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Alvaro Antonio Alençar de Queiroz,1 Humberto Gomes Ferraz,2 Gustavo Abel Abraham,3

Marı́a del Mar Fernández,3 Antonio López Bravo,4 Julio San Román3
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Abstract: Different poly(vinyl alcohol) (PVA)/chitosan
lactate (ChL)-blended hydrogels containing nitrofurazone as
a local anti-infective drug were prepared by the phase-
inversion technique. The swelling degree, surface free en-
ergy, mechanical properties, and nitrofurazone release of
these membranes were determined. Blood compatibility of
these systems was evaluated by the open-static platelet ad-
hesion test with whole human blood. The results showed
that water absorption into the PVA/ChL membranes slowed
down, governed by the rate at which the dressing interacted
with the physiological fluid. Swelling degree values up to
200% were observed. The rate of release of nitrofurazone
seemed to depend on the ChL percentage on the blend as
well as the pH of the solution. The surface free energy values
were in the range of 20–30 dynes/cm, which was appropri-

ate for a favorable interaction with blood. From the Young’s
module curve, it could be seen that elastic hydrogels were
obtained with increment of ChL in the PVA/ChL blends.
Values of platelet adhesion and whole blood clotting times
for the PVA/ChL blends as well as the increase of ChL,
which appears to reduce the fibrinogen adsorption on the
PVA/ChL membranes, demonstrated that the blood com-
patibility of PVP/ChL blends is superior to that separated
polymers. The results of in vivo experiments in rats were in
very good agreement with these observations, suggesting
that PVA/ChL may serve as a new type of potential wound-
dressing material. © 2002 Wiley Periodicals, Inc. J Biomed
Mater Res 64A: 147–154, 2003
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INTRODUCTION

There is an increasing need to develop better medi-
cal materials with high biocompatibility properties.
Attempts have been made to improve such materials
by immobilization of biologically or pharmacologi-
cally active substances1,2 and by grafting of acrylic
derivatives on hydrophobic polymers to modifications
of their critical surface free energy.3

In recent years, hydrogels have received consider-

able attention for use as specific sorbents in wound-
dressing materials. Thus, a number of polymers with
superabsorbent properties have been developed for
clinical applications, such as liquefaction and removal
of eschar, treatment of leg ulcers, pressure sores, and
prevention of tissue deterioration in patients with re-
stricted mobility.4 Currently, natural polymers have
become more important for their rich resources and
low cost. In addition, because of some of their unique
properties, such as nontoxicity, degradability, and
good biological compatibility, natural polymers have
been paid a great deal of attention by many research-
ers.5,6

Chitosan is a cationic biopolymer obtained from N-
deacetylation of chitin, a �-(1→4)-linked N-acetyl-D-
glycan.7 The nontoxic, biodegradable, and biocompat-
ible properties of chitosan provide great potential for
many biomedical applications.8–10 Some applications
of chitosan in medicine include wound and burn heal-
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ing, soft and hard contact lenses, drug delivery sys-
tems,11–13 absorbable sutures,14 artificial skin,15 artifi-
cial kidney membranes,16 and others.17 Rapid healing
of wounds is desirable for patients, especially those
suffering from diabetes because they show an ex-
tremely slow rate of healing. The biopolymer chitosan
has been investigated by many researchers as a pos-
sible wound-healing accelerator.18,19 In addition, poly-
(vinyl alcohol) (PVA)/chitosan-blended hydrogels
have been found to have high water content, which
facilitates both a high degree of cell attachment and a
remarkable cell growth rate.20

Despite the large number of investigations on the
good biocompatible properties of chitosan, there are
few studies on the biocompatibility properties of the
chitosan lactate (ChL). In this work, we report on the
water sorption, surface and mechanical properties,
and blood compatibility evaluation of wound dress-
ings based on PVA/ChL blends. Moreover, the in vivo
behavior in rats of these hydrogels is also discussed.

MATERIALS AND METHODS

Materials and sample preparation

The synthesis of ChL was performed by the polyconden-
sation between the methoxy chitosan and lactic acid to form
amide groups. The obtained methoxy chitosan was dis-
solved in lactic acid using methanol as solvent and slightly
heating the reaction mixture. The polymer obtained was pu-
rified after methanol extraction for 24 h in soxhlet and the
residual methanol was then distilled-off at reduced pres-
sure. Membranes of PVA/ChL 0.1–0.2-mm thickness were
prepared by the phase inversion technique after blending
solutions of PVA (Aldrich, 100% hydrolyzed, Mv = 8.6 ×
104). ChL (Mv = 4.3 × 104) from crab shells 85% deacetylated
(minimum) was purchased from Sigma. Nitrofurazone
(Schering-Plough) was used as a local anti-infective drug.

Swelling measurements

The swelling capacities of the obtained membranes were
measured in physiological solution (NaCl, 0.1M) at different
temperatures. The drug release from PVA/ChL blends was
measured by using the autosampling (Hanson Research,
SR6) system. The medium was 500 mL of pH 7.4 to simulate
physiologic fluid. The medium was placed in a 1-L round
flask and stirred with a mechanical stirrer at a rate of 50 rpm.
The temperature was maintained at 37 ± 0.5°C. After a pre-
determined interval, 5 mL of the medium was removed and
replaced with fresh medium to maintain the original vol-
ume. The amounts of nitrofurazone were analyzed spectro-
photometrically at 365 nm by an ultraviolet spectrophotom-
eter, in according to USP methodology.

Surface properties

The surface free energy (�c) of the PVA/ChL membranes
were determined by measuring the contact angles of water,
glycerol, ethylene glycol, dimethylformamide, and parafin
oil drops on the polymeric surfaces. Drops of each liquid of
5 �L in volume were deposited onto the polymer surface
with a hypodermic syringe. The readings on the drop were
directly taken using a cathetometer fitted with a goniometer
eyepiece at 20°C and equilibrated to the vapor pressure of
the measurement liquid. The one-liquid method (air–liquid
drop-polymer system) was used. All measured contact angle
values were an average of three measurements within ±2°
deviation.

Mechanical properties

For tensile tests, dumbbell specimens of neck (3 mm) were
swollen in physiologic solution (pH 7.4) for 24 h. Sample
dimensions were measured before and after swelling using
a micrometer. The hydrogels were tested using an Instron
4464 with a load cell of 2.5N at a croshead speed of 5 mm/
min keeping the samples wet by spraying constantly with
water.

Blood compatibility evaluation

Blood compatibility of the obtained systems was evalu-
ated by the open-static platelet adhesion test with whole
human blood. The tests were performed by depositing 2 mL
of fresh blood onto each of the five test surfaces. After con-
tact times of 180 s, the surfaces were washed with saline
(0.1M, NaCl) under carefully controlled conditions to re-
move all blood components that did not adhere. After fixa-
tion with glutaraldehyde (2%) and dehydrated in serial di-
lution of ethanol (25–100%), platelet counts were performed
using SEM microphotographs. The average number of ad-
hered platelets was obtained from five photographs of dif-
ferent surface areas (1 cm2) of the same sample. The whole
blood clotting time measurement was performed using a
Chandler loop test system. Thus, whole human blood was
added to 1 part of acid–citrate–dextrose for 9 parts of blood.
The resultant acid–citrate–dextrose blood was placed on a
glass plate and PVA/ChL membranes. Clotting was initi-
ated by adding aqueous CaCl2 solution and the time re-
quired for the blood become static was measured. The ad-
sorption of the blood-proteins albumin (BSA) and fibrinogen
(BSF) onto the PVA/ChL membranes were carried out in
according to the Bradford method.21

Statistical analysis

The data were analyzed by �2-test. The significance level
was set at 5%. All results are expressed as mean ± SD and
compared with two sample t-tests.

148 DE QUEIROZ ET AL.



In vivo experiments

In vivo experiments were performed by using 10 female
Wistar rats weighting 200 g. On the back of each rat, four
incisions about 3 cm long each were made through the skin
up to the underlying muscular tissue layer under aseptic
conditions.22 PVA, ChL, and PVA/ChL-blended (xChL = 0.5,
where xChL is the mole fraction of ChL) membranes were
placed over the incisions, ensuring that the wounds were
completely covered. The fourth incision was used as control.
According to the literature, polymeric systems with lower
critical surface free energy may be favorable to the biocom-
patibility of the synthetic material.23 The use of the PVA/
ChL membrane with xPVA = 0.5 is due to their higher water
content and consequently low interfacial tension, which can
improve the biocompatibility of the blend. After different
period of time, that is, 7, 15, 30, and 60 days, the rats were
sacrificed by using an excess of diethyl ether. Implants with
surrounding tissues were carefully dissected from the dorsal
muscle site at the corresponding times.

Histological evaluations using hematoxylin-eosin staining
technique were performed to assess tissue response to mem-
branes used and progression of healing. The samples were
immersed-fixed in 10% (v/v) formalin in 0.1M phosphate
buffer (pH = 7.4). In the histopathological examination, the
fixed samples were embedded in paraffin, sectioned into
slices of 5-�m thickness and then stained with hematoxylin
and eosin. The prepared sections were examined using op-
tical microscopy (Nikon, Eclipse E400).

RESULTS AND DISCUSSION

Membrane characterization

The sorption isotherms of PVA/ChL blends are
shown in Figure 1. The absorption into the PVA/ChL
membranes slows down and are governed by the rate
at which the membranes interacts with the physiologic
fluid. The non-linear shape of the absorption curve
when plotted over time, shows an exponential decay
of second order, which agrees with well-developed
kinetic principles.24 A reduction in the water uptake
with the increasing PVA content in the blends may be
due to the formation of a more highly crosslinked net-
work.

Surface characteristics can be used as important in-
dicators of the hemocompatibility of the polymeric
surface. The values of the surface free energy (�c) ob-
tained for the PVA/ChL membranes are shown in Fig-
ure 2. It is may be noted that the surface free energy
decreases with the ChL increment, reaching practi-
cally constant values at ChL mole fraction higher than
xChL = 0.5. Surfaces with low free energy of the range
has been reported to be a suitable range for the favor-
able interaction with biological tissues.25

In the selection of biomaterials for use in long-term
biomedical applications, the suitable mechanical prop-

Figure 1. Rate of water uptake over time in physiologic
solution at 37°C and pH 7.4. (A) PVA; (B) PVA/ChL (xChL =
0.2); (C) PVA/ChL (xChL = 0.8); and (D) ChL.

Figure 2. Surface free energy as a function of the blend
composition; the measurement was performed in physi-
ologic solution (pH = 7.4) at 37°C.
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erties is an important criteria for the specific blood
contact applications. The Young’s modulus of the
PVA/ChL blends was determined and the results are
shown in Figure 3. It is obvious from this graph that
the mechanical behavior of the PVA/ChL hydrogels is
greatly dependent of the blend composition. Thus,
from the Young’s module curve (Fig. 3) it can be seen
that elastic hydrogels were obtained with increment of
ChL in the PVA/ChL blends. It is evident that the
increase in the water uptake with increasing ChL con-
tent not only plasticizes the polymer network but in-
creases the elasticity of the resulting gel.

Blood compatibility

When an synthetic material is placed in contact with
blood the first event to occur is the adsorption of pro-
teins onto the surface followed by platelet adhesion
and activation.26,27 The surface-induced platelet adhe-
sion and activation is largely dictated by the type and
the amount of blood proteins adsorbed at the bioma-
terial-blood interface. Thus, albumin adsorption on
the synthetic surfaces can inhibit platelet activation
and, therefore, does not promote clot formation
whereas the fibrinogen adsorption is known to accel-
erate platelet adhesion and activation.28 The albumin
and fibrinogen adsorptions onto the PVA/ChL mem-
branes are shown in Figure 4. Thus, the BSA adsorp-
tion increases with the ChL content on the PVA/ChL

Figure 5. Platelet adhesion (�) and whole blood clotting
times (�) for PVA/ChL blends.

Figure 3. Variation of the Young’s modulus with compo-
sition of the PVA/ChL blends.

Figure 4. Adsorption isotherms of BSA (�) and BSF (�)
onto PVA/ChL blends at 37°C.
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blends. This behavior can be ascribed to the increase of
interactions of BSA with the membrane in the swollen
state caused by the ChL content of the blend. It has
been demonstrated that platelets show little adherence
in surfaces precoated with albumin, while fibrinogen-
coated surfaces have shown an increased number of
adhering and activated platelets.29 Thus, the increase
of ChL appears to reduce the fibrinogen adsorption on
the PVA/ChL membranes, as shown in Figure 4. Val-
ues of platelet adhesion and whole-blood clotting
times for the PVA/ChL blends are shown in Figure 5.
The results demonstrate that the blood compatibility
of PVA/ChL blends is superior to that of the sepa-
rated polymers. ChL is polyester obtained after dehy-
dration of the resultant amino lactate salt formed by
reaction of the chitosan amino groups and lactic acid.
In this case, a polyesterification of the lactic acid to
yield the ester linkage will occur at higher yields (90–

95%). Thus, ChL is a nonprotonable material and the
positive charges are not being formed in physiologic
conditions. The nonprotonation of the ChL may con-
tribute to the good hemocompatibility properties of
the material.

The release of nitrofurasone from the PVA, ChL,
and PVA/ChL (xChL = 0.5) membranes in pH 7.4
physiologic medium is shown in Figure 6. The addi-
tion of the PVA to the ChL could reduce the drug
release from the membranes. The result can be conve-
niently analyzed using the following equation:30

Mt

Mo
= ktn

where Mt is the drug released at time t and Mo is the
total drug. The power n describes the mechanism of
drug release. A value of n equal to 0.5 indicates the
drug release mechanism approach to Fickian diffu-

TABLE I
Release Exponent n for Nitrofurazone Release for

Samples Containing Different Concentration of ChL
Expressed as Mole Fraction of ChL (xChL)

Sample xChL Exponent n Value

PVA 0.0 0.71
PVA/ChL 0.2 0.60
PVA/ChL 0.4 0.66
PVA/ChL 0.6 0.61
PVA/ChL 0.8 0.63
ChL 1.0 0.67

Figure 6. Effect of the polymer on the rate of nitrofurazone
releasing from the ChL (A), PVA/ChL (xChL = 0.5) (B), and
PVA (C) in pH 7.4 at 37°C.

Figure 7. (a) Photograph of a rat after incision wounds. (A)
the wound treated by ChL membrane; (B) the wound treated
by PVA membrane; (C) the wound treated by PVA/ChL
(xChL = 0.5) membrane; (D) control. (b) Photograph after 15
days postoperatively. (A) and (B) showed only skin cicatri-
sation. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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sion-controlled release, whereas a value of n equal to
1.0 indicates that the drug release mechanism ap-
proaches to zero-order release. The n value in the
range of 0.5–1.0 corresponds to a drug release mecha-
nism dependent on the polymeric chain-relaxation
control. As shown in Table I, at pH 7.4, the n values of
the PVA, ChL, and their PVA/ChL blends are about

0.6–0.7 and the drug release mechanism, therefore, is a
swelling-controlled release.

In vivo behavior: Macroscopic observation

All rats survived throughout the postoperative pe-
riod until sacrifice. The healing process for each

Figure 8. Micrographs stained with hematoxylin-eosin: (a) and (b) wound treated by PVA membrane at 7 days postopera-
tively (original magnification ×10 and ×40, respectively); (c) wound treated by PVA/ChL membrane at 15 days postopera-
tively (original magnification ×10); (d) and (e) wound treated by PVA/ChL (xChL = 0.5) membrane at 30 days postoperatively
(original magnification ×10 and ×40, respectively). [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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wound treated by membrane application progressed
satisfactorily without any apparent complications. No
evidences of necrosis were found. At 7 days postop-
eratively, a discrete inflammation was observed for
the wound treated by ChL and PVA membranes,
while those treated with PVA/ChL (xChL = 0.5) mem-
branes displayed no inflammation at all. At 15 days
postoperatively, an external cicatrisation was ob-
served in the case of ChL and PVA membranes, re-
maining opened the internal wound.

Figure 7 shows the external appearance of each
wound observed at harvest after incision wound and
15 days postoperatively. PVA/ChL membranes exhib-
ited a wound completely sealed. The macroscopic ob-
servations at 30 and 60 days postoperatively showed a
complete healing for all the studied materials.

In vivo behavior: Microscopic observation

The important complication of medical devices are
largely based on biomaterials-tissue interactions that
include both effects of the implant on the host tissues
and effects of the host on the implant.31 For all mem-
branes-treated wounds, a polymorph inflammatory
tissue response containing lymphocytes, neutrophils
and monocytes, was observed in the surrounding tis-
sue of the membrane material at 7 days. In the case of
PVA membranes, a perivascular inflammation with
exudation of fluid and plasma proteins (edema) was
observed. Moreover, these membranes showed a
small rim of stroma, consisting of fibroblasts, indicat-
ing the beginning of a capsule formation as shown in
Figure 8(a). The surrounding tissues also presented a
typical inflammatory tissue response with formation
of blood vessels as visualized in Figure 8(b). The
PVA/ChL (xChL = 0.5) membranes exhibited a similar
response. At 15 days postoperatively, an acute inflam-
matory tissue response was observed in all cases. The
micrograph of wound treated with PVA/ChL (xChL =
0.5) membrane is shown in Figure 8(c). Cellular in-
growth (leukocytes), vascular proliferation, and for-
mation of fibroblastic scar tissue were clearly ob-
served. The material was stained red because of the
eosinophil character of the ChL. At 30 days postop-
eratively [Fig. 8(d,e)], the inflammatory tissue re-
sponse was lower than the observed at 15 days. The
capsule was totally formed and the material degrada-
tion was more extended.

Finally, at 60 days, the inflammatory cells surround-
ing the wound area disappeared and wounds were
completely healed. No evidence of fragments of mem-
branes was found in all the cases, the degradation
being complete.

CONCLUSIONS

PVA/ChL hydrogels form a class of biodegradable
materials that are potentially useful for the replace-

ment of soft tissues or for other biomedical applica-
tions, such as drug delivery systems. Among the syn-
thetic polymers, PVA has been widely used to make
chemically crosslinked hydrogels for biomedical ap-
plications. According to the present results, improve-
ments in the biocompatibility characteristics of syn-
thetic PVA may be achieved by the addition of modi-
fied chitosan. In this work, ChL blended with PVA
improved hemocompatibility and mechanical proper-
ties of the synthetic PVA, maintaining the bioresorb-
able character of this kind of hydrogels. The present
work suggests that PVA-blended ChL membranes
have superior sorption of water as compared to stan-
dard PVA, in addition to the adequate mechanical
properties, for biological applications. According to
the in vivo results, it is seems possible that PVA/ChL
membranes having nitrofurazone prevent the bacte-
rial contamination promoting and improving the
wound cicatrisation. The good PVA/ChL biodegrad-
ability may appear to contribute to the good tissue
responses as observed in the in vivo experiments.

The authors are grateful to Fco. Javier Muñoz-González
for sample preparation in histological examination.
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