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ABSTRACT: A mathematical model was developed to
estimate the release of gentamicin sulfate from a bioactive
textile material as a transdermal system for wound dress-
ing. The gentamicin sulfate released from the antibiotic/
chitosan hydrogel complexes was measured in vitro by the
Franz diffusion cell technique. The diffusive transport of
gentamicin sulfate through three connected compartments,
that is, chitosan hydrogel, membrane, and solution, was
considered by the formulation of a model based on Fick’s
second law. Initially, the total amount of gentamicin sulfate
was placed within an already swollen chitosan hydrogel.
The value of the diffusivity coefficient of the drug through
the chitosan hydrogel was calculated for every initial amount
of the active substance. For the initial concentration of genta-

micin sulfate, which was lower than 2.81 x 10* pg/mL, the
diffusion coefficient was approximately constant. A higher
amount of gentamicin sulfate in the hydrogel reduced its
own transport as a consequence of an increase in the inten-
sity of the interaction field between the molecules of gentami-
cin sulfate. The model provides the possibility of optimizing
the process of drug release by ensuring a compromise
between a higher value of the diffusivity coefficient and a de-
sirable amount of gentamicin sulfate and a constant concen-
tration within the solution over 48 h. © 2010 Wiley Periodicals,
Inc. ] Appl Polym Sci 117: 1424-1430, 2010
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INTRODUCTION

The controlled release of drugs from a bioactive tex-
tile material as a transdermal system for wound
dressing has been examined from many points of
view during the past decades.'™®

Through a combination of the unique protective
characteristics of textile materials with their potential
features, such as supersorbents, and their ability to
create storage for medicine with different therapeu-
tic effects, biomaterials with certain traits could be
produced. Through association and the connection
of different scientific fields, including practical medi-
cine, pharmacy, pharmacology, physical chemistry
(e.g., chemistry of polymers, chemistry of colloids),
and textile technology, the multifunctional aspects of
these materials can be achieved.'™
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Antimicrobial biotextile materials are especially
interesting for wound dressing and healing. Amplifi-
cation of their actions may be attained with special
antibiotics or a combination of materials. In previous
research, we showed that an antimicrobial biomedi-
cal textile material based on polyacrylonitrile fibers
and nonwoven textile showed considerable activity
against different strains of bacteria.”'* An antimicro-
bial textile material could consist of a nonwoven tex-
tile base, composed of polypropylene (PP)/viscose, a
natural polymer -carrier, and an antimicrobially
active substance. The polymer carrier was usually in
the form of a hydrogel.

The regulation of drug release from a polymer
hydrogel matrix is important from the perspective of
the rate and the delivered amount of active sub-
stance to its final destination (injury/wound) with
prolonged time of effectiveness.'”"®> Aminoglycoside
antibiotics are therapeutically important for the
treatment of numerous infections.'*'®

The application of natural polymers for such
purposes attracts great attention because of their
excellent biocompatibility and biodegradability. Chi-
tosan is one widely used polymer because it is
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hypoallergenic and possesses some extraordinary
features, such as biodegradability, nontoxicity, and
excellent biocompatibility.

The release of a drug from a polymer matrix has
multistage characteristics. Such a complex physiolog-
ical-chemical process has been divided into the fol-
lowing stages:

+ Diffusion of water molecules or physiological
solution in a polymer carrier of active sub-
stance and swelling.

* Breaking up primary and secondary bonds of
the drug and polymer matrix.

+ Diffusion of the drug from a polymer hydro-
gel through a membrane to the physiological
solution (water, buffer).

Mathematical modeling plays an important role in
the optimization of hydrogel network design by
identification of the key parameters and the mole-
cule release mechanisms. Several mechanisms have
been elucidated to describe molecule release from
polymer hydrogel systems, including diffusion,
swelling, and chemically controlled release. Diffu-
sion-controlled release is the most widely applicable
mechanism for describing drug release from hydro-
gels. Fick’s law of diffusion, with either constant or
variable diffusion coefficients, is commonly used to
model diffusion-controlled release.">'”"'® Drug diffu-
sion within highly swollen hydrogels is also best
described by Fick’s law of diffusion or Maxwell-Ste-
fan equations."

In this article, we show a mathematical model of
gentamicin sulfate release from a biomedical com-
plex of a nonwoven textile, chitosan hydrogel, and
gentamicin sulfate. Also, the transdermal diffusion
of gentamicin sulfate (through artificial skin-mem-
brane) was observed in vitro by the Franz diffusion
cell technique. The mathematical model was devel-
oped to connect the initial concentration of genta-
micin sulfate in chitosan with the concentration in
the physiological solution by determination of the
diffusion coefficient of the drug in hydrogel (D).
The simple mathematical concept with the possibil-
ity of analytical solving was formulated with Fick’s
second law for three connected compartments (the
hydrogel, membrane, and physiological solution).
It was used to predicted the drug-release profiles
within the compartments. Deeper insight into the
complex phenomenon of drug release was possible
through the connection of the calculated diffusivity
coefficient of the drug in the hydrogel and the
experimental conditions. The subject of this article
is the optimization of the in vitro transdermal diffu-
sion with the proposed mathematical model of
the release of gentamicin sulfate from the chitosan
hydrogel.
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EXPERIMENTAL

Bioactive textile materials have characteristics of
composite materials; these include

1. A nonwoven textile base.

2. A polymer carrier of an active antimicrobial
substance.

3. An active substance, in this case, the drug gen-
tamicin sulfate.

1. Nonwoven textile material

The textile material used in the design of this trans-
dermal system had all of the necessary features of a
certified material for medical use; that is, it was hy-
groscopic, it possessed air and moisture permeabil-
ity; and it had appeal and flexibility and was com-
fortable when in contact with a wound surface or
skin. Furthermore, it possessed little shrinkage and
had a nontraumatic nature, sterilization ability, and
possible application for polymeric composition.

The nonwoven textile base presented the inertial
medical textile material consisting of a mixture of PP
and viscose fibers thermally bonded (Table I).

2. Polymer carrier of the active substance

The polysaccharide [poly-(p-glucosamine)] chitosan
was the product of the deacetylation of chitin with a
degree of deacetylation of 78-82% purity for biomedical
use. We received the chitosan from Sigma-Aldrich (St.
Louis, MO) with a molecular weight of 200,000. Chito-
san gels were prepared at 1-2 wt/wt % concentrations
in a diluted acetic acid solution (20 wt/wt %, pH 5).

3. Active substance

The active substance was the aminoglycoside antibiotic
gentamicin sulfate (Galenika-Pharma Generi CSBV).

Procedure of the formation of the antimicrobial
textile material

Gentamicin was immobilized onto a polymer matrix
of chitosan, as a polymer carrier, at a desirable con-
centration; this was spread on the surface of a non-
woven textile foundation by means of adhesion.

TABLE I
Characteristics of the Nonwoven Textile Materials

PP 50% /viscose 50%

Raw composition

Linear density 1.7/1.7 dtex
Surface mass 84 g/ m?>
Thickness 0.90 mm
Increase in length under a 20%
maximal stress of 40 N/50 mm
Sterilization Dry procedure with

gaseous ethylene oxide

Journal of Applied Polymer Science DOI 10.1002/app
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Textile surface on
[ z EH— which 1s bioactive layer spread
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The polymer carrier with the immobilized gentamnicin sulfate in the chitosan polymer
matrix

Figure 1 Scheme of the bioactive textile material.

Gentamicin sulfate was incorporated into the formu-
lations at a 2 wt/wt % concentration.

The procedure of formation of this antimicrobial
textile material was developed at the Faculty of Tech-
nology and Metallurgy in Belgrade under the project
Development of Biomedical Textile Material and
Products of Programmed Characteristics (Fig. 1).""

The bioactive layer of the bandage included the
polymer carrier with the immobilized gentamicin
sulfate in the chitosan polymer matrix. The concen-
trations of the active substance in the polymer ma-
trix on the nonwoven textile material were

* 0.09 mg/cm” and 0.10 mg/cm? or 2.81 x 10*
ng/mL and 3.12 x 10* pug/mL.

* 0.90 mg/cm2 and 1.00 mg/cm2 or 2.81 x 10°
pg/mL and 3.12 x 10° pg/mL.

Dissolution studies

Skin penetration and gentamicin sulfate released from
the antibiotic-polymer complexes were measured in
vitro by the Franz diffusion cell technique. The genta-
micin sulfate release was studied in 500 mL of phos-
phate-buffered saline at pH 7.4 and 37°C in a mild
shaking environment (75-100 rpm). Aliquots of 3 mL
were assayed for gentamicin sulfate at time points of
0,0.25,05,0,75,1,2,3,4,5, 6,12, and 24 h. For assess-
ment of the quantity of gentamicin sulfate released, a
high-performance liquid chromatography method was
used. An apparatus with a paddle was used for this
examination. The container was filled with a certain
amount of fluid as a solution, and it was thermally iso-
lated to a temperature of 37 £ 0.5°C.

Phenomenological background of the model

The process of gentamicin sulfate release from the
chitosan hydrogel through the membrane to the
physiological solution was considered for various
amounts of drug initially stored in the hydrogel. The
hydrogel swelling was much faster than the trans-
port of gentamicin sulfate. It was finished after
5 min, whereas the transport of the drug was con-
sidered complete at 48 h. Initially, the total amount
of the drug was placed within an already swollen
hydrogel. The slow release of the drug through the
hydrogel and the membrane to the solution and the
slow removal of the part of the physiological solu-
tion ensured an approximately constant drug con-
centration within the physiological solution over
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48 h. The release of gentamicin sulfate was considered
by observation of the changes of the concentration of
gentamicin sulfate in the physiological solution as a
function of time, as shown in Figure 2.

The measured concentration of gentamicin sulfate
in the solution reached a constant value after 30 min
for all initial concentrations of the drug in the hydro-
gel. An interesting phenomenon was discovered When
the initial concentration (Cy) of the drug in the hydrogel
increased up to Cy = 2.81 x 10* pug/mL, the corre-
sponding equilibrium concentration (Cgg) in solution
also increased up to Cgrs = 37.8 ng/mL. However, the
highest initial concentration of drug, that is, Cy = 3.12
x 10* pug/mL, ensured a lower value of the equilib-
rium concentration of the drug in the solution, that is,
Crs = 30.4 pg/mL. Such a phenomenon pointed to an
increase in the resistance effect for drug transport
through the hydrogel matrix; this indicated a decrease
in the diffusion coefficient. In accordance with the fact
that the optimum experimental conditions included
that the maximum concentration of the drug in the so-
lution was ensured, we recommend using a value of
the initial concentration of the drug in the chitosan
hydrogel equal to Cy = 2.81 x 10* pg/mL.

For further consideration of this phenomenon, we
formulated a mathematical model. It offered the pos-
sibility of determining the values of Dy of gentami-
cin sulfate and the concentration profiles for all of
the experimental conditions.

Model development

For the development of the mathematical model, we
considered the transport of gentamicin sulfate
through three connected compartments: the polymer
carrier in the form of the hydrogel (H), the mem-
brane (M), and the solution (R; Fig. 3).

The balance equation for each compartment was
formulated with Fick’s second law, presented in
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Figure 2 Release of gentamicin sulfate as a function of
time.
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Figure 3 Scheme of the compartments.

Descartes coordinate system. This was in accordance
with fact that the radii (R’s) of both the hydrogel ma-
trix and the membrane compartments were much
higher than the width of the compartments, that is, Iy
and Iy — Iy (where [y is the width of the already
swollen hydrogel and Iy — Iy is the width of the
membrane; Fig. 3). The balance equation for the al-
ready swollen hydrogel compartment is expressed as
OCr(x,t) 0*Cy(x, f)
o P e 0

where Cp(x,t) is the local concentration of gentami-
cin sulfate in the hydrogel compartment expressed
per swollen hydrogel volume, ¢ is the time, and x is
a spatial coordinate (0 < x < Ip).

The balance equation for the membrane compart-
ment is expressed as

8CM(x*,t) = Dy yCM(X*f)

ot Ox** @

where Cy(x*¢) is the local concentration of gentami-
cin sulfate in the membrane compartment expressed
per membrane volume, D), is the diffusion coeffi-
cient of the drug in the membrane, and x* = x — Iy
is a spatial coordinate (0 < x* < [).

The balance equation for the solution compart-
ment is expressed as

GCR(t)_[_ O*Ca(x*,t)
ot M gx2

Ve 1/ i1, R*T—kCr(t) (3)

where Cg(t) is the concentration of gentamicin sulfate
in the solution compartment expressed per solution
volume, V3 is the solution volume, R,n is the contact
surface between the membrane and the solution, and
k is the specific rate of solution removal. It is experi-
mentally determined as k = Q*/Vg (where Q* is the
average flow rate of solution removal). The first term
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of the right-hand side of eq. (3) represents the drug
input, whereas the second represents the drug output.

One solves model egs. (1)-(3) analytically, starting
from the boundary conditions:

1. Att =0, for x = 0, Cy(0,0) = Cpnax, Where Cyay is
the maximum local concentration of the drug in
the hydrogel.

2. At t = 0, the total initial amount of the drug
placed within the already swollen hydrogel (mr)
is experimentally obtained. It should satisfy

Iy
my = Rzn/ Cr(x,0)dx
0

3. At every ¢, for x = 0, the drug concentration pro-
file has the maximum values, that is

aCH(xa t) _
ax /x:O - O

4. At every t, for the boundary between the hydrogel
compartment and the membrane compartment [x =
Iy, from eq. (1), and x* = 0, from eq. (2)], the concen-
trations of the drug should satisfy the condition
Cm(0,t) = a(t)Cri(lg,t). The suitable form of the func-
tion o(t) could be a(t) = sin(bt) (where a(t) is the
drug concentration ratio in the hydrogel/membrane
interface and b is a model parameter that is deter-
mined during the fitting procedure). The proposed
functional form is suitable to satisfy both conditions:
a. At t = 0, the parameter o(0) = 0 and the con-

centration of drug C,(0,0) = 0.
b. The parameter o(f) increases with time.

5. Att =0, for Iy > x* > I, the concentration of the
drug is Cp(x*,0) = 0.According to the boundary
conditions, the following analytical solution for
the drug concentration profile within each com-
partment is formulated. For the hydrogel com-
partment, it is expressed as:

2
Cu(x,t) = Cmaxexﬁcos< x—Hx> (4)
Dy

where 2% is the specific rate of the concentration
decrease.

For the membrane compartment, it is expressed as
CM(x*v t) = V(X*, t) + W(x*v t) (5)

where the function V(x*t) is the basic solution and
is expressed as

[52
V(x*,t) = Cmaxe‘kétsin(bt)cos ( g—H ZH) cos(ax™)
H

where a is the characteristic spatial frequency, the
function W(x*t) represents the contribution of the
spatial harmonics and is expressed as

Journal of Applied Polymer Science DOI 10.1002/app
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where [ is characteristic length for drug transport
through membrane and 0, and 0, are the minimum
and the maximum effective special harmonics of
frequency. For the solution compartment, it is
expressed as

b e M
X2 +b02 2+ b2

Cr(t) = Ae‘kt{ [x sin(bt) + b cos(bt)]}

(6)

where A and y, are constants and are expressed as

7»%[ Dy .,
A = CpnaxCOS I Jcos(a(ly — In)) —— R ma
DH VR

%=y —k.

The model parameters are determined in accord-
ance with the following procedure. The choice of the
value of parameter b of 0.01 h™' should be small
enough to ensure the dumping of the oscillatory
trend of the solution given by eq. (6), which corre-
sponded to our experimental observations. The
value of Dy, is approximately the same as the value
obtained in water, which was in accordance with
our experimental conditions, that is, high mem-
brane permeability. The value of the diffusion coef-
ficient in a water solution is 0.036-0.072 cm?/h.'*
Cmax is introduced as a slightly higher value than
the average initial concentration of the drug within
the already swollen hydrogel. The total initial

Journal of Applied Polymer Science DOI 10.1002/app
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amount of gentamicin sulfate within hydrogel was
calculated as mr = CyVy (where Vi is the volume
of the already swollen hydrogel matrix). The values
of the model parameters introduced in the balance
equation for further calculation of Dy and the pa-
rameter A7, are shown in Table II. The optimum
values of both Dy and the parameter A2 should sat-
isfy condition 2.

The specific outflow of solution k was experimen-
tally determined, that is, k = 1 h™!. The optimum
value of the model parameter A% should be lower
than the value of model parameter k to ensure an
approximately constant concentration of drug in
the solution over the 48-h time period. The model
parameter a was determined by comparison of the
experimental data of the drug concentration in the
solution with the model predictions calculated with

eq. (6).

RESULTS

The model presented here describes the influence of
various amounts of gentamicin sulfate initially
placed in a chitosan hydrogel on the process of drug
release. The release of gentamicin sulfate was
attended by measurement of the concentration in the
solution as a function of time (Fig. 4). The predicted
values of the concentration of gentamicin sulfate in
the solution, calculated with eq. (6) were fitted with
the experimental data by nonlinear least-squares
regression with minimization of the squared magni-
tude of the residuals of the gentamicin sulfate concen-
trations. The optimum model parameters obtained by
this fitting procedure that enabled the best agreement
with the experimental data are shown in Table III.
The optimum value of parameter 2 was the same for
all experimental conditions and was a = 10 cm ™ '. As
shown in Figure 4, the model predicted values for the
dimensionless cell concentration profile correlated
well with the experimental data with a relative error
of 10%.

TABLE II
Measured Parameters of the Model
Co (ng/mL)  Cpax (ng/mL) mr (Ug) Dy (cm?/h)
2.81 x 10* 2.83 x 10* 1.76 x 10° 0.072
3.12 x 10* 3.13 x 10* 1.96 x 10° 0.072
2.81 x 10° 2.83 x 10° 17.66 x 10° 0.072
3.12 x 10° 3.13 x 10° 19.62 x 10° 0.072
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Figure 4 Experimental data of the concentration of genta-
micin sulfate in the solution and model predictions as a
function of time.

DISCUSSION

The results indicate that the calculated values of Dy,
for gentamicin sulfate were approximately the same,
that is, Dy = 0.030 * 0.01 cm?/h for the initial con-
centration of drug in hydrogel up to Cy = 2.81 x 10*
pug/mL, as is shown in Table IIl. However, for the
highest initial concentration (Co = 3.12 x 10* pg/
mL), the corresponding value of Dy; was 1.18 times
lower, that is, Dy = 0.024 * 0.01 cm?/h. This indi-
cated that a higher amount of gentamicin sulfate in
chitosan (Cy > 2.81 x 10* ng/mL) induced an addi-
tional resistance effect for its own mass transport.
This represented the consequence of an increase in
the intensity of the interaction field between the
molecules of gentamicin sulfate. Gentamicin sulfate
has a tendency to form aggregates at higher concen-
crations."* The drug diffusion coefficients decreased
as a result of steric hindrance. The bonded mole-
cules of gentamicin sulfate filled the pores of the chi-
tosan hydrogel and represented a barrier for trans-
port of the unbounded molecules from the hydrogel
to the membrane.

The predicted profiles of gentamicin sulfate in the
hydrogel and the membrane were calculated with
eqs. (4) and (5). The profiles of the drug in the
hydrogel showed approximately the same trend,

TABLE III
Calculated Parameters of the Model
Co (ng/mL) M (1) Dy (cm?/h)
2.81 x 10* (5+1) x 1072 0.031 = 0.01
3.12 x 10* (4*1)x107? 0.030 = 0.01
2.81 x 10° (B+1)x 102 0.030 *+ 0.01
3.12 x 10° 2=*1)x107? 0.024 + 0.01
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Figure 5 Profile predictions of the concentration of genta-
micin sulfate in the (a) hydrogel (Ch) and (b) membrane
(Cm) for Cy = 2.81 x 10* ug/mL.

regardless of the value of the initial concentration.
On that basis, we show one representative predic-
tion profile in the hydrogel for Cy = 2.81 x 10* ug/
mL in Figure 5(a). The model prediction of the con-
centration profile of gentamicin sulfate in the hydro-
gel indicated a homogeneous distribution. However,
the concentration profile of gentamicin sulfate in the
membrane decreased significantly compared to the
hydrogel. This is shown in Figure 5(b). The obtained
results represent the consequence of the correspond-
ing values of the diffusion coefficients. The value of
Dy for gentamicin sulfate was 2.4 times lower than
that of D M-

The mathematical model through the analytical
solutions of material balances for the three compart-
ments, that is, the hydrogel, the membrane, and the
solution, provided an opportunity to connect the

Journal of Applied Polymer Science DOI 10.1002/app
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initial concentration of the drug within the hydrogel
and Dy The constant concentration within the solu-
tion over 48 h was obtained for all values of the ini-
tial concentration of gentamicin sulfate in the hydro-
gel from 2.81 x 10* to 3.12 x 10°.

The results of this study point to some important
cause—consequence relationships between the initial
concentrations of gentamicin sulfate in the chitosan
hydrogel and the corresponding value of the diffu-
sion coefficients. For the initial concentration of gen-
tamicin sulfate, lower than 2.81 x 10* pg/mkL, the
diffusion coefficient was constant. However, for
the higher initial concentration of gentamicin sulfate,
the diffusion coefficient decreased approximately
1.18 times. The higher amount of gentamicin sulfate
in the hydrogel reduced its own transport as a con-
sequence of the increased intensity of the interaction
between the molecules of gentamicin sulfate.

We optimized the process of the release of genta-
micin sulfate from the chitosan hydrogel by using an
initial concentration of gentamicin sulfate equal to
2.81 x 10* ug/mL. This ensured the highest possible
value of constant concentration in the solution and
constant concentration within the solution over 48 h.
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