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bstract

Several novel biodegradable materials have been proposed for wound healing applications in the past few years. Taking into consideration the
iocompatibility of chitosan-based biomaterials, and that they promote adequate cell adhesion, this work aims at investigating the effect of chitosan-
ased membranes, over the activation of human polymorphonuclear neutrophils (PMNs). The recruitment and activation of polymorphonuclear
eutrophils (PMNs) reflects a primary reaction to foreign bodies. Activation of neutrophils results in the production of reactive oxygen species
ROS) such as O2

− and HO− and the release of hydrolytic enzymes which are determinant factors in the inflammatory process, playing an essential
ole in the healing mechanisms.

PMNs isolated from human peripheral blood of healthy volunteers were cultured in the presence of chitosan or chitosan/soy newly developed
embranes. The effect of the biomaterials on the activation of PMNs was assessed by the quantification of lysozyme and ROS.
The results showed that PMNs, in the presence of the chitosan-based membranes secrete similar lysozyme amounts, as compared to controls

PMNs without materials) and also showed that the materials do not stimulate the production of either O2
− or HO−. Moreover, PMNs incubated

ith the biomaterials when stimulated with phorbol 12-myristate 13-acetate (PMA) or formyl-methionyl-leucyl-phenylalanine (fMLP) showed a
hemiluminescence profile with a slightly lower intensity, to that observed for positive controls (cells without materials and stimulated with PMA),
hich reflects the maintenance of their stimulation capacity.
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Our data suggests that the new biomaterials studied herein do not elicit activation of PMNs, as assessed by the low lysozyme activity and by the
inor detection of ROS by chemiluminescence. These findings reinforce previous statements supporting the suitability of chitosan-based materials

or wound healing applications.
2007 Published by Elsevier B.V.
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. Introduction

In the past few years a huge effort has been made to cre-

te the ideal wound dressing and skin substitutes to respond
o the increasing needs of mankind. Several research groups
uggested that chitosan is a promising material for regenera-
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healing

ive medicine (Shi et al., 2006; Marreco et al., 2004; Azad et
l., 2004; Khor and Lim, 2003). Chitosan-based membranes
ere shown to promote the proliferation of human skin fibrob-

asts and keratinocytes in vitro (Azad et al., 2004) and the
pplication of a chitosan-based hydrogel in mice wounds had
roved to accelerate wounding (Ishihara et al., 2001). Further-
ore it was demonstrated that wounds in human skin heal
etter if covered with chitosan-based membranes (Howling et
l., 2001; Wedmore et al., 2006), beyond its proven antimicro-
ial properties (Burkatovskaya et al., 2006; Singla and Chawla,
001).
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After implantation of a medical device, the tissue will
nevitably be traumatized by the implantation procedure (Mikos
t al., 1998; Hunt, 2001; Stevens et al., 2002; Williams, 2001)
riggering an inflammatory response. This response to trauma
nd to the implantation of biomaterials is associated to the
ecretion of a variety of mediators (Hunt, 2001; Mikos et al.,
998; Stevens et al., 2002; Williams, 2001). Their action results
n the recruitment of certain populations of cells that, if not
roperly regulated, can cause tissue damage and ultimately
ead to the rejection of the implant (Williams, 2001). The con-
omitant increased vascular permeability in the inflammatory
esponse allows the influx of circulating inflammatory cells
o the implantation site, in a first phase, polymorphonuclear
eutrophils (PMNs). Within 24 h, macrophages also begin to
igrate to the site of injury and 2 or 3 days following the begin-

ing of the inflammatory process, lymphocytes begin to enter
he damaged area. Together with this influx, other inflamma-
ory cells, such as mast cells and eosinophils will orchestrate the
ngoing of the inflammatory response to the implanted device.

It is well known that PMNs are crucial early in the devel-
pment of an inflammatory response (Marques et al., 2005;
hander et al., 1989; Stevens et al., 2002). Neutrophils also
ave the capacity to dictate the progression of the host immune
ystem reaction by their capacity to produce cytokines, such as
L-12 and IL-10 among others (Martin and Leibovich, 2005;

arques et al., 2004; Stevens et al., 2002). PMNs have a high
apacity to act as phagocytes of foreign bodies, nevertheless, the
reat majority of biomaterials comprises a range of dimensions
ncompatible with phagocytosis, leading PMNs to “frustrated
hagocytosis” (Liu et al., 1997) resulting in the release of
ydrolytic enzymes (Mutasa, 1989; Rice et al., 1986), known as
n oxygen-independent mechanism (Segal, 2005). Lysozyme,
resent in both primary and secondary granules of PMNs, is one
f the most important enzymes released during the inflammatory
esponse (Mutasa, 1989; Rice et al., 1986). The importance of its
ole in the foreign body reaction to biodegradable biomaterials
s further supported by its capacity to degrade polymers such as
hitosan (Etienne et al., 2005).

Another defence approach that is potentially deleterious for
he implanted device occurs simultaneously to degranulation
nd is commonly designated as respiratory burst. This PMNs
xygen-dependent mechanism of defence, involve the consump-
ion of oxygen (O2) by the activation of the nicotinamide
denine dinucleotide phosphate (NADPH) oxidase system, lead-
ng to the production of oxygen radicals and their reaction
roducts—reactive oxygen species (ROS) which are know to
nduce tissue destruction (Segal, 2005).

The aim of this study was to gain further knowledge on the
iological reactions to chitosan and chitosan/soy based mem-
ranes meant for wound healing applications. Reis and his group
ave shown previously that (Silva et al., 2005), chitosan-based
embranes were non cytotoxic and support mouse fibroblast

ell adhesion and spreading. These new systems combine the

lending of natural polymers, such as chitosan and soy (Silva et
l., 2004; Silva et al., 2005), in order to develop hybrid mate-
ials for tissue engineering and regenerative medicine. In fact,
hitosan-based systems have been proposed by the same group
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or several different applications within the tissue and regenera-
ive field (Pedro et al., 2005; Tuzlakoglu et al., 2004; Silva et al.,
004). Therefore the present study intended to focus on the effect
f the presence of the newly developed chitosan-based mem-
ranes over the in vitro response of PMNs isolated from human
lood. The considered newly developed biomaterials are the chi-
osan/soy blends, thus the membranes of chitosan blended with
oy in two forms, one comprehending simply the blend of chi-
osan with soy (Cht/Soy), and the other which is the same blend
ut cross-linked with TEOS (Cht/Soy/TEOS). PMNs degranu-
ation was addressed by quantification of the granular hydrolytic
nzyme lysozyme while the respiratory burst mechanisms were
ollowed by a chemiluminescence assay (Robinson, 1998; Li et
l., 1998) knowing that PMNs can be stimulated in vitro with
horbol 12-myristate 13-acetate (PMA) (Azadniv et al., 2001;
arques et al., 2003) or formyl-methionyl-leucyl-phenylalanine

fMLP) (Robinson, 1998; Lee et al., 2005; Marques et al., 2003).

. Materials and methods

.1. Materials tested

Reagent grade chitosan (CHT, Sigma, USA) with a deacetyla-
ion degree of 85% and viscosimetric molecular weight of about
00 KDa, Soy protein isolate (Loders Crocklaan, The Nether-
ands) and tetraethyl orthosilicate (TEOS, Aldrich, USA) were
sed on the preparation of the different membranes. All other
eagents were also analytical grade and used as received.

Chitosan, chitosan/soy protein blended membranes (Cht)
ere prepared by means of solvent casting, as previously

eported by the group of Reis (Silva et al., 2005). By its turn,
he chitosan-soy protein hybrid membranes (Cht/Soy) were pro-
uced by means of a combination of a sol–gel method and
olvent casting (Silva et al., 2006). Firstly, a 4 wt% chitosan
olution was prepared by dissolving chitosan in 0.2 M acetic
cid solution. Secondly, a 1 wt% soy suspension (water/glycerol
10% w/v)) was also prepared and the pH adjusted to 8.0 ± 0.3
ith 1 M sodium hydroxide solution. Then, the dispersion
as heated in a water bath at 50 ◦C for 30 min. The blend
as prepared by means of mixing the solutions (75/25 wt%

hitosan–soy protein) under constant agitation for the period
f 1 h. The cross-linking agent TEOS and 0.5 M chloridric acid
HCl) solution in the molar ratio (TEOS:HCl) of 1:0.1 wt% were
dded to the blend to Cht:TEOS ratio of 10:0.1 wt%, under
onstant stirring for 24 h. Following the solvent casting method-
logy, the blended solutions was poured into a Petri dish and
llowed to dry at room temperature for several days, followed
y neutralisation using a 0.1 M sodium hydroxide solution, as
escribed elsewhere (Silva et al., 2006).

The referred to chitosan-based membranes were considered
or the studies: chitosan membranes (Cht), membranes of chi-
osan blended with soy in two forms, one comprehending simply
he blend of chitosan with soy (Cht/Soy), and the other which

s the same blend but cross-linked with TEOS, i.e. hybrid

embranes (Cht/Soy/TEOS). Three samples of each different
embrane were tested and four repetitions of each test were

erformed. The samples were sterilized by ethylene oxide (EtO)



2 Biotec

i
1

p
d
z

2

f
a
U
L
r
H
t
r
r
t
f
n
t
f
u
t
w
w
fi
2
a
c
s
m

r
p
p

2

U
w
U
5
i
w
r
w
t
o

t
p
l
r

a
b
c
q
p
l
c
b
d
t
d
w
a

2

a
(
1
o
L
(
S
(
w
r
w
r
p

3

3

o
m
w
p
a
2
o
o
i
e
w
f
a
n
c
o
(

20 T.C. Santos et al. / Journal of

n conditions that have been described previously (Reis et al.,
997).

For the quantification of lysozyme the considered incubation
eriods were of 30 min, 1 h and 2. For the reactive oxygen species
etection a kinetic study were performed from the time point
ero to a maximum of 2 h, without previous incubation.

.2. Cells

Human polymorphonuclear neutrophils (PMN) were isolated
rom heparinized fresh peripheral blood. Each 10 mL of hep-
rinized blood was placed in 10 mL of Dextran (Sigma, St. Louis,
SA) (6% solution in PBS without Ca and Mg – Sigma, St.
ouis, USA). After 20 min, about 6 mL of the top layer was

emoved with a glass pipette and carefully added to 4 mL of
istopaque 1077 (Sigma, St. Louis, USA). After a 25 min cen-

rifugation at 21 ◦C and 2400 rpm, the cloudy layer was firstly
emoved and then the others, keeping the bottom red pellet to
esuspend it with 5 mL of PBS without Ca2+ and Mg2+. The
ube was filled up with PBS (about 12 mL). A centrifugation
or 25 min at 21 ◦C and 2400 rpm was performed and the super-
atant was removed. One millilitre of distilled water was added,
riturated three times with the glass pipette and shacked gently
or 35 s, in order to lyse erythrocytes. The tube was quickly filled
p with PBS without Ca and Mg. The cells were washed by cen-
rifugation, for 25 min at 21 ◦C and 2400 rpm, the supernatant
as removed as well as the top of the red pellet, very carefully,
ithout touching the white pellet in the bottom. The tube was
lled up again with PBS without Ca and Mg and centrifuged for
5 min at 21 ◦C and 2400 rpm. The supernatant was removed
nd the volume needed of PBS without Ca and Mg was added to
ount the number of cells after resuspension. The cell suspen-
ion was kept at 4 ◦C until the assays were performed, within a
aximum of 2 h.
The cell suspensions used were of 1.3 × 106 cells/mL for the

eactive oxygen species assay and 100 �L of cell suspension
er well, and 5 × 105 cells/mL and 1.0 mL of cell suspension
er well for the lysozyme assay.

.3. Lysozyme quantification

A bacterial (Micrococcus lysodeikticus—Sigma, St. Louis,
SA) suspension of 1.5 mg/mL was prepared. The isolated PMN
ere resuspended in PBS with Ca and Mg (Sigma, St. Louis,
SA) (to promote cell attachment) at a final concentration of
× 105 cells/mL. Each sample material (14 mm diameter) was

ncubated with 1 mL of the previous cell suspension (in PBS
ith Ca and Mg), for the three pre-determined time periods of

eaction (30 min, 1 and 2 h), at 37 ◦C and in a humid atmosphere
ith 5% CO2 and non-adherent 24-well plates. Three wells with

he cell suspension alone were incubated for the same periods
f reaction, acting as negative controls.

After each incubation period, 0.5 mL of the supernatant were

ransferred to new wells and 0.5 mL/well of the bacterial sus-
ension previously prepared was added. The new wells with the
ysozyme of the PMN (released when in contact with the mate-
ials) and the bacterial suspension were incubated for 30 min,
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t 37 ◦C and in a humid atmosphere with 5% CO2. After incu-
ation, the optical density (OD) was recorded at 541 nm. The
oncentration of the viable cells in the bacterial suspension is
uantified by the changes in the turbidity of the bacterial sus-
ension. The cell wall of the bacteria acts as a substrate for
ysozyme, leading to the cleavage and consequent lysis of the
ell. The intact bacterial suspension is characteristically opaque,
ut after incubation with a lysozyme solution, the turbidity
ecreases with the increasing bacterial lysis (Salton, 1957). After
he absorbance reading of the samples, controls and the stan-
ards, the lysozyme secreted form the PMN after the contact
ith the materials, was quantified normalizing the OD values to
calibration curve of known concentrations of lysozyme.

.4. Reactive oxygen species quantification

The isolated PMN were resuspended in PBS with Ca and Mg
t a final concentration of 1.3 × 106 cells/mL. A mixture of cells
100 �L), with or without cell stimulants (phorbol 12-myristate
3-acetate (PMA) (Sigma, St. Louis, USA), 8 �g/mL in PBS
r formyl-methionyl-leucyl-phenylalanine (fMLP) (Fluka, St.
ouis, USA), 10 �g/mL in PBS (100 �L each), with luminol

Sigma, St. Louis, USA) 1.5 Mm in PBS and lucigenin (Sigma,
t. Louis, USA), 5.4 × 10−5 M in PBS (Sigma, St. Louis, USA)
100 �L each), and with or without materials were made in the
ells of a white opaque 96-well plate. In this step, the cells, the

eagents and the plate were kept on ice. The chemiluminescence
as read in a microplate reader (Sinergy HT, BioTech). The

esults were obtained in terms of number of counts per time
eriod.

. Results and discussion

.1. Lysozyme secretion

Wound healing is a very complex process involving a number
f cells, mediators and molecules that, if not properly regulated,
ay lead to severe damage of the surrounding tissues. If the
ounded tissue is the skin, the inflammatory response is accom-
anied by re-epithelialization, formation of granulation tissue
nd contraction of connective tissue (Martin and Leibovich,
005). Neutrophils play an important role in the development
f the inflammatory response and, in the particular situation
f a skin wound they can dictate the progression of the heal-
ng. PMNs can be activated by multiple mechanisms (McPhail
t al., 1981) resulting in an increased phagocytic activity as
ell as in the release of hydrolytic enzymes, such as lysozyme,

rom their cytoplasmic granules (Rice et al., 1986; Borregaard
nd Cowland, 1997). When activated neutrophils phagocytose
ecrotic tissue debris (Stevens et al., 2002) but also try to phago-
ytose the damaging material which is promoted by a coating
f immunoglobulins and proteins of the complement system
Stevens et al., 2002). The attempt to eliminate the harmful agent

s endorsed by the lytic enzymes, including lysozyme that can be
eleased during the process of frustrated phagocytosis, when the
aterial is too large to be internalized, or in association with the

espiratory burst (Hunt, 2001). Nevertheless, the lytic activity



T.C. Santos et al. / Journal of Biotec

Fig. 1. Amount of lysozyme secreted by the PMN after 30, 60 and 120 min
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n direct contact with Chitosan-based membranes. No statistical difference was
etected when comparing the lysozyme secretion profile between the Chitosan-
ased membranes and the tissue culture polystyrene (TCPS).

f neutrophils is limited by their inability to regenerate lyso-
omal enzymes and, after the “respiratory burst”, neutrophils
egenerate (Stevens et al., 2002; Segal, 2005).

In the present work, the lysozyme secreted by the PMNs in
irect contact with the Chitosan-based membranes was quan-
ified by a spectrophotometric assay. The amount of lysozyme
ecreted by PMNs after 30 min of incubation with the chitosan
Cht), chitosan and soy (Cht/Soy) and Cht/soy cross-linked with
EOS (Cht/Soy/TEOS) membranes was similar (Fig. 1). More-
ver, it was not observed a significant difference from the values
btained for the negative control, where the cells were incubated
ith tissue culture polystyrene (TCPS). Increasing incubation

imes (1 and 2 h) revealed that the peak of lysozyme secretion
ccurred at 1 h and that after that time the amount of enzyme pro-
uced by the cells reached the values of the earlier time point.
owever, as the same profile was observed for all the tested

onditions, it can be concluded that the amount of lysozyme
ecreted at each time point was comparable for the three types
f chitosan-based membranes and the negative control and that
here were no significant differences along the assay.

The lysozyme quantification data suggest that the membranes
f Cht, Cht/soy and Cht/Soy/TEOS were able to activate the
MNs in a comparable degree as the TCPS. Therefore the devel-
ped chitosan-based membranes did not have any significant
ffect on PMNs degranulation.

.2. Chemiluminescence

The increased metabolism of activated neutrophils is trans-
ated in the so called “respiratory burst”, which results in
he generation of superoxide anions (O2

−), hydrogen perox-
de (H2O2), singlet oxygen (1O2) and hydroxyl radicals (OH−)
Segal, 2005; Stevens et al., 2002; Williams, 2001). Despite the
poptotic self destruction mechanism of PMNs once they fin-
sh their functions at the wound site and their rapid recognition
nd clearance by macrophages (Schwartz et al., 1999), the accu-

ulation of PMNs at injury sites is not unusual to occur. This

athering of PMNs at the site of implantation or injury, specially
n the cases of chronic wounds, blitz the environment with free
adicals that kill healthy host cells (Martin and Leibovich, 2005).

s

b
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n fact, it is well known that the respiratory burst of neutrophils
as harmful effects on themselves and on surrounding healthy
issues (Fadeel et al., 1998; Tuo et al., 1999). Therefore, it is
mperative to gain further knowledge on the in vitro behaviour
f PMNs in direct contact with newly developed materials to pre-
ict, as much as possible, their role in the in vivo inflammatory
eaction.

The assessment of the effect of the chitosan-based mem-
ranes on PMN activation was further achieved by the
uantification of the produced ROS using a chemiluminescence
ssay (Marques et al., 2003), in the presence and absence of cell
timulants (PMA and fMLP). This two cell stimulants were cho-
en due to their different mechanisms of action; PMA activates
eutrophils directly at the level of Protein Kinase C (Melloni et
l., 1986; McPhail et al., 1981) while fMLP activates NADPH-
xidase (McPhail et al., 1981) thus allowing to conclude about
he signalling pathways activated by the contact with the mate-
ials studied.

As previously reported (Silva et al., submitted for
ublication), the developed chitosan-based membranes used
n this work showed the following features: (i) higher sur-
ace roughness (7.0 �m) of the Cht/Soy/TEOS membranes in
omparison to Cht and Cht/Soy membranes (4.6 and 2.5 �m,
espectively); (ii) contact angles values between 80 and 117◦
nd thus an hydrophobic nature, and (iii) increasing of surface
nergy of the blended membranes in comparison to Cht mem-
ranes. All resulting changes are related to both incorporation
f soy protein and inorganic phase (TEOS). More details about
he characterization of the membranes can be found elsewhere
Silva et al., submitted for publication).

The kinetics of PMN activation induced by PMA and fMLP
as determined under the same conditions as the assays per-

ormed in the presence of the materials in study and represents
he maximum capacity of the cells to be activated under the
efined conditions (Fig. 2). Superoxide anion (O2

−) generation
as detected by the oxidation of lucigenin while the generation
f the hydroxyl anion (HO−) was detected from the oxidation
f luminol. In the tested conditions, PMA was able to stimulate
uman neutrophils for the production of either O2

− or HO−.
he stimulation with PMA induced the cells to start to produce
O− after 10 min of incubation. This stimulation was prolonged

or approximately 1 h 12 min, reaching its peak around 25 min
fter the beginning of the stimulation with PMA.

The production of O2
−, represents a later and prolonged

efence mechanism compared to the production of HO−, once
t started 15 min. after the incubation with PMA and reached a

aximum value approximately 1 h after. The stimulation with
MLP induced the PMNs to produce either O2

− or HO− at
imilar periods of time which started around 15 min, lasted for
h 20 min and showed a maximum stimulation after 30 min of

he beginning of stimulation. Nevertheless, the O2
− production

as lower than the production of HO− and the amount of these
OS was much lower in the fMLP stimulation compared to the

timulation with PMA.

The chemiluminescence results show that the chitosan-
ased membranes did not stimulate PMNs to produce HO−
Figs. 3A, 4A and 5A) and represent a weak stimulus for the
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Fig. 2. PMA and fMLP-stimulated chemiluminescence profiles for polymorphonuclear neutrophils incubated for 107 min at 37 ◦C. Superoxide anion generation was
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etected by the oxidation of lucigenin while the generation of the hydroxyl an
ble to stimulate human neutrophils for the production of either O2

− or HO−, b
gure shows representative data of five separate experiments. Schematic repres

roduction of O2
− (Figs. 3B, 4B and 5B). In fact, the luminol

xidation signals presented outlines comparable to the observed
or the negative controls where the cells were incubated with
BS. Nevertheless, since PMNs were able to produce HO−

−
r O2 when stimulated with PMA or fMLP in direct contact
ith the chitosan-based membranes, their activation capacity
as retained. Additionally, the majority of the kinetic profiles
f the response of PMNs to the cell stimulants in the pres-

t
t
t
d

ig. 3. Influence of chitosan membranes on the production of HO− (A) and O2
− (B) by

n the presence of the chitosan membranes, unstimulated PMNs and fMLP-stimulat
MA-stimulated PMNs in contact with the chitosan membranes produced either O2

−

as detected after the oxidation of luminol. In the tested conditions, PMA was
LP was not able to stimulate neutrophils to produce neither O2

− nor HO−. The
on of graph.

nce of the chitosan-based membranes were different from the
ontrols. The intensity of the luminescence peak related to the
roduction of HO− and O2

− by cells stimulated with PMA
nd in direct contact with the chitosan-membranes was lower

han in the control conditions (PMNs only in the presence of
he stimulants—Fig. 2) and shifted in time. This means that
he PMA-stimulated HO− and O2

− production was slightly
iminished and delayed in the presence of the chitosan-based

polymorphonuclear neutrophils with and without PMA and fMLP stimulation.
ed cells did not have the ability to produce neither O2

− nor HO−. Contrarily,
or HO−. Schematic representation of graph.
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ig. 4. Influence of chitosan/soy membranes on the production of HO (A) a
timulation. In the presence of the chitosan/soy membranes, unstimulated PMNs
ontrarily, PMA-stimulated PMNs in contact with the chitosan membranes pro

embranes. An interesting and distinct behaviour was found
or the fMLP-stimulated PMNs in the presence of the developed
embranes. While the fMLP-stimulated production of O2

− was
oth diminished and delayed in the presence of the three tested
aterials (Figs. 3B, 4B and 5B), the fMLP-stimulated HO−

roduction was only lower and delayed in the presence of the
hitosan/soy (Fig. 4A) and of the hybrid membranes (Fig. 5A).
n fact fMLP-stimulated PMNs presented comparable HO− pro-
uction kinetic profiles when in the control conditions (Fig. 2)
nd in the presence of the chitosan membranes, meaning that
he chitosan membranes did not induce a lower and delayed
esponse of PMNs (Fig. 3A).

The comparison of the chemiluminescence data from the dif-
erent materials revealed that the PMA-stimulated HO− and O2

−
roduction in the presence of the chitosan/soy and hybrid mem-
ranes did not present significant differences. This similarity was
lso found for the fMLP-stimulated HO− production but not for
he fMLP-stimulated O2

− production in which the hybrid mem-
ranes induced a less significant effect than the chitosan/soy
embranes in comparison to the control. Moreover, the chi-

osan membranes while exerting a more pronounced effect on

timulating PMNs over the PMA-stimulated HO− production
n comparison with the control conditions and with the two
ther chitosan-based membranes, showed to induce comparable
MLP-stimulated HO− production to control and lower effect

(
o
o
a

2 (B) by polymorphonuclear neutrophils with and without PMA and fMLP
MLP-stimulated cells did not have the ability to produce neither O2

− nor HO−.
either O2

− or HO−. Schematic representation of graph.

han the chitosan/soy and hybrid membranes also over the PMA
nd fMLP-stimulated O2

− production.
It was demonstrated that the human neutrophils were success-

ully stimulated by PMA, with a maximum production of HO−
etween 20 and 30 min and O2

− and a maximum production of
2
− between 55 and 65 min (Fig. 2). The stimulation for the

ecretion of HO− started earlier and was slightly stronger than
he stimulation for the release of O2

−, but the O2
−-elicited oxi-

ation of lucigenin lasted longer. The HO− and O2
− maximum

roduction by fMLP-stimulated neutrophils was shown to occur
etween 20 and 50 min, however, the intensity of those peaks was
ignificantly lower when compared with the production of HO−
nd O2

− by PMA-stimulated PMNs.
McPhail et al. (1981) demonstrated that modifications in the

ytoplasmic membranes of neutrophils lead to cells that respond
o stimuli such as PMA with normal O2

− production, but are
nable to respond normally to fMLP stimulation.

In contact with all the tested chitosan-based membranes, the
MNs were not stimulated for the release of HO− and represent
weak stimulus for the production of O2

−. Despite the differ-
nces assessed in the surface of the chitosan-based membranes

Silva et al., 2006), the cells showed a similar behaviour in terms
f activation. These observations indicate that the characteristics
f those surfaces were inert for PMNs, corroborate the already
ssessed biocompatibility (Silva et al., 2005). Nonetheless, if the
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or HO−. Contrarily, PMA-stimulated PMNs in contact with the chitosan mem

ells were simultaneously, in direct contact with the chitosan-
ased membranes and stimulated with PMA or fMLP, they
howed capacity to produce both HO− and O2

−, meaning that
he contact with the chitosan-membranes did not eliminate their
apacity to respond to those stimuli, although responding differ-
ntly from the control conditions. This may indicate an in vivo
nti-inflammatory/anti-oxidant potential of the chitosan-based
embranes. In fact, the intensity of the chemiluminescence

eaks resulting from PMA and fMLP stimulation in the pres-
nce of the materials is lower than in the control and was shifted
n time which indicates a decrease in the amount of detected ROS
nd a delaying in the response of the cells to the stimuli. Thus the
aximum activation capacity of the PMNs in the presence of the
aterials was either affected or the chitosan-based membranes

ave the capacity to react with the produced ROS, which can
xplain the lower intensity and consequently the lower amount
f ROS detected.

Furthermore, the alteration in time of the signal measured
ight be a consequence of the cell–material interactions that

ccur at the surface of the different membranes. In fact, the
esponse obtained in the presence of the chitosan membranes
as different from the observed for the Cht/soy and hybrid

embranes. The PMNs stimulated with PMA and in contact
ith chitosan membranes, showed an intensity of the chemi-

uminescence peak resultant from the oxidation of luminol by
O−, lower than the observed for the control and for the two
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s produced either O2

− or HO−. Schematic representation of graph.

ther chitosan-based membranes. In contrast, chitosan mem-
ranes showed to induce comparable fMLP-stimulated HO−
roduction to control and higher PMA and fMLP-stimulated
2
− production than the other materials.
The in vivo biological acceptance of an implanted biomate-

ial always involves inflammation and wound healing, without
hich the body would only tolerate the biomaterial instead of
et it into a functional and long-term association (Hunt, 2001).

The chitosan/soy blended membranes were obtained by com-
ination of chitosan and soy protein. In a previous study (Silva
t al., 2005), the chemical cross-linking of these two compo-
ents was performed with glutaraldehyde in order to increase
heir interaction reducing the immiscibility (Silva et al., 2007).

Despite the fact that the chitosan-based membranes pre-
ented a rougher surface and higher surface energy and siloxane
onds when comparing to chitosan membrane alone (Silva et
l., submitted for publication), the results showed that is not
ossible to establish a direct correlation with the PMN’s activa-
ion in direct contact with the membranes and without chemical
timulants (PMA and fMLP). Nonetheless, they still retain their
apacity of activation and it is imperative to consider that the
timulation and activation of these cells is highly influenced by

he type of molecules or mediators adsorbed to the surface of

aterials (Jackson et al., 2000; Nimeri et al., 2002) once they are
mplanted in vivo. PMNs that are activated mainly in response to
he wound healing process subsequent to the injury produced by
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he implantation procedure, at least, are not directly activated by
he chitosan/soy membranes in vitro, as it was proved by the poor
ctivation demonstrated by the production of ROS. Even though,
t is possible that, in vivo, the response elicited by the same
embranes could differ. The present results show that the chi-

osan/soy membranes, in vitro, were not able to stimulate human
MNs neither for the release of lysozyme nor for the production
f ROS found in the “respiratory burst”. Nonetheless, the in vivo
ctivation of PMNs by the implantation of any medical device
or tissue engineering purposes is required at controlled lev-
ls, since their function in wound healing precedes the adaptive
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