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ABSTRACT: The objective of this study was to investi-
gate the phenomenon and kinetics of insulin chemisorp-
tion by cation-exchange acrylic fibers, as well as the devel-
opment of theoretical modeling of the chemisorption pro-
cess. Change of the insulin concentration in solution was
determined by UV spectrophotometric method. The profile
of insulin concentration in the fiber was determined by
application of mathematical model. The developed mathe-
matical model describes the chemisorption process using
fractional kinetics equations of diffusion. Taking all the rel-
evant conditions, regarding this experiment, into consider-

ation, the coefficient of insulin diffusion into the fiber,
overdamped effect parameter, as well as the concentration
ratio parameter were determined by the mathematical
model. Proposed modeling approach is useful for the
description of transport dynamics in complex systems as
polymer transport through the porous matrices, which are
governed by anomalous diffusion. � 2007 Wiley Periodicals,
Inc. J Appl Polym Sci 104: 253–260, 2007

Key words: modeling; chemisorption; insulin; cation-exchange
fibers; diffusion coefficient

INTRODUCTION

Artificial fibrous drug depots with a programmed and
controlled drug release, present novel fibrous materi-
als, are applied in medical and other fields. Polymer-
based drug delivery systems have been considered for
many applications to supplement standard means of
medical therapeutics.1–3

An appropriate selection of the polymer matrix is
necessary to develop a successful drug delivery sys-
tem. The polymer could be nondegradable or degrad-
able. A major disadvantage of nondegradable poly-
mers is that a surgery is required to remove these
polymers from the body once they are depleted of the
drug. Hence, nondegradable polymers can be used
only if removal of the implant is easy.2

Morphology of the polymer matrix plays an impor-
tant role in governing the release characteristics of the
encapsulated drug. The polymer matrix could be for-
mulated as either microspheres or nanospheres, in
gel, film, or an extruded shape (such as cylinder, rod,
etc). The shape of the extruded polymer can be impor-
tant for the drug release kinetics. Recently, it has also
been proposed to use ion-exchange fibers in medical

and pharmaceutical applications, e.g., as a drug reser-
voir in an ionophoretic patch for transdermal drug
delivery.1–3

Fibrous ion-exchange materials are suggested to
have a larger surface area to unit volume ratio, which
leads to a higher absorption rate and absorption
capacity as compared with the resin. Information
about the research on ion-exchange fibers has been
published mostly in China, Japan, and in Eastern
European countries.4–7

Our research, in recent years, is directed toward
obtaining biologically activate fibers in the form of
complex ion-exchange fibers—insulin as an artificial
store of insulin. The fibrous ion exchangers are rela-
tively new materials. The fibrous insulin delivery sys-
tem was prepared by chemisorption of insulin with
ion-exchanged polyacrylonitrle (PAN) fibers. Cation-
exchange polyacrylonitrile fibers were chosen for this
purpose, above all, because of their good chemical sta-
bility and their high degree of porosity.8 Our previous
results showed that it is possible to obtain the insulin
fibrous depot with a significant amount of insulin,
even reaching the amount of 800 mg per gram of
fiber.8–12 These insulin artificial stores provide con-
trolled release of insulin in blood, with constant rate
for long period. In addition, it increases patient com-
fort as well as offers a number of potential advantages
in regard to conventional diabetes treatment. Based
on our artificial depot, it is possible to achieve the
activity of the system for the period of 3 months.
Depending on the amount of insulin bonded within
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the fiber, it is possible to prolong or reduce the time of
its action. When insulin is exhausted, it is necessary to
remove the fibrous carrier from the living organism
and to implant a new artificial store.

Mechanism of insulin chemisorption could be
described like a mechanism of binding amino to acid
groups. Insulin is one of the smallest proteins, having
molecular weight 5733. The amino acid residues are
joined together in protein by the formation of amide or
peptide bonds between the a-carboxyl group and the
a-amino group of the residues. The insulin protein
has isoelectric point at pH 5.4 when existing in the
form of zwitterion. The hydrogen from carboxyl group
of sorbent moved to carboxyl group of zwitterion
(þNH3��R��COO�). In acid and neutral solutions, in
concentrations relevant for pharmaceutical formula-
tion, the insulin monomer assembles to dimers and at
neutral pH, in the presence of zinc ions, further to hex-
amers.13 Monomers and dimers diffuse into fiber read-
ily, whereas hexamers diffuse very poorly. Hence,
absorption of insulin solution containing a high pro-
portion of hexamers is delayed and slow. During
chemisorption process, one has to take care of insulin
activity and has to consider that a breaking of disulfide
bridges causes immediate loss of insulin activity.

The chemisorption process comprises the following
three stages:

• adsorption of the insulin by the fiber external
surface,

• diffusion of the insulin inside the fibrous mate-
rial, and

• chemical bonding of the insulin and fibrousmaterial.

The external diffusion limitation of insulin macro-
molecules in solution is neglected because of good
mixing pattern at the macrolevel.

Chemisorption progresses slowly. In practice,
1 hour or even more is required for the sorption of the
insulin from the solution by fibrous ionites. The pro-
cess beginning by the adsorption of the insulin on the
external surface of the fiber and equilibrium is
achieved practically in several seconds. The fixation of
the insulin on the fiber, by bonding of insulin mole-
cules to macromolecules of the fibrous material, in
present case is a momentary process. The chemisorp-
tion rate is determined by the rate of insulin diffusion
into the pores from the external surface of the fiber.
The rate of insulin diffusion into the fiber depends on
the size of the insulin particles as well as on structure
of the fiber.

The degree of equilibrium sorption depends on
chemisorption conditions and, particularly, on the
temperature and insulin concentration.

In this article, the mathematical model describes the
chemisorption process using fractional kinetics equa-
tions of diffusion. Chemisorption process has been

widely considered to find the optimal experimental
conditions. Some attempts have been made to opti-
mize the performance of the fibers, ensuring the high
insulin concentration. Also, attention has been paid to
incorporate insulin conformation dynamics into trans-
port phenomena including overdamped effects. In
high concentration of insulin solution, insulin mole-
cules have tendency to make molecule association,
clusters, or agglomerates. It has significant impact on
chemisorption dynamics as well as provokes effects of
insulin anomalous transport through the fibrous ma-
trix. Subdiffusion is a kind of anomalous diffusion
problem, which includes overdamped effects.14–19

Overdamped effects are caused by polymer conforma-
tional dynamics. The aim of this consideration is to
determine the diffusion coefficients of insulin as well
as overdamped exponents for corresponding experi-
mental conditions.

EXPERIMENTAL

Materials

• Cation-exchanged PAN fibers with ion-exchanged
capacity 1.7 mmol g�1 and linear density 6.4 dtex,
obtained in Laboratory of Fibers, Faculty of Tech-
nology and Metallurgy, Department of Textile
Engineering, Belgrade, Serbia

• Human Zn-insulin (approx. 24 I.U. per mg),
Novo Nordix, Denmark

• Acetate buffer, pH 3.5
• Sodium hydroxide (NaOH) 5%

Obtaining complex ion-exchange fibers–insulin

Insulin was bonded to the fiber by a chemisorption
reaction on ion-exchange PAN fibers under the fol-
lowing conditions:

• Ion-exchange fibers, 200 mg
• Insulin concentration, 0.16, 0.20, 0.31 g dm�3

• Liquor ratio 1 : 500 (1 g of fiber: 500 dm3 of insu-
lin solution)

• Time of chemisorption 1–120 min and 24 h
• Temperature 248C
• pH 3.5–5.5

The preparation of the fibrous insulin delivery sys-
tem by insulin chemisorption by an ion-exchange
acrylic fiber is described in details in our previous
papers.8–12

Insulin concentration measurements—UV
spectrophotometric method

Insulin chemisorption from insulin solutions by an
ion-exchange acrylic fiber was monitored by UV Spec-
trophotometry, Shimadzu UV-260 UV–vis spectro-
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photometer. UV spectrums of the solutions of insulin
were recorded in the range of 200–400 nm and during
10, 20, 30, 40, 50, 60, 70, 120, and 2400 min. The con-
centration of insulin in the solution during chemisorp-
tion was determined on the basis of maximum UV
absorption at the wavelength of 275 nm.

Scanning electron microscopy

The morphology and topography of fibers were
studied by scanning electron microscopy (JEOL JSM-
T20 i JEOL JSM-35).

RESULTS AND DISCUSSION

Experimental results and model consideration

A fiber-based insulin delivery system was prepared in
the Fibers Laboratory of the Faculty of Technology
and Metallurgy, Belgrade. In our previous paper,10–12

the preparation of a fibrous insulin delivery system
followed by insulin chemisorption by an ion-exchange
acrylic fiber (PAN) is described.

The fibrous complexes cation-exchange fiber–insu-
lin were formed under static conditions. The bonded
amount of insulin was calculated based on the change
in insulin concentration in the solution. The insulin
concentration change was monitored and determined
in assigned time intervals. In this way, the kinetics of
the chemisorption reaction was studied. The intensity
of the expected maximum absorbing for insulin
decreases in time, indicating the decrease in concen-
tration of the insulin in bath.

Porous fiber structure enables the diffusion of insu-
lin into the polymer matrix and its bonding to ionic
groups of fiber. The influence of the porous structure,
size and geometry of pores, as well as size and geome-
try of insulin in mathematical model is expressed by
means of diffusion coefficient of insulin molecule
through the fiber.

Ion-exchange PAN fiber is characterized by an im-
portant z-potential and it enables a polyfunctional

cooperation of sorbent and insulin to be established.
In a schematic, simplified form, chemisorption of in-
sulin by cation-exchanging fibers may be presented
by following reaction:

FiberACOOHþ þ NH3ARACOO�

! ACOO� þNH3ARACOOH;

in which hydrogen from carboxyl group of sorbent
moves to the carboxyl group of the zwitterion, i.e., in
the absorption process the dipole ion transforms in
cation.

Previous experimental research of the chemisorp-
tion process of insulin has shown that this reaction
depends directly on the type and forms of fibrous
ionite, static ion-exchange capacity, concentration of
insulin solution, pH value, temperature and duration
of the contact between insulin and fiber, bath modu-
lus, etc.10,12

Interaction between insulin and fibers is chemical in
nature. There is neither physical nor surface adsorp-
tion of insulin, which is confirmed in an attempt of in-
sulin sorption by polyacrilonytrile fiber not containing
functional groups.

Results of kinetics of insulin chemisorption by cat-
ion-exchange PAN fibers depending on the concentra-
tion are shown in Table I.

Each value, given in Table I, represents the average
value of 10 experimental results. All results are within
the range of experimental error allowed for the meas-
uring method used with variation coefficient lower
than 5% and SD less than 0.07.

Obtained results show high exhaustion degree and
intensive flow of insulin chemisorption by cation-
exchange PAN fibers. In higher concentrations of the
insulin solution, sorption is impeded on account of
the molecule association to agglomerates or clusters.
Insulin in the monomer form has the molecular mass
equal to 6000 Da. The tendency to agglomerate is
expressed in highly concentrated solutions, as well as
on certain pH values.

TABLE I
Kinetics of Insulin Chemisorption (Humane Zn-insulinum) by Sample (200 mg) of PAN Ionite in Na-form in
Dependence on the Concentration of the Insulin Solution (pH solution 4.8–5.5, liquor ratio 1 : 500, T 5 248C)

Concentration of starting insulin solution 0.16 g dm�3

Time [min] 10 20 30 40 50 60 70 180 2400
Bonded insulina [mg g�1] 56.1 64.5 74.2 75.9 78.5 80.7 81.7 81.7 81.7

Concentration of starting insulin solution 0.20 g dm�3

Time [min] 10 20 30 40 50 60 70 180 2400
Bonded insulin [mg g�1] 54.5 63.6 72.0 80.1 88.5 94.1 101.2 104.6 108.2

Concentration of starting insulin solution 0.31 g dm�3

Time [min] 10 20 30 40 50 60 70 180 2400
Bonded insulin [mg g�1] 56.2 71.6 86.3 101.2 115.1 121.3 128.3 132.0 137.5

a Amount of insulin bonded to the fiber, mg of insulin per gram of fiber.
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To obtain artificial insulin depot with large quantity
of insulin, sample of fibrous ionite could be submerged
in the fresh insulin solution several times, up to the
maximal exhaustion of the insulin solution. Our previ-
ous results of obtaining insulin artificial depot showed
that it is possible to obtain fibrous depot with a sig-
nificant amount of chemically bonded insulin (about
800mg insulin per gram of polyacrilonitrile fiber).10–12

Changes in topography of the fibers, as evidential
result of the insulin chemisorption, are presented on
the scanning electron microscopy images (Fig. 1).

In Figure 1(b), realistic appearance of the obtained
fibrous artificial store of insulin is shown, and specific
structural details could be noticed. These structural
details on the fiber surface could come from insulin
agglomerates or clusters. The appearance of agglom-
erates on the surface may be caused by establishment
of coordinative bonds between Zn2þ ion from insulin
and residual, nonmodified ��CN groups from fiber.

Our experiment (Table I) proved that the chemi-
sorption from solution with higher insulin concentra-
tion flows more intensively, and fibers bond a bigger
amount of insulin per gram of fiber.

Diffusion process into the fibers could be approxi-
mated as mass transport process in the very long cy-
lindrical body with radius R. The processes of mass
transport in polymers have a mutual dependence on
the presence of void and defect structures and on the
nature of polymer chain segmental motions.

A model of the chemisorption process could be
established in relation to the change of insulin amount
within the observed solution volume, or in relation to
the change of the amount or concentration of insulin
bonded to the fiber, depending on the conditions and
duration of chemisorption.

The principle of this model is illustrated in Figure 2.
The model describes the change of insulin concentra-
tion in a swollen fiber cross section.

Fractional kinetics equations of diffusion were pro-
posed with an aim to include the overdamped effects
into the dynamics of insulin transport into the porous
structure of fibers. The consequence of insulin confor-
mation ordering in flow could be described as over-
damped effects. Such models offer the possibility to
separate the overdamping effects from other insulin
structural changes that affect the value of diffusion
coefficient as insulin cluster formation, interactions
between insulin macromolecules, and fiber matrices.

Equations that described the balance of the insulin
concentration in fiber and into solution, during the
time, are given by formulae (1) and (2).

Balance of insulin in fiber:

qbDcf
qtb

¼ De
1

r
� q
qr

r
qDcf
qr

� �
Dcf ¼ cfeq � cf ð1Þ

Figure 1 Scanning electron microscopy images of ion-exchange PAN fiber (a) and artificial insulin store (b).

Figure 2 Cross-section change of the insulin concentration along the fiber radius during the time. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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Balance of insulin in solution:

Vr
qbDcS
qtb

¼ NPef �De

qDcf
qr

���
r¼R

� �
DcS ¼ cS � cSeq ð2Þ

where cf is the insulin concentration in the fiber; cS, in-
sulin concentration in the solution; De, diffusion coef-
ficient; r, radius of a swollen fiber (time dependent
radius); Vr, volume of insulin solution; N, total num-
ber of fibers; H, length of a fiber; Pef, surface of a real,
swollen fiber ¼ 2 pRH; cfeq, equilibrium insulin con-
centration into the fiber; cS, equilibrium insulin con-
centration in the solution; and b, overdamping expo-
nent, which is b � 1. If the overdamped exponent is
equal to one, such dynamics could be explained by
classical diffusion equations.

The boundary conditions for insulin sorption by the
fibrous material are as follows:

1. r ¼ 0, t ¼ 0, cf (0,0) ¼ 0
2. r ¼ R, t ¼ 0, cf (R,0) ¼ cfmax

3. r ¼ R, t, cf (R,t) ¼ a(t) cS(t)

where the concentration ratio parameter is intro-
duced and expressed as aðtÞ ¼ ðcf ðR,tÞÞ=ðcSðtÞÞ. The

proposed model introduced the assumption that for
r < R the initial concentration of insulin in fiber is
approximately cf (r,0) � cf (0,0). Parameter a(t) at
equilibrium, for pure physical sorption, is much
lower than for chemisorption. Physically, the param-
eter a(t) represents the intensity of chemisorption.
For our model interpretation, additional boundary
condition is introduced:

4. t ¼ 0, að0Þ ¼ ðcf ðR,0ÞÞ=ðcs maxÞ
5. t ¼ teq, aðteqÞ ¼ cfeq=cSeq , where teq is equilibrium
time.

On the bases of experimental research related to the
forming of the artificial depot, an assumption is
imposed that the initial concentration of insulin on the
fiber surface is much higher than the initial concentra-
tion of insulin in solution, (cf (R,0)� cs(0)); that is,
because of the electrokinetic potential influence, an
accumulation on insulin molecules on the surface hap-
pened. As the chemisorption process is a fast one, a
certain number of insulin molecules will be bonded to
the fiber surface in a short time. The layer of insulin on
the fiber surface presents a barrier to diffusion of insu-
lin molecules from the solution toward the center of
the fiber. This barrier, on the one hand, presents partial
decrease of effective dimensions of PAN fiber pores in
the surface layer of fiber, and on the other hand, the
influence of electrostatic repellent interaction of cer-
tain chemical groups of insulin is also present.

External diffusion limitation is neglected because of
good mixing pattern in the macrolevel, which corre-
sponds to boundary conditions 2 and 3. Internal diffu-
sion inside the fibers is considered, while the presence
of boundary layer around the fibers is neglected.

Solution of the formulae (1) and (2) is possible by
Fourier division of the variables, as well as Bessel’s
functions.

Dcf ¼ xðtÞ � yðrÞ (3)

q2y
qr2

þ 1

r

qyðrÞ
q � r þ l2

De
yðrÞ ¼ 0 (4)

qxðtÞ
qt

þ l2aD
1�b
t � xðtÞ ¼ 0 (5)

xðtÞ ¼ C1E1;bð�l2 � tbÞ

where aD
1�b
t represents operator of nonintegers dif-

ferentiation.18,20

The final solution of formula (1) describes the spa-
tiotemporal change of insulin concentration in the
fiber:

cf ¼ cfx

�

C1 1�ðraÞ2
4

þðraÞ4
64

�ðraÞ6
2304

" #
þ

C2
ðraÞ2
4

�ðraÞ4
64

1þ1

2

� �
þðraÞ6
2304

1þ1

2
þ1

3

� �" #

�E1;bð�l2tbÞ

8>>>>>>><
>>>>>>>:

9>>>>>>>=
>>>>>>>;
(6)

where parameter a is expressed as a¼
ffiffiffiffi
l2

De

q
, l repre-

sents the specific rate of insulin concentration de-
crease in solution and could be determined from the
experimental data, and De is the internal diffusion
coefficient of insulin.

The change of insulin concentration in the solution
as a function of time is

cS ¼ cSeq þ ðcS0 � cSeqÞ � E1;bð�l2tbÞ� (7)

Constants C1 and C2 were determined from the
boundary conditions (1–3).

C1 ¼ �cf eq (8)

* E1;bð�l2tbÞ �Mittag� Leffler function:14�18

E1;bð�l2tbÞ ¼
X1
n¼0

ð�l2tbÞn
Gðbnþ 1Þ ,

where G represent gamma function:
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C2 ¼
cf eq � cS0 þ cf eq 1� ðRaÞ2

4 þ ðRaÞ4
64 � ðRaÞ6

2304

h i
ðRaÞ2
4 � ðRaÞ4

64 1þ 1
2

� �þ ðRaÞ6
2304 1þ 1

2 þ 1
3

� �h i (9)

Further, diffusion coefficient could not be experi-
mentally obtained. However, diffusion coefficient
could be calculated using proposed model. By incor-
porating the formulae (6) and (7) into the model for-
mula (2), following functional form is expressed:

Vs

ðcSa � cSeqÞ
N � Pef

¼ 1

2
RðC2 � C1Þ þ 1

16
R3a2 C1 � 3

2
C2

� �

þ 1

384
R5a4 C2 1þ 1

2
þ 1

3

� �
� C1

� �
þ � � � ð10Þ

where Vs is volume of insulin solution; Pef, effective
fiber surface area; N, total number of fibers; and R,
the fiber radius that is experimentally obtained.

Discussion of experimental results using
proposed mathematical model

Above discussed modeling approach was used for
calculating the diffusion constants and overdamped
exponent for various experimental conditions. The
change of insulin concentration in solution during the
chemisorption, for various initial concentrations, is
shown in Figures 3(a–c), together with model curves
calculated using the formula (7).

The parameter l decreases with the increase of ini-
tial insulin concentration in solution. Higher initial in-
sulin concentration resulted in the formation of
higher-sized clusters in solution. Transport of such
clusters from fiber includes the internal diffusion limi-
tation through the fiber. External diffusivity limitation
is neglected because of good mixing pattern in the
macrolevel. The consequence of this phenomenon is
calculated lower value of parameter l. The over-
damped exponent b is also determined by fitting pro-
cedure and is shown in Table II. All calculated values
of exponent b are near to the one that means that over-
damped effects do not affect the dynamics of insulin
transport significantly. The lowest value of exponent
b corresponds to the highest initial value of insulin
concentration in solution. Overdamped effects af-
fected the dynamics of insulin transport for higher ini-
tial insulin concentration. Insulin exists in solution
(depending on concentration and pH) as monomers
or dimers and in rhombohedral crystals as hexamers.
At higher concentrations at acid or neutral pH (in the
absence of zinc) the insulin monomer self-associates
to form dimers and (in the presence of zinc) hex-
amers.13 Under solution conditions where the native
state is destabilized, the largely helical polypeptide
hormone insulin readily aggregates to bigger aggre-
gates or clusters. Conformational insulin molecule
order in the flow from solution to the area inside the

fiber depends on cluster sizes. Higher-sized clusters
represent the more rigid structural units than do
smaller-sized clusters.

Corresponding values of l (Table II) are introduced
to the eq. (10) on the account of diffusion coefficients
calculation. The coefficient of insulin diffusion was
determined by the mathematical model, taking all the

Figure 3 The change of insulin concentration in solution
during the chemisorption as well as model curves of over-
damped exponent b determined by fitting of experimental
data. Initial insulin concentrations: (a) cs ¼ 0.16 mg/mL (b)
cs ¼ 0.2 mg/mL (c) cs ¼ 0.31 mg/mL. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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relevant conditions regarding this experiment into
consideration. The mathematical model showed changes
in the coefficients of insulin diffusion depending on in-
sulin concentration. The insulin diffusion coefficient
for insulin solution concentration 0.31 mg/mL is ap-
proximates half the size of the insulin diffusion coeffi-
cient for 0.16mg/mL.

These values of diffusion coefficient for insulin
chemisorption by polyacrylonitrile fibers show that
diffusion of insulin through PAN fiber progresses
very slowly. The values obtained for insulin diffusion
coefficient through ion-exchange fiber are of the same
grade with the results from literature related to coeffi-
cients of diffusion of giant molecules as g-globulin,
lysosomes, ovalbumin, etc., through fibrous forms
(0.4 � 10�13 to 1.13 � 10�13 m2/s).21 In comparison
with coefficient of water diffusion coefficient D
¼ 1.2361 � 10�10 cm2/s for PAN found in the litera-
ture,22 diffusion of insulin molecules is much slower
than water molecules through PAN fiber. The slow in-
sulin diffusion through polymer could be explained
by the tendency of insulin molecules tend to make
agglomerates that do not easily pass through pores of
fibers.

Calculated value of diffusion coefficient is further
introduced into the model eq. (6) to determinate the
concentration profile of insulin in fiber, which is sche-
matically represented in Figure 2. In addition, we
introduced the assumption that for experimental ini-
tial concentrations of insulin in solutions, i.e., cs ¼ 0.16
g dm�3, cs ¼ 0.20 g dm�3, cs ¼ 0.30 g dm�3, corre-
sponding initial insulin concentration on fiber sur-
faces cf(R,0) are 120, 180, and 210 g dm�3, respectively.
The results of calculation profiles of insulin concentra-
tions in fiber for various experimental conditions are
shown in Figure 4.

As shown in Figure 4, the equilibrium state is
reached faster for lower initial concentration of insulin
because of lower value of previously calculated diffu-
sivity coefficient.

The concentration ratio parameter, a, with respect
to time for various initial insulin concentrations in so-
lution is shown in Figure 5. The parameter a could be
explained as the measure of chemisorption efficiency
in regard to bonded quantity of insulin into the fiber.
Experimental results have shown that normalized pa-
rameter a0/a increases during the time from 1 to equi-

TABLE II
Values of Specific Decrease Rate of Insulin Concentration in Solution,
Overdamped Exponent, As Well As Insulin Diffusion Coefficient for

Various Initial Insulin Concentrations

Insulin concentration
[g dm�3] l b De [cm

2/s]

0.16 0.0018 6 0.0002 0.975 6 0.01 (2.6317 6 0.2) � 10�13

0.20 0.0010 6 0.0002 0.970 6 0.01 (1.5176 6 0.2) � 10�13

0.31 0.0070 6 0.0002 0.965 6 0.01 (1.1382 6 0.2) � 10�13

Figure 4 Profile of insulin concentration in the fiber
depending on insulin concentration and time of sorption: (a)
cs ¼ 0.16 mg/mL (b) cs ¼ 0.2 mg/mL (c) cs ¼ 0.31 mg/mL.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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librium value. The equilibrium value of parameter a
is in the range of 7.8–8.3.

In general, mathematical model has shown that in
investigated range of insulin concentration, parameter
a is not significantly clear on change of initial insulin
concentration into the solution.

CONCLUSIONS

Mathematical model was developed on the basis of
experimental results. A model of the chemisorption
process was established in relation to the change of in-
sulin amount within the observed solution volume.
Mathematical model gives some detailed information
about chemisorption process, such as profile of insulin
concentration change in the fiber, as well as the dif-
fusion coefficient of insulin into the fiber, overdam-
ped exponent b, and the specific concentration rate
parameter.

Higher initial insulin concentration resulted in the
formation of higher-sized clusters in solution. Trans-
port of such clusters from solution to fiber includes
the internal diffusivity limitations while the external
diffusivity limitation is neglected because of the good
mixing pattern at the macrolevel. The consequence of
this phenomenon is calculated lower value of parame-
ter l and overdamped exponent b. Conformational in-
sulin molecule ordering in the flow depends on the
cluster sizes. Higher-sized clusters represent the more
rigid structural units then smaller-sized clusters.

The value of the diffusion coefficient, calculated
according to concentration of the insulin solution 0.16
mg/mL, gives De ¼ 2.6317 � 10�13 cm2/s, for concen-
tration of insulin solution of 0.2 mg/mL, De ¼ 1.5176

� 10�13 cm2/s, and finally for concentration 0.31 mg/
mL, De ¼ 1.1382 � 10�13 cm2/s. The slow insulin dif-
fusion through polymer is because the insulin mole-
cules tend to make agglomerates that do not easily
pass through pores of fibers.

Proposed model approach could be used to make
the prediction of optimal experimental initial insulin
concentration in the solution. Higher initial insulin
concentration is desired to achieve the higher equilib-
rium insulin concentration inside the fiber. However,
higher initial insulin concentration included the vari-
ous anomalous transport phenomena as diffusion lim-
itations and overdamped effects.

Also, proposed modeling approach is useful and
can be applied for the description of transport dynam-
ics in different complex systems as polymer transport
through the porous matrices, which are governed by
anomalous diffusion.

References

1. Domb, A. J.; Bentolila, A.; Teomin, D. Acta Polym 1998, 49(10/11),
526.

2. Domb, A.; Amselem, S.; Shah, J.; Maniar, M. Polym Adv Technol
2003, 3, 279.

3. Brannon-Peppas, L. Medical Plastics and Biomaterials Maga-
zine, November 1997, p 34.

4. Kankkunen, T.; Sulkava, R.; Vuorio, M.; Kontturi, K.; Hirvonen, J.
PharmRes 2002, 19, 705.

5. Soldatov, V. S.; Shunkevich, A. A.; Sergeev, G. I. React Polym
1988, 7, 159.

6. Jaskari, T.; Vuorio,M.; Kontturi, K.; Manzanares, J. A.; Hirvonen, J.
J Controlled Release 2001, 70, 219.

7. Vuorio, M.; Manzanares, J. A.; Murtomaki, L.; Hirvonen, J.;
Kankkunen, T.; Kontturi, K. J Controlled Release 2003, 91, 439.
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Figure 5 Change of the concentration ratio parameter.
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