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In this work chitosan membranes modified by contact with poly(acrylic acid) (PAA) aqueous solution at
two different temperatures (25 �C and 60 �C) were obtained. The pure chitosan (CS) membranes, as well
as those treated with PAA (CSPAA_25 and CSPAA_60) were characterized by FTIR-ATR, water sorption
capacity, thermal analysis (TG/DTG), and scanning electron microscopy (SEM). In addition, in vitro per-
meation experiments were carried out using metronidazol and sodium sulfamerazine aqueous solutions
at 0.1% and 0.2% as model drugs. FTIR-ATR results showed the presence of absorption bands of NH3

þ and
COO� indicating the formation of a polyelectrolyte complex between chitosan and poly(acrylic acid). The
results also indicated that PAA penetrates deeper into the membrane at higher temperature (60 �C), form-
ing a thicker complex layer. Polyelectrolyte complex formation as well as the influence of treatment tem-
perature was confirmed by lower hydrophilicity, higher thermal stability, and lower permeability of the
treated membranes. The results show that the methodology used is a simple and very efficient way to
drastically change some membrane properties, especially their permeability.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The technology associated to the modification of pharmaceutical
formulations for drug release has progressed significantly in the last
decade. Nowadays, in addition to the traditional formulations, five
new forms stand out: tablets coated with semi permeable mem-
branes,1 transdermic adhesives,2 subcutaneous implants,3 micro-
spheres,4 and liposomes.5 In all these formulations, a biomaterial
must always be used in order to control drug release. Among the bio-
materials, biodegradable hydrogels have emerged as an important
class, not only owing to their biocompatibility but also because their
degradation products are not immunogenic, carcinogenic, or toxic to
human beings.6 The drug release rate in such systems can be con-
trolled by polymeric properties such as swelling capacity, degrada-
bility, porosity, and permeability. Several natural and synthetic
polymers have been investigated, for example, poly(acrylic acid),7

hyaluronic acid,8 collagen,9 and chitosan.4 Chitosan is a natural, bio-
degradable, and biocompatible polymer, derived from the partial
deacetylation reaction of chitin, one of the most abundant linear
chain polysaccharides occurring as a major fraction of insects and
crustaceans exoskeleton. Chitosan can be defined as a copolymer
of 2-amino-2-deoxy-D-glucopyranose and 2-acetoamido-2-deoxy-
D-glucopyranose whose units are linked by b(1?4) bonds. In acidic
medium, chitosan is a cationic polyelectrolyte due to the proton-
ation of its NH2 groups.10 As a polycation, chitosan can form electro-
static complexes with negatively charged species including proteins,
ll rights reserved.
anionic polymers, and drugs. These polymeric complexes are formed
by the association of two polymers through electrostatic attractions,
hydrogen bonds, van de Walls interactions, or a combination of
these.11–13 Such complex formation is directly dependent on the ion-
ization degree of both polymers (pH and ionic strength), charge den-
sity (chain conformation), and concentration.11 Polyelectrolyte
complexes (PEC) can be used in the form of hydrogels, films, and
membranes. The literature describes several studies on polyelectro-
lyte complexes suitable for biomedical applications as, those com-
posed of chitosan and sulfonated polystyrene,14 poly(acrylic acid)
(PAA),15 alginate,16 and pectin.17 The chitosan and PAA complexes
are formed to reduce PAA solubility in water. Studies have shown
that PAA solubility can be reduced, while its mucoadhesive proper-
ties can be improved or maintained.18 The insolubility is generated
by the strong electrostatic interactions that occur between the
ammonium ion from chitosan and the carboxylate ion, from PAA,
inducing a physical crosslinking and therefore, preventing dissolu-
tion and excessive swelling of the polymeric matrix in water.
According to the literature, the polyelectrolyte complexes of chito-
san and PAA can be obtained by the physical mixture of both poly-
mers, under fusion, by polymers dissolution in one solvent
followed by solvent evaporation or by template polymerization.19,20

Another possibility is to obtain these complexes by PAA diffusion
from the surface of a previously prepared chitosan membrane, using
different temperatures. As far as can be determined, the last tech-
nique has been insufficiently explored.21 Therefore the aim of this
study was to prepare these polyelectrolyte membranes and to study
their permeability characteristics with respect to two different
drugs.
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2. Materials and methods

Chitosan was obtained from Polymar Ltd (Brazil) with a degree
of deacetylation of 90%, according to the supplier. Metronidazol
(MM = 171.5 g/mol) (Aldrich, USA) and sodium sulfamerazine
(MM = 286 g/mol) (Aldrich, USA) were both R&D grade. Poly(-
acrylic acid) Mw = 250,000 Da) (Aldrich, USA) and all the other
chemical reagents were of analytical grade and used as received.

2.1. Membrane preparation

2.1.1. Chitosan membranes
Chitosan was dissolved in a 2.0% v/v aqueous acetic acid solu-

tion for 24 h under mechanical stirring in order to form a 1.5%
w/v solution. The resulting solution was filtered using a Millipore�

Millex filter, with 40 lm of pore diameter. The solution was then
left to stand for 2 h to allow bubbles evolution. A solution volume
of 25 ml was cast onto a glass plate and left in an oven at 50 �C for
24 h for solvent evaporation. The membranes were then immersed
in a 5.0% sodium hydroxide (NaOH) solution for 2 h, to be neutral-
ized. Afterwards, they were repeatedly washed with distilled water
and allowed to dry at room temperature. These membranes were
denominated CS membranes.

2.1.2. Treatment with poly(acrylic acid)
Chitosan/poly(acrylic acid) membranes were prepared from

pure chitosan membranes obtained as described above. The chito-
san membranes were fixed on a support. A volume of 50 ml of
2.0 g/L aqueous solution of poly(acrylic acid) was placed in contact
with the upper side of the chitosan membrane for 2 h. The exper-
iments were done at room temperature and at 60 �C. The mem-
branes were then removed from the support, washed with
distilled water, and dried at room temperature. These membranes
were denominated CSPAA_25 and CSPAA_60 for room temperature
and 60 �C, respectively. Membranes’ thicknesses were measured
using a digital micrometer Check line model DCF 900. The values
considered for permeability calculation purpose represent an aver-
age of ten measurements done at different points and sides of a
membrane.

2.2. Membrane characterization

2.2.1. FTIR-ATR
The infrared spectra were obtained using a Thermo Nicolet

Nexus 470 FTIR spectrometer. The membranes were analyzed
using a variable angle attenuated total reflection (ATR) accessory,
with a ZnSe crystal using incidence angles of 39�, 45�, and 60�.
The spectra were obtained for both sides of the membranes. The
sample names contain the incident angle used, the side of the
membrane (CSPAA for the treated side and CS for the non-treated
side), and the temperature used, for example, 39_CSPAA_25, and
39_CS_25 for the treated and non-treated side, respectively.

2.2.2. Water sorption capacity
The water sorption capacity of membranes was estimated using

a mass balance (B-TEC-U210A, TECNAL, Brazil) at room tempera-
ture. The dry membranes were weighted and then immersed in
distilled water. At time intervals of 0.25, 0.5, 1, 2, 3, 4, 5, 6, 24,
and 48 h the membranes were removed from the water, wiped
off, weighted, and returned to the water. The water sorption capac-
ity, W(%) was calculated according to Eq. 1:
Wð%Þ ¼ mw �md

md

� �
100 ð1Þ
where mw and md are the mass of wet and dry membrane, respec-
tively. In these experiments, 5 samples were analyzed for each type
of membrane.

2.2.3. Thermogravimetric analysis (TGA)
A Shimadzu DTG-60 thermogravimetric analyzer was used to

study the thermal stability of the membranes. Samples of 5 mg
were submitted to a heating rate of 10 �C/min in nitrogen atmo-
sphere and at a temperature range between 25 �C and 800 �C.

2.2.4. Scanning electron microscopy (SEM)
Fragments consisting of 0.25 cm2 squares were cut from the

center of the membranes, placed on a proper aluminum support
and sputter coated with a thin gold layer. The images were ob-
tained by a Philips XL30 SEM (Netherland) using a tungsten fila-
ment, secondary electrons detector, and a voltage of 20 kV.

2.3. Permeability tests

The permeability coefficients of two model drugs were deter-
mined using a two compartmented cell with 230 ml of capacity each,
described elsewhere.15,22,23 The membrane area was 8.46 cm2. The
solutions, inside the compartments, were mechanically stirred. So-
dium sulfamerazine and metronidazol were chosen for the experi-
ments. Before the test, the membranes were swollen in water for
12 h until a state of equilibrium was reached. The right side of the cell
was filled with drug solution at concentrations of 0.1% and 0.2% for
both drugs. The left side of the cell was always filled with distilled
water. During the experiment the right side concentration was con-
sidered constant. A continuous flux system was attached to the left
side of the cell in order to determine the solution absorbance at
k = 260 nm for sodium sulfamerazine and k = 320 nm for metro-
nidazol using a UV–vis Spectrometer (Varian Cary 100). The temper-
ature was kept constant at 30.0 �C ± 0.1 �C, by means of a
thermostatic bath. All the experiments were run in duplicate.

The permeability coefficient (P), was calculated using the model
described by Crank24 for flux through a membrane, adapted to
measurements of absorbance:23

P ¼ aVl
C1ebS

ð2Þ

where a is the angular coefficient of the curve generated by the plot
of absorbance versus time, V is the cell volume, l membrane thick-
ness, C1 initial drug concentration, e absorptivity, b the UV–vis cell
pathway, and S the membrane area.
3. Results and discussion

3.1. Infrared spectroscopy

The FTIR-ATR technique with variable angle was used to obtain
more surface representative spectra. To determine the range of the
angles to be used, the critical angle hc was determined by Eq. (3):25

hc ¼ sin�1 n1

n2

� �
ð3Þ

where n1 is the refractive index for the ZnS crystal (n1 = 2.40)26 and
n2 for chitosan (n2 = 1.50).27 Since the calculated critical angle was
38.9�, the chosen incident angles were 39�, 45�, and 60�. Table 1
shows a number of characteristics for each incident angle used.28

From Table 1 it can be observed that, as the incidence angle in-
creases, the number of reflections and depth of penetration
decrease. Therefore, by using an incidence angle of 60� it is possible
to obtain a more surface representative spectrum than that



Table 1
Parameters related to the incident angles used

hscale (�) heffective (�) Number of reflections dp (lm) for �m = 1600 cm�1

39 41.2 19.0 5.32
45 45.0 16.6 1.25
60 54.0 12.1 0.69

dp—penetration depth.
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obtained at 39�. All spectra were obtained using the hydrated
membranes and their thicknesses were 70 ± 5 lm.

Figure 1 shows the spectra for both sides of one membrane trea-
ted with PAA at room temperature, using incidence angles of 39� (a),
a
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Figure 1. FTIR-ATR spectra for both sides of chitosan membrane surface treated
with poly(acrylic acid), at room temperature for incident angles of 39� (a), 45� (b),
and 60�(c).
45� (b), and 60� (c). According to the literature,29,30 the wavenumber
range corresponds to the region where the complex formation be-
tween chitosan and PAA can be observed. The remaining regions of
the spectrum showed no variations for the three incident angles
used. Figure 2 shows that the spectrum obtained at 45� and espe-
cially the one obtained at 60� exhibits a new band, near 1560 cm�1

which, according to the literature, corresponds to the absorption
characteristics of NH3

þ and COO� groups, indicating a complex for-
mation. The spectra at 39� showed no significant differences be-
tween two sides of the membrane.

The differences that occurred as a function of the incidence an-
gle used can be explained by the difference in the penetration
depth (dp) of the evanescent field shown in Table 1. As the table
demonstrates, the incidence angle of 60� had the lowest dp value
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Figure 2. FTIR-ATR spectra for both sides of chitosan membrane surface treated
with poly(acrylic acid), at 60 �C for incident angles of 39� (a), 45� (b), and 60�(c).



Figure 4. Differential thermo gravimetric analysis for pure chitosan, CSPAA_25, and
CSPAA_60 membranes.
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and therefore, is the most representative of the sample surface. On
the other hand, the spectrum obtained at 39� had a 7-time greater
penetration depth, obtaining information not only from the surface
but also from the bulk. These results confirm that the PAA treat-
ment was superficial, with a penetration of few micra and, as a
consequence, the membranes obtained were asymmetric. Figure
2 shows the same spectra sequence as Figure 1 but using mem-
branes treated with PAA at 60 �C. In this case it can be observed
that even at 39�, the emergence of a new band, characteristic of
the complex formation, can be seen and that as the incident angle
increases this absorption becomes more intense. These results
indicate that an increase in temperature allows PAA to penetrate
more deeply inside the membranes making the complex layer
thicker, and observed even at 39�. A possible explanation is the fact
that at 60 �C, chitosan is probably above its glass transition tem-
perature,31 in a rubbery state where the chains have higher mobil-
ity, facilitating the penetration of PAA molecules.

3.2. Water sorption capacity

Figure 3 shows the results of water sorption capacity for the
three membranes under investigation. All membranes exhibited
water sorption values above 100%, an indication of the strong
water affinity of both, chitosan and PAA. In the case of chitosan it
is known that this hydrophilicity is due to the presence of amino
and hydroxyl groups in its structure whereas, in the case of PAA,
it is due to the presence of carboxylic groups that confer, water sol-
ubility on this material. The results also show that with PAA treat-
ment, the membranes had decreased water sorption capacity and
that, the higher the treatment temperature, the lower the mem-
brane hydrophilicity. The results confirm the complex formation
since even with the addition of a water soluble polymer, mem-
brane water sorption is reduced. This occurred because the interac-
tion between the NH3

þ and COO� groups induces physical
crosslinking on the membrane surface layer and, as a consequence,
decreases its water sorption capacity.15

3.3. Thermal analysis (TG, DTG)

Figure 4 shows the DTG curves for CS, CSPAA_25, and CSPAA_60.
The chitosan thermogram shows a typical polysaccharide behavior,
exhibiting two distinct stages of degradation. The first one starts at
30 �C and continues up to 200 �C with a maximum at 52.6 �C and a
weight loss of 10.3%. The second stage starts at about 200 �C and ex-
tends to 400 �C with a maximum peak around 300 �C and weight loss
of 49.5%. CSPAA_25 and CSPAA_60 DTG curves also displayed two
stages of degradation. CSPAA_25 membrane has a first stage with
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Figure 3. Water sorption capacity for pure chitosan (open square), CSPAA_25 (full
circle), and CSPAA_60 membranes (full triangle).
a maximum at 58.9 �C and weight loss of 7.7% and a second stage
with a maximum at 300 �C and weight loss of 35.0%. CSPAA_60 has
a maximum peak at 59.2 �C and weight loss of 6.8% for the first stage
and a maximum at 300 �C with weight loss of 34.6% for the second
stage.

According to the literature,31,32 the first stage for chitosan is re-
lated to the loss of water molecules associated by hydrogen bonds,
to the amino and hydroxyl groups of this polymer. Changes in this
stage are related not only to the amount of water absorbed by the
membrane but also to the strength of water-chitosan interactions.
Comparing the thermograms for pure and treated membranes, it
can be observed that the water release temperature is similar for
the three membranes, indicating that chitosan–water interactions
are analogous. However, there was a decrease in weight loss for
CSPAA_25 and another, even more accentuated, for CSPAA_60.
These results confirm the effect of the PAA treatment, given that
some of the amino groups that acted as sites for water sorption
were now forming polyelectrolyte complexes with poly(acrylic
acid) and, as a consequence, the treated membranes had their
water sorption capacity reduced. It has also been observed that
the reduction is even higher for CSPAA_60, confirming that in such
a membrane the complex formation process occurred to a greater
extension, as already shown using the FTIR-ATR technique.

The second stage of degradation for chitosan is assigned to a
complex process of degradation that starts with the random break
of glycoside bonds followed by decomposition of acetylated and
deacetylated units of the polymer. In such stage it can be observed
(Fig. 6) that the weight loss follows the order CS > CSPAA_25 > C-
SPAA_60 indicating that the complex formation acts as a physical
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crosslinking increasing, as a consequence, the membrane thermal
stability.

3.4. Scanning electron microscopy

SEM of CS membrane surfaces, treated with PAA at room tem-
perature and 60 �C, is shown in Figure 5. For CS membranes (data
not shown) the SEM results showed that there are no significant
differences between the side that dries in contact with the air
and the other side that is in contact with the Petri dish. They are
both homogeneous and the presence of porosity was not observed.
For the treated membranes, the results are quite different. Figure 5
shows that the surface treated with PAA at room temperature
exhibited a more wrinkled pattern than the untreated surface,
whereas the one treated at 60 �C the wrinkled pattern becomes
even more evident. These results can be better observed in Figure
6 that presents a higher magnification. The results confirm that
PAA does not penetrate completely through the chitosan mem-
brane, but rather is concentrated in a surface layer, whose thick-
ness depends on the treatment temperature. This behavior is
probably due to the high molecular weight of the PAA used, result-
ing in low mobility and impeding its diffusion through the CS
membrane. As a consequence the membranes obtained were
asymmetric, that is, they had a layer composed of CS-PAA polyelec-
trolyte complex and the bulk of pure chitosan.
Figure 5. Scanning electron microscopy for (a) CSPAA_25 membranes non-treated, (b) C
CSPAA_60 treated with PAA at 60 �C.
3.5. Permeability tests

A series of experimental results for permeation of metronidazol
(Fig. 7a) and sodium sulfamerazine (Fig. 7b) at different concentra-
tions, using CS, CSPAA_25, and CSPAA_60 membranes are shown
for illustrative purposes. It can be seen that the absorbance versus
time plots yield straight lines and display good reproducibility. The
slope of these lines can be used to calculate the permeability coef-
ficient (P), as indicated in Eq. 2. The calculated values of P for dif-
ferent membranes, (CS, CSPAA_25, and CSPAA_60), and drug
concentrations (0.1%, and 0.2%) are summarized in Table 2. The
analysis from pure chitosan shows that permeability values were
not affected by drug concentration, at least for the concentration
range analyzed in this work. Similar results were also obtained
by studying the permeability of isoniazide and amytriptiline.22

Such independence between concentration and permeability
might indicate that, at this concentration range, the membrane
has already reached its saturation. The results of the surface-trea-
ted membranes show a quite different situation. First the perme-
ability values decrease for CSPAA_25 and even more so for
CSPAA_60 compared with those for pure chitosan. Second, there
is a tendency toward decrease in permeability with an increase
in concentration. The decrease in the permeability values of trea-
ted membranes may be a consequence of the complex formations
between chitosan and PAA that, would reduce membrane perme-
SPAA_60 non-treated, (c) CSPAA_25 treated with PAA at room temperature, and (d)



Figure 6. Scanning electron microscopy for treated surface of (a) CSPAA_25 and (b)
CSPAA_60 membranes.

0 20 40 60 80 100 120 140

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

Ab
so

rb
an

ce

Time (minutes)

0 20 40 60 80 100 120 140
Time (minutes)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

Ab
so

rb
an

ce
 

a

b

Figure 7. (a) Absorbance versus time curves for CS (circles), CSPAA_25 (up
triangles), and CSPAA_60 (down triangles) using metronidazol at 0.1% (full
symbols)) and 0.2% (open symbols) and (b). Absorbance versus time curves for CS
(circles), CSPAA_25 (up triangles), and CSPAA_60 (down triangles) using sulfamer-
azine at 0.1% (full symbols)) and 0.2% (open symbols).

Table 2
Permeability coefficients for CS, CSPAA_25, and CSPAA_60 membranes using sodium
sulfamerazine (SMZ), and metronidazol (MDZ) at different concentrations

Permeability coefficient (P � 106) (cm2/s)

CS CSPAA_25 CSPAA_60

MTZ0.1% 35 ± 1.2 7.0 ± 0.1 1.00 ± 0.02
MTZ0.2% 34 ± 1.5 6.5 ± 0.1 0.60 ± 0.02
SMZ0.1% 25 ± 0.2 1.09 ± 0.02 0.81 ± 0.09
SMZ0.2% 25 ± 0.3 2.78 ± 0.05 0.38 ± 0.04
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ability, by physically crosslinking a surface layer. The results also
confirm that at 60 �C PAA macromolecules are able to penetrate
deeper inside the membrane, creating a thicker layer of crosslinked
material that would act as a barrier to the permeation of the ana-
lyzed drugs. Table 2 shows that permeability values for sodium
sulfamerazine are lower than for metronidazol for all analyzed
membranes. This behavior is probably related to the molecular
dimensions of the drugs, which are directly related to their molec-
ular weight (171 g/mol for metronidazol and 286 g/mol for sodium
sulfamerazine). This difference in permeability shows that chitosan
membranes and especially the one superficially treated with PAA
can be quite specific in terms of these two drugs, and more selec-
tive with respect to sodium sulfamerazine.
4. Conclusions

The results discussed above allow us to conclude that the diffu-
sion process of PAA molecules through the chitosan membranes
led to the formation of a polyelectrolyte complex between chitosan
and PAA identified by the appearance of a new absorption band at
1560 cm�1. Through FTIR-ATR we were also able to conclude that
temperature is a key factor in controlling the thickness of the com-
plex layer. The surface morphology of the membranes was altered
only on the treated side, generating asymmetric membranes. The
surface treatment with PAA and consequently the polyelectrolyte
complex formation reduced the membranes’ water sorption capac-
ity, increased their thermal stability, and drastically reduced their
permeability with respect to sodium sulfamerazine and metro-
nidazol. The methodology used proved to be a simple and very effi-
cient way of drastically changing some membranes’ properties,
especially those related to their permeability capacity.
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