n

F = area of the film through which the drug

diffuses
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In the second case the situation is treated where a drug
containing film of length 11 is placed together with an

empty polymer film of length 12. The boundary conditious
are described in the following way.

(eq. 9) C (0<x <1,,0) = 0, € (1, <x <1,+1,,0) = C/

Cc (x,0) = Cy 11/ ( 1, + 12)

With the help of this expression egq. 5 can be solved, one

obtains for the bn-values

— o . . [ ] . - L]
(eq. 10)bn— (cos n* % K- cos ne X Ky+K K1)+ C,* K,

neX

Ko =14 / (11+ 12)

= 12/ 2 (11+ 12)

o
I

2-11+ 12/2 (11+ 12)

For completing the considerations the Higuchi eq. is
cited. The reasoning for the deduction is given in the
literature (2)

(eq. 11) Q (%) =-VD't°(2A-CS)-CS‘

Q (t) = amount of drug released after time t

per cm?

A = amount of drug in the polymer film per cm3

Cs= solubility of the drug in the polyuwer

per cm>
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RESULTS AND DISCUSSION

As stated before, the polymer films have to be optically
homogenous in order to get proper interference fringes.

Vice versa the interferometric method allows to differ
between a monodispersed and a partially agglomerated
distribution of the incorporated drug in the polymer phase.
As soon as the drug starts to build up spots of cristall-
ized structure, the interfereunce picture begins to dis-
appear. An impression of the gqualitative correlation be-
tween the different states is given in fig. 5, In fig. Se
the unloaded polyacrylate film (thickness ~150 um) is

shown, the same polymer material is than loaded with 10%
(w/w) of brotizolam (fig. 5b). At the beginning the drug

is homogenously distributed, the interference picture is
properly formed, after two days the drug starts to cri-
stallize from the right to the left (fig. 5¢). This pro-
cess and the physico-chemical state of the drug cannot

be judged by a simple viasual inspection. Because the cry-
stallization causes an inhomogenous and random distribu-
tion of the drug in the polyuwer phase, this process will
alter the release rate of the drug. The measuremeunt of the
interference pattern during the storage is therefore an im-
portant tool to control the distribution and to assure a
constant release rate. It should be noted that a further
prerequisite for the successful use of the method is a finite
difference in the refractiw index of the polymer and the drug,

which is normally fulfilled.
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FIGURE 5

Comparison of the interference fringes between the pure
polymer and a drug loaded film in the monodispersed and
partially cristallized state

If the polyacrylate film is applied on the skin or exposed
to a water phase, the uptake of water in the polymer is
about 15% (w/w) and nearly isochore (A V~0). The saturation
with water 1s completed for a film of 150 pm thickness after
two hours of exposure. FPor the diffusion of the drug in the
polymer film the questiom arises whether the absorbed wa-
ter is needed to start the diffusion process. In order %o
gstudy this queétion a drug containing film was brought into
contact with anempty polyacrylate film. A situation where
the diffusion process is mathematically described by eq.lO
and eq. 5 with a rectangular cocuncentration profile at the
beginning expressed by eq. 9. These bi-layered samples
stored in between the glass plates at 3100 were interfero-
metrically examined at certain time intervals. The change

of the interfereunce pattern as a function of the storage
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CONCENTRATIUN-AXIS

—— CALCULATED CONCENTRATION PROFILE
@ EXPERIMENTAL DATA

FIGURE 7

Calculated concentration profile
for the in vitro diffusion of
scopolamine,

D-value = 2.1.10~%cm?/day

£ilm length L = 3.85.10"2um
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time is shown in fig. 6. A clear cut is observed between
the two films in contact at the beginuning. Then the drug

starts to diffuse into the empty film, resulting in a con-

tinous concentration profile which leads to the observed in-

terference lines, every line fulfilling the condition

n+a = const. (8. also eq. 1).

For evaluating the diffusion coefficient D from the inter-
ference lines, in the first step, the C (x,t) values were
calculated with the aid of eq. 3. By using then the sum of
the squared differences QSu between the experimental and

the calculated values

= 2
(eq.12) WSy ‘E:(Cexpfccalc.)

as a criterium for a good fit, D in eq. 5 is chaunged by
small increments until QSu is minimized. The calculatiouns
were performed with a computer. The resulting profile for
scopolamine (20% w/w) in polyadcrylate after 8 days with

-6

8 D-value of 2,1-10 cm2/ day and some experimental data-

points is shown in fig. 7. In the same way the D-values

Table 1
D-values

molecular |C in % (T = 31°C)| solubility
examined drug|welght (w/w) cm</ day in g/100 ml]
scopolamine | 303 20,0 2,1-1070 10
haloperidol | 376 5,0 5,3.1077 | 1,4.107°
brotizolam 370 7,0 1,4.20°% | ~1 .1073
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were evaluated for the other two drugs, the data are

shown in tab. 1.

Though the drugs differ very much with respect to their
solubility in water, the diffusion coefficient of the mole-
cules is of the same order of magnitude and seems to be

nearly independent of this physico-chemical parameter.

Knowing the D-values, eq. 8 can be used to calculate the
amount of drug released under sink-conditions from the poly-
acrylate film., The calculated and the experimental curves
for the release of the drugs scopolamine and haloperidol
under in vitro conditions using water and 0.1nHCl as a
receptor medium (T = 31°C) are plotted in fig. 8 and 9, in
the form: percentage of drug released as a function of time
in days. In both cases the calculated curve leads to lower
values than the experimentally observed under the chosen in
vitro set-up. Nevertheless the magnitude of time is com-

parable with the values from the in vitro experiments.

In order to correlate the in vitro respectively the calcu-
lated release data with in vivo results, a scopolamine
containing film (20% w/w) was worn 8 days on the upper

arm and then interferometrically measured as described
above. The observed councentration gradient under in vivo
conditions is shown in fig. 10 and the obtained concentra-
tion values at certain distances from the surface are

shown with the calculated distribution curve C (x, 8 days),

applying eq. 7 in the fig. 11.
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FIGURE 8

In vitro release rates of scopolamine in water and 0.1nHC1
as a function of time, calculated release curve according

to eq. 5, film length L = 1.54-10‘2um

The experimental data and the theoretical considerations

so far obtained lead to several conclusions. The flux of
the drug scopolamine in this polymer system is the rate de-
termining step. If the mass-flux into the skin would be
swaller there would not be any concentration gradieunt, only
a decrease with a homogenous distribution at any time. The
chosen in vitro-conditions consisting in the direct contact
of water with the polymer film result in a release rate

which seems to be higher than the in vivo release by a
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_ RELEASED AMOUNT

OF DRUG IN %

- CALCULATED CURVE

i 2 3 4 5 6 TIME IN DAYS

FIGURE 9
In vitro release rate of haloperidol in water and 0.1nHCl as a
function of time, calculated release curve according to eq. 5,
£ilm length L = 9.6-10"um

factor of about 3 (s. fig. 8). The presence of water for
polyacrylate as a drug reservoir does not seem to have a
crucial effect on the flux-rate nor to be the fundamental
requirement for the diffusion itself. For interpreting the
diffusion of the drug out and in a polymer system in terms
of the Higuchi-equation, the dissolution of the solid drug
is the first step in the sequence of diffusion and only the
dissolved drug is tramsported in water as the traunsport

medium. Besides the above wentioned findiung, the fact that
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FIGURE 10
Interfereuce pattern from a
scopolamine containing filwm
(20% w/w) worn 8 days on the
upper arm

the release rate for the two drugs in the in vitro experi-
ment is uneffected by using O0,.1nHCl as a receptor medium
indicates that this concept is not applicable. For the
drug haloperidol the solubility Cs increases in the
0.1nHC1 by a factor of 215 compared to neutral water. By
applying eq. 11 the curve for the release rate pattern
should be altered by a factor of 15, but no change is ob-
served in the in vitro experiment. It can be concluded
from this iuvestigation that also for drugs with a low

solubility in water and a high loading dose (A>>CS, s.eq.
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CONCENTRATION-AXIS

~— CALCULATED CURVE

@ EXPERIMENTAL DATA

FIGURE 11
Cowparison of the caliculated
concentration profile and the
experimental data obtained
from fig. 10
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11) the flux of the drug in in vitro/ in vivo experiments

| can be described by Ficksz second law, with a D-value deter-

wined in the pure polymer phase by interferometric weasure-
ments. In order to change the mass flux of the drug the
D-value has to be changed into a different order of magni-
tude. This can only be done by altering the polymer system
by either modifying the chemical structure of the used mac-
romolecules or by altering the physical properties of the

polymer device.
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