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The  positive  interaction  between  polysaccharides  with  active  phytochemicals  found  in  medicinal  plants
may  represent  a strategy  to  create  active  wound  dressing  materials  useful  for skin  repair.  In  the  present
work,  blended  membranes  composed  of chitosan  (Cht)  and aloe  vera  gel  were  prepared  through  the
solvent  casting,  and  were  crosslinked  with  genipin  to improve  their  properties.  Topography,  swelling,
wettability,  mechanical  properties  and  in  vitro  cellular  response  of the  membranes  were  investigated.
eywords:
loe vera
lends
hitosan
rosslinking
enipin

With  the  incorporation  of  aloe  vera  gel  into  chitosan  solution,  the  developed  chitosan/aloe-based  mem-
branes  displayed  increased  roughness  and  wettability;  while  the  genipin  crosslinking  promoted  the
formation  of stiffer  membranes  in comparison  to those  of  the  non-modified  membranes.  Moreover,
in  vitro  cell  culture  studies  evidenced  that  the L929  cells  have  high  cell  viability,  confirmed  by  MTS  test
and  calcein-AM  staining.  The  findings  suggested  that  both  blend  compositions  and  crosslinking  affected
the  physico-chemical  properties  and  cellular  behavior  of  the  developed  membranes.

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

The recognition of the pharmaceutical, medical and economical
alue of medicinal plants is still growing, although this varies
idely between countries (Hoareau & Da Silva, 1999). Despite

he use of herbal plants over many countries, only a relatively
mall number of plant species has been studied in a large range
f applications. Aloe vera (AV), a tropical plant belonging to
he Liliacea family (Reynolds & Dweck, 1999), can be found in
he formulations of cosmetics, dietary supplements, lotions and
eauty products (Eshun & He, 2004). The interest of this plant

s associated to its heterogeneous composition. For instance,
he AV gel is composed not only by many active compounds
ut also polysaccharides which express various health benefits
Hamman, 2008). Many studies have been shown that AV has

nti-inflammatory, anti-tumor, immodulatory and antibacterial
ctivity (Hamman, 2008; Reynolds & Dweck, 1999). Based on the
entioned properties, current research on AV gel had investigated
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nd  Biomimetics, Department of Polymer Engineering, University of Minho, Head-
uarters of the European Institute of Excellence on Tissue Engineering and
egenerative Medicine, AvePark, S. Cl audio de Barco, Caldas das Taipas, 4806-909
uimarães, Portugal. Tel.: +351604781; fax: +351 253510909.

E-mail address: simonesilva@dep.uminho.pt (S.S. Silva).
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its use conjugated with synthetic and natural polymers aiming the
production of 2D and 3D matrices as, e.g. hydrogels, nanofibers and
films (Inpanya, Faikrua, Ounaroon, Sittichokechaiwut, & Viyoch,
2012; Khoshgozaran-Abras, Azizi, Hamidy, & Bagheripoor-Fallah,
2012; Park & Nho, 2004; Pereira, Tojeira, Vaz, Mendes, & Bartolo,
2011). In those studies, positive effects on mechanical, biocom-
patibility and thermal degradation of the resulting matrices were
observed due to the incorporation of AV gel.

On the other hand, chitosan, a natural polymer, has been recog-
nized by its intrinsic properties such as biodegradability, solubility
in weak acids, cationic nature, anti-bacterial and haemostatic prop-
erties (Alves & Mano, 2008; Pillai, Paul, & Sharma, 2009). Among the
distinct chitosan-based matrices reported in the literature (Guibal,
Milot, Eterradossi, Gauffier, & Domard, 1999; Muzzarelli, 2009;
Reys et al., 2013; Silva et al., 2008) and proposed for biomedical
applications, chitosan membranes have been widely investigated
for the purpose of wound coverage because of their easy production
and long shelf life (Altiok, Altiok, & Tihminlioglu, 2010; Silva et al.,
2007). Nevertheless, the development of chitosan membranes with
desirable properties sometimes requires modification at surface or
bulk level by chemical and physical means (Silva, Santos, Coutinho,
Mano, & Reis, 2005; Silva et al., 2007). Promising findings on wound

healing have also achieved using combinations of chitosan and
soy protein, alginate or gelatin (Santos et al., 2013; Silva, Mano,
& Reis, 2010). It has been reported that chitosan-based matrices
crosslinked using genipin, an effective natural crosslinking agent,

dx.doi.org/10.1016/j.carbpol.2013.06.022
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.carbpol.2013.06.022&domain=pdf
mailto:simonesilva@dep.uminho.pt
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images (10 �m wide) were fitted to a plane using the 3rd degree
flatten procedure included in the NanoScope software version
82 S.S. Silva et al. / Carbohydr

ave better stability in aqueous medium and mechanical proper-
ies as compared to non-modified materials (Alves & Mano, 2008).
ven though the mechanism of reaction of genipin with chitosan
s well documented (Muzzarelli, 2009), no information has been
ound involving reactions of genipin with AV gel. In the present
ork, blended membranes composed by chitosan and aloe vera

el were produced by solvent casting, and subsequently submitted
o crosslinking using genipin. Both native AV gel and a commer-
ial one (ACTIValoe®) were used in the formulation of the blended
embranes in order to study its interactions with chitosan. We

ypothesized that these membranes could be used as wound dress-
ngs. Then, they will facilitate the penetration of the AV gel onto
he skin, and the membrane may  act at different stages of the
ealing process, while protecting the injury from infection, con-
tituting a more value added material as compared to synthetic
nes used for this purpose. Additionally, chitosan will increase
he stability of the polysaccharides and/or compounds present
n the AV composition (Hamman, 2008), which can in turn keep
heir natural biological activity. By its turn, the chemical crosslink-
ng on chitosan/aloe-based membranes using genipin will brings
he possibility to control the leaching out of AV gel portion from
he blended membranes. Herein, issues concerning topography,
welling, wettability, mechanical properties and cellular behavior
f the developed membranes were evaluated.

. Experimental

.1. Materials

Fresh whole aloe vera (Aloe barbadensis Miller)  leaves obtained
n a Portuguese botanic shop, were used as the raw material in
ll experiments. The studied leaves have between 30 and 40 cm
f length, corresponded to 4-year old plants. Aloe vera (Tai-
in Chow, Williamson, Yates, & Goux, 2005) commercial powder

Aloe barbadensis Miller,  ACTIValoe® Aloe Vera Gel Qmatrix 200X)
rom Aloecorp-Zeus Química Ltda (Portugal) was used as received.
eagent grade medium molecular weight chitosan – Cht (Sigma
ldrich, CAS 9012-76-4) was used, with a deacetylation degree of
6.6%, and molecular weight of 166kDa, determined by 1H NMR  and
EC-MALLS, respectively (Reys et al., 2013). Prior use, chitosan was
urified using a re-precipitation method, as described previously
Signini & Filho, 2001). All other chemicals were reagent grade and
ere used as received.

.2. Methods

.2.1. Extraction of the aloe vera gel
Whole aloe vera leaves were washed with distilled water to

emove dirt from the surface. The skin was carefully separated
rom the parenchyma using a scalpel-shaped knife. The filets were
xtensively washed with distilled water to remove the exudates
rom their surfaces. The filets were homogenized in a blender
nd then the homogenized mass was filtered. After that the AV
el was stabilized at 65 ◦C for 15 min  and stored at 4 ◦C prior
ses.

.2.2. Preparation of the membranes
Chitosan flakes were dissolved in an aqueous acetic acid 0.2 M

t concentration of 2Ywt% (w/v) to obtain a homogeneous solution.
he chitosan/aloe vera gel blended films were prepared using two
trategies. In the first approach, the extracted AV gel was added
o Cht solution at a ratio of 1:2, 1:3 and 2:1 (v/v) Cht/AV. In the

econd approach, the AV powder (ACTIValoe®) was added to Cht
olution at ratio, 1:2, 1:3 and 2:1 (w/v). Glycerol, a well-known
lasticizer, was also added to blended mixture (water/glycerol 2.5%,
/v). Then, the blended systems were kept under stirring at 4 ◦C
lymers 98 (2013) 581– 588

for at least 3 h. After homogenization, the blended solutions were
casted into petri dishes and dried at room temperature for 4 days.
Subsequently, the neutralization of the membranes was performed
by soaking them in a NaOH 4%/ethanol 1:1 for 10 min, followed
by washing with ethanol and then with distilled water until pH 7.
For Cht membranes, the neutralization was performed using only
NaOH 4% (w/v). The identification of the Cht/AV membranes was
CA and CAQ, for those prepared using native and commercial AV,
respectively.

2.2.2.1. Determination of aloe vera release. The aloe release from
the membranes (CA and CAQ), during neutralization process, was
calculated using a standard curve constructed using freeze-dried
AV gel (concentrations ranging from 0.01 to 1Ymg/ml) dissolved in
NaOH/ethanol 1:1 (v/v). Then the optical absorbance of the solution
was recorded with a spectrophotometer (Bio-Rad SmartSpec 3000,
CA) at a wavelength of 400 nm.  All tests were performed using six
replicates.

2.2.3. Genipin crosslinking on membranes
Dried CA and CAQ membranes were crosslinked by immersion

in a bath containing genipin 10YmM,  previously dissolved in pure
ethanol. The crosslinking reaction was  performed at room tem-
perature during 30 min  and then, the membranes were washed
with ethanol, followed by distilled water to remove non-reacted
genipin. The membranes were dried at room temperature and
stored at 4 ◦C until use. The identification of the crosslinked blended
membranes was CAG and CAG1, prepared using native and com-
mercial AV gel, respectively. The crosslinking degree of each test
group of samples (non- and crosslinked membranes) was  deter-
mined by the use of the ninhydrin assay (Eick, Good, & Neumann,
1975). In the ninhydrin assay, the sample was  weighed (3Ymg)
and heated with a ninhydrin solution (2Ywt%, v/v) at 100 ◦C for
20 min. Then the optical absorbance of the solution was recorded
with a spectrophotometer (Bio-Rad SmartSpec 3000, CA) at a
wavelength of 570 nm.  Glycine solutions of various known concen-
trations were used as standards, and both CA and CAQ membranes
that were prepared without genipin were used as control mate-
rials. After the sample was heated with ninhydrin, the number
of free amino groups in the test sample was proportional to the
optical absorbance of the solution. Each sample was made in
triplicate. Then, the degree of cross-linking of the samples was cal-
culated (Eq. (1)). Fresh and fixed are the mole fractions of free NH2
remaining in non-crosslinked and crosslinked samples, respec-
tively.

Degree of crosslinking

=
[

(NH reactive amine)fresh  − (NH reative amine)fixed
(NH reative amine)fresh

]
× 100

(1)

2.3. Characterization

2.3.1. Atomic force microscopy (AFM)
The samples were measured on at least three spots using

TappingModeTM with a MultiMode connected to a NanoScope, both
supplied from Veeco, USA, with non-contacting silicon nanoprobes
(ca 300 kHz, setpoint 2–3YV) from Nanosensors, Switzerland. All
4.43r8. The surface roughness was  calculated as Sq (root mean
square from average flat surface) and Sa (average absolute dis-
tance from average flat surface). The values are presented as mean
(standard deviation).
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Table  1
Contact angles, dispersive (�d) and polar (�p) components of the prepared mem-
branes calculated by the Owens–Wendt equation.

Membrane �glycerol (◦) �d (mN  m−1) �p (mN  m−1) � (mN  m−1)

Cht 88.4 ± 0.9 13.3 ± 0.1 6.0 ± 0.1 19.3 ± 0.02
CA  86.4 ± 2.8 21.7 ± 0.1 3.1 ± 0.01 24.8 ± 0.01

2

i
s
f
u
d
t
v

S

2

g
s
(
m
d
T
a

2

T
U
r
a
f
i
w
A
a
p
o

2

m
E
w
s
D
p
C
C
e
t
a
A
m
a
w
b
5

CAG 94.4 ± 2.2 23.5 ± 0.2 1.1 ± 0.03 24.6 ± 0.02
CAQ 82.8 ± 2.9 24.8 ± 0.1 3.7 ± 0.01 28.5 ± 0.1
CAG1 90.9 ± 2.7 32.3 ± 0.1 0.5 ± 0.01 32.8 ± 0.1

.3.2. Swelling
Swelling behavior of the membranes was performed by immers-

ng the membranes in phosphate buffer solution (PBS) at 37 ◦C. The
wollen sample weights were measured after removing excess sur-
ace water by gently tapping the surface with filter paper. Water
ptake was determined from the swollen state, ws and the final
ried weight wd using Eq. (2). Each experiment was  repeated three
imes, and the average value was considered to be the water uptake
alue.

welling (%) =
[

ws − wd

wd

]
× 100 (2)

.3.3. Contact angle measurements
The surface properties of the membranes were also investi-

ated by means of static contact angle measurements using the
essile drop method with glycerol (polar) and diiodomethane
non-polar) (OCA equipment, Germany and SCA-20 software). Six

easurements were carried out for each sample. The presented
ata (Table 1) corresponds to the average of six measurements.
he surface energy was calculated using the Owens, Wendt, Rabel
nd Kaelble (OWRK) equation (Owens & Wendt, 1969).

.3.4. Dynamical mechanical analysis
The viscoelastic measurements were performed using a

RITEC8000B dynamic mechanical analyzer (Triton Technology,
K) equipped with the tensile mode. The measurements were car-

ied out at 37 ◦C. The distance between the damps was  10 mm
nd the samples were cut with 6 mm width (measured accurately
or each sample). The membranes were always analyzed whilst
mmersed in a liquid bath placed in a Teflon reservoir. The samples

ere clamped in the DMA  apparatus and immersed in PBS solution.
fter equilibration at 37 ◦C, the DMA  spectra were obtained during

 frequency scan between 0.1 and 10 Hz. The experiments were
erformed under constant strain amplitude (30 �m).  A minimum
f three samples were used for each condition.

.3.5. Screening cellular behavior
In vitro tests were performed using a cell suspension of the

ouse fibroblast-like cell line L929 at a passage P16 (L929 cells;
uropean Collection of Cell Cultures-ECACC, UJ). All membranes
ere sterilized under an ethylene oxide atmosphere. Cells were

eeded in the samples with a density of 4 × 104 cell/cm2 with
ulbecco’s modified minimum essential medium (D-MEM) sup-
lemented with 10% fetal bovine serum (FBS) and 1% antibiotic.
ultures were incubated at 37 ◦C in a humidified 95% air and 5%
O2 atmosphere for 1, 3, and 7 days. Triplicates were used for
ach time point and for each different test. After each time point,
he medium was removed and samples were washed with PBS
nd processed for alamar blue, DNA quantification and calcein-
M staining. AlamarBlueTM assay was performed to assess the
etabolic activity of L929 cells in contact with the membranes
long the culture. For this assay, an alamar blue TM solution
as prepared and added into medium, followed by a 4 h incu-

ation period at 37 ◦C. Finally, the optical density was read at
70 and 600 nm on a multiwell microplate reader (Synergy HT,
ymers 98 (2013) 581– 588 583

Bio-Tek Instruments). All tests were performed using 6 replicates.
L929 cell proliferation in the both Cht and Cht/AV-based mem-
branes was  determined using a fluorimetric double strand DNA
(dsDNA) quantification kit (PicoGreen®, Molecular Probes, Invi-
trogen, UK). Herein, samples collected at 1, 3 and 7 days were
transferred into 1.5 ml  microtubes containing 1 ml  of ultra-pure
water. Cell-membrane constructs were incubated for 1Yh at 37 ◦C
in a water-bath and then stored in a −80 ◦C freezer until testing.
Prior to dsDNA quantification, constructs were thawed and soni-
cated for 15 min. Samples and standards (ranging between 0 and
2Ymg/ml) were prepared and mixed with a PicoGreen solution in
a 200:1 ratio, and placed on a white 96 well plate. Triplicates were
made for each sample or standard. The plate was  incubated for
10 min  in the dark and fluorescence was measured on a microplate
reader (BioTek, USA) using an excitation and emission wavelengths
of 485/20 nm and 528/20 nm,  respectively. A standard curve was
created and sample dsDNA values were read off from the standard
curve graph. For the fluorescent images, calcein AM was used to
stain the cells. A 2 �l amount of calcein AM and 1 ml of D-MEM  cul-
ture medium without phenol red or FBS were added to each sample,
followed by 10 min  of incubation at 37 ◦C. Live cells stained green
due to enzymatic conversion of the nonfluorescent cell-permeant
calcein AM to fluorescent calcein. Fluorescent cells were visual-
ized with the corresponding filters under an inverted microscope
(Imager-Z1M).

2.4. Statistical analysis

All quantitative experiments are run in triplicate and results
are expressed as mean ± standard deviation for n = 3. Statistical
analysis of the data was  conducted using two-way ANOVA with
Bonferroni’s post-test by using GraphPadPrism version 5.0 for Win-
dows (GraphPad Software, San Diego, http://www.graphpad.com).
Differences between the groups with p < 0.05 were considered to
be statistically significant.

3. Results and discussion

3.1. General aspects

Chitosan/aloe vera (Cht/AV)-based membranes were success-
fully prepared. Two  types of Cht/AV membranes were produced:
CA – membranes prepared using AV gel obtained directly from the
leaves of the plant; and CAQ – membranes produced using AV gel
commercial powder. The membranes have a yellowish color (see
Fig. 1) with a thickness in a range of 129–425 �m.

Glycerol, added to all formulations, acted as a plasticizer and
it had an important role in the improvement of the chain flexi-
bility and resistance of the membranes: without it, the blended
membranes were too fragile for handling. The effect of glycerol
as plasticizer agent has been observed in other studies involving
chitosan membranes (Larena & Cáceres, 2004). Among all the pre-
pared formulations, those prepared with a ratio of 2:1 (CA) and 1:2
(CAQ) showed better mechanical stability. Then, the characteriza-
tion continued only with the membranes prepared using these two
ratios.

During the neutralization process on all Cht/AV-based mem-
branes using NaOH solution, a considerable leaching out of AV
was observed (data not shown). To avoid the swelling of the
membrane, a NaOH/ethanol (1:1) solution was  used instead only
aqueous NaOH solution. Caridade, Reis, and Mano (2009) observed
that the swelling of chitosan membranes can also be controlled

varying the composition of water/ethanol solution. The AV release
calculated on the washing solutions along the neutralization pro-
cess was  around 2% (w/v) for CA and 10% (w/v) for CAQ. These
results suggested that the interaction between Cht and native AV

http://www.graphpad.com/
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ig. 1. Photographs of the blended membranes: (a) CA and (b) CAQ. (For interpretati
f  the article.)

el was better than with commercial AV gel. Moreover, chemi-
al crosslinking on blended membranes was investigated as an
pproach to increase the stability of aloe fraction in the membrane,
hich will imply in an improvement of their physical properties.
oth crosslinked membranes (CAG and CAG1) showed good hand-

ing properties and, the crosslinking degree values found were 1
nd 15% for CAG and CAG1, respectively. It is known that genipin
rosslinking reactions occur spontaneously with the amino groups
f chitosan (Butler, Ng, & Pudney, 2003) and amino acids such as
ysine and arginine present in the proteins (Sung, Huang, Huang,
sai, & Chiu, 1998). In the Cht/AV-based membranes, chitosan has a
igh amount of amino groups (DD 76.6%), while AV contains amino
cid in a varying percentage (Hamman, 2008). Then, the crosslink-
ng values may  be associated with different interactions of genipin

ith the blend components. Previous studies (Mi,  2005; Silva et al.,
008) on crosslinking of genipin on chitosan blends suggested that
he speed of the reactions as well as the crosslinking degree may
e associated to blend ratio.

.2. Surface topography

Changes on the surface topography at a nanometer level of the
embranes are showed in Fig. 2. From AFM data, an increasing

urface roughness was observed in the blended membranes, from
.8 ± 0.5 (Cht), 5.4 ± 1.0 (CA) to 45.7 ± 11 nm (CAQ). The presence
f AV could promote an arrangement of the macromolecules into
he blended system that may  have contributed to these findings.
urthermore, the crosslinked membranes presented lower rough-
ess values as compared to non-crosslinked ones, from 4.4 ± 2.4
CAG) to 34.9 ± 1.3 nm (CAG1). In these cases, the possible AV leach-
ng out during crosslinking reaction may  be a reason for these
esults.

.3. Hydrophilic/hydrophobic balance and swelling behavior

The measured contact angle and the calculated surface energy
f the studied membranes are summarized in Table 1. By findings,
he incorporation of AV promoted an increase in the surface
ydrophilicity, while the genipin crosslinking promoted the for-
ation of hydrophobic network membranes. In fact, the reaction

f genipin with primary amino groups (Cht) and amino acids may
esult in a decline in the NH2 group content and the membrane
ecomes more hydrophobic. It may  be assumed that the observed
ariations in the contact angle of the blended membranes probably
ccurred due to the changes on the surface roughness and/or a

e-structural arrangement of the blend components. Further the
urface energy was calculated using the Owens, Wendt, Rabel
nd Kaeble (OWRK) method (Owens & Wendt, 1969). As shown
n Table 1, the total surface energy was higher for modified
he references to color in this figure legend, the reader is referred to the web version

membranes than for the Cht, which suggested the generation of
more reactive surfaces. Also, both the incorporation of AV and
genipin crosslinking resulted in a variation of the polar component
in the modified membranes. It could be possible that the different
polar groups present in the AV gel (Hamman, 2008) affected
the final blend composition (CA and CAQ); which in turn may
affect the surface energy and its components. Furthermore, the
chemical crosslinking will increase the interaction between Cht
and AV chains become the membranes more hydrophobic, and
then decreasing the polar component fraction. The contact angle
data on CAG and CAG1 help to support these hypotheses.

Fig. 3 displays the swelling behavior of the membranes in PBS up
to 24 h. All the membranes revealed to be stable in the PBS solution,
but presented different water uptake profiles. It is observed that the
water uptake of CA enhanced over the Cht itself (Fig. 3a). Statisti-
cal differences (p < 0.05) were found between Cht and CA profiles
up to 24 h. This result should be a consequence of the increase
of hydrophilic groups in the blended system due to the addition
of AV. A similar behavior was  reported when AV was conjugated
with bacterial cellulose (Saibuatong & Phisalaphong, 2010). On the
other hand, the swelling behavior of the crosslinked membranes
has also differing profiles, where an increasing of the water uptake
on CAG and a decreasing on CAG1 were observed as compared to
Cht (Fig. 3a and b). Statistical differences (p < 0.05) were detected
between the pairs CA/CAQ, and Cht/CAG. Despite the crosslinking
degree of CAG1 (15%), perhaps many hydrophilic groups present in
this formulation were not crosslinked, which explain its behavior.
Also, the differences observed between CA and CAG can be associ-
ated to its hydrophobic character showed in CAG by contact angle
measurements (Table 1).

3.4. Mechanical and viscoelastic properties

DMA  experiments were performed in a hydrated environment
at 37 ◦C to assess how membranes behave in more realistic condi-
tions. Fig. 4 presents the viscoelastic behavior of the membranes,
where the storage (elastic) modulus, E′, and the loss factor, tan ı,
were determined. The mechanical analysis of membranes made
of AV gel alone was not conducted because its film was too fragile
for handling. As shown in Fig. 4a and b, E′ of all membranes tend
to increase with increasing frequency. From Fig. 4a, the results
revealed that both CA and CAG were stiffer than Cht membranes
alone, exhibiting the highest E′ values. In Fig. 4b, the same tendency
was observed for Cht and CAQ. The crosslinking of the membranes
increased significantly their stiffness (see Fig. 4a and b). These find-

ings suggest that both the addition of AV and genipin crosslinking
contributed positively, enhancing the interaction between the
blend components and, consequently, for membranes with a rigid
network and higher stiffness. Pereira et al. (2011) also reported
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Fig. 2. AFM 3D images o

he improvement of the mechanical properties of AV/alginate
lms. Fig. 4c and d represent the variation of the tan ı along the

requency. The loss factor is the ratio of the amount of energy
issipated by viscous mechanisms relative to energy stored in

he elastic component providing information about the damping
roperties of the material (Mano, 2008). For all formulations,
an ı decrease with the increase of frequency indicating that the

ig. 3. Water uptake of the developed membranes: (a) Cht, CA, CAG and (b) Cht, CAQ, C
eviation (p < 0.05, two-way ANOVA).
developed membranes.

materials became less viscous and more elastic. Moreover, from
Fig. 4c, it was observed that the tan ı exhibited higher values for
CA and CAG than Cht indicating that such materials possess higher
capacity to dissipate energy. A similar tendency was  verified,

in Fig. 4d, for CAQ and CAG1 membranes. Statistical differences
(p < 0.05) were found between the crosslinked (CAG and CAG1)
and the uncrosslinked (CA and CAQ) membranes.

AG1 as function of immersion time on a PBS. Data represent the mean ± standard
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7 ◦C. (a) E′ of Cht, CA and CAG membranes; (b) E′ of Cht, CAQ and CAG1 membranes

.5. Cellular behavior

The developed blended membranes varied not only by their
echanical properties, but also by surface properties. These fac-

ors can influence their cellular response and, consequently will
etermine their applications. Thus, a preliminary cellular screening
as performed using direct contact tests with L929 fibroblast-like

ells. The alamar blue results (Fig. 5a) revealed that the L929 cells
ere metabolically active when cultured on the developed mem-

ranes. Interestingly, the metabolic activity of cells on both CA
nd CAG was superior to the observed in Cht membranes. Signif-
cant differences on cell metabolic activity (p < 0.05) were found
or Cht and CAQ along the studied culture time. The DNA results
Fig. 5b) showed that L929 are able to proliferate after 3 days,
xcepted for CAG. Statistical differences (p < 0.05) were found in
he cell proliferation on day 7 between all non- and cross-linked
lended membranes. Some reports described the stimulatory effect
f aloe extract and their components on cell proliferation; how-

ver, the identity of the substances responsible for influencing cell
roliferation is currently unknown (Chang, Chen, & Feng, 2011).
here may  be a synergistic effect between polysaccharides, pro-
eins and other low-molecular compounds that make part of the
DMA. Frequency scans were performed in a range of 0.1–10 Hz in wet  conditions at
n ı of Cht, CA and CAG membranes and (d) tan ı of Cht, CAQ and CAG1 membranes.

AV gel composition that helps on this behavior. In contrast to the
positive effects observed previously, both CAQ and CAG1 have dif-
fering effects, where cell proliferation was not observed for CAG1.
The addition of certain substances in the commercial AV, during
its processing, can affect negatively the bioactivity of the gel and,
consequently its cell proliferation (Reynolds & Dweck, 1999). Addi-
tionally, the crosslinking of genipin on AV gel can be blocked their
active molecules, which help to explain their cellular behavior. Fur-
thermore, the calcein-AM results (Fig. 6) are in agreement with
the findings obtained from the alamar blue assay (Fig. 5a) and
DNA quantification (Fig. 5b), suggesting that cells are viable on the
membrane surface. Nevertheless, the cell behavior was  different
depending on the membrane composition.

On the Cht membrane (Fig. 6a) membranes, the fibroblasts
exhibited a round morphology with cell agglomeration through-
out the study period. In the CA (Fig. 6b), the cells are spreading
on the surface exhibiting a spindle-like shape behavior that sug-
gested a good adherence to this surface. Moreover, the CAQ (Fig. 6d)

and those submitted to genipin crosslinking (CAG – Fig. 6c and
CAG1 – Fig. 6e) did not show a good cell viability as compared
to CA (Fig. 6b). According to the literature (Zhu, Chian, Chan-Park,
& Lee, 2005), unmodified Cht membranes would not be able to
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Fig. 5. (a) Alamar blue results of L929 cells on Cht/AV-based membranes as a function of culture time. The values were normalized to cell viability on TCPS, which was used
as  a positive control of cell viability; (b) dsDNA content of L929 cells on Cht/AV-based membranes as a function of culture time. Data represent the mean ± standard deviation
(p  < 0.05, two-way ANOVA).
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Fig. 6. Fluorescent images of L929 cells stained with calcein-AM after 3 da

romote fibroblast cell attachment and proliferation, probably as
esult of the monopolar basic nature of Cht, which does not inter-
ct well with the bipolar extracellular matrix proteins present in
he bovine serum proteins of the culture medium. An improve-

ent of cell behavior onto chitosan-based membranes have been
videnced after incorporation of others polysaccharides or proteins
o chitosan (Silva et al., 2005, 2010). In this present study, the con-
ugation with AV gel, mainly the native one, with Cht contributed
o a better adhesion of fibroblasts on surface of the developed
lended membranes. The cellular behavior observed on Cht/AV-

ased membranes can be also influenced by alterations of their
hysical features such as the surface energy, topography and stiff-
ess, as reported in other studies (Chu, Chen, Wang, & Huang,
002).
ulture on membranes: chitosan (a), CA (b), CAG (c), CAQ (d) and CAG1 (e).

4. Conclusions

Non- and crosslinked chitosan/aloe vera-based membranes
were successfully produced. The properties of the developed
membranes were mainly influenced by chitosan/aloe vera ratio
and genipin crosslinking. As expected the genipin crosslinking
enhanced the stability and mechanical properties of the blended
membranes. Furthermore, in vitro screening cellular behavior
revealed that all developed blended membranes have differences
on cell behavior which were associated to aloe sources (commer-

cial and native one) and their physical features (surface energy,
topography and stiffness). Thus, the use of aloe vera gel native com-
bined with chitosan appears to have potential in the development
of membrane as active wound dressings.
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