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In recent years, there has been an increasing interest in the design of biomaterials for cartilage tissue
engineering. This type of materials must meet several requirements. In this study, we apply ultrasound
to prepare a compatibilized blend of polyelectrolyte complexes (PEC) based on carboxymethyl cellulose
(CMC) and chitosan (CHI), in order to improve stability and mechanical properties through the inter-
polymer macroradicals coupling produced by sonochemical reaction. We study the kinetic of the sono-
chemical degradation of each component in order to optimize the experimental conditions for PEC com-
patibilization. Scaffolds obtained applying this methodology and scaffolds without ultrasound processing
were prepared and their morphology (by scanning electron microscopy), polyelectrolyte interactions (by
FTIR), stability and mechanical properties were analyzed. The swelling kinetics was studied and inter-
preted based on the structural differences between the two kinds of scaffolds. In addition we evaluate
the possible in vitro cytotoxicity of the scaffolds using macrophage cells in culture. Our results demon-
strate that the ultrasound is a very efficient methodology to compatibilize PEC, exhibiting improved
properties compared with the simple mixture of the two polysaccharides. The test with murine macro-
phage RAW 264.7 cells showed no evince of cytotoxicity, suggesting that PEC biomaterials obtained
under ultrasound conditions could be useful in the cartilage tissue engineering field.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Biomaterials designed for biomedical applications must meet
more stringent requirements than those used for other applica-
tions, due to the demands of non-toxicity, degradability and bio-
compatibility. Based on this premise, in recent years new
polysaccharide-based biomaterials with the above mentioned fea-
tures have been developed [1,2]. Among them, polyelectrolyte
complexes (PEC) formed by mixing two oppositely charged
polysaccharides in solution without any chemical covalent cross-
linker stand out. The main interactions between PEC include strong
but reversible electrostatic and dipole–dipole association, as well
as hydrogen and hydrophobic bonds [3]. Recently, numerous PEC
have found application as carriers for drug delivery, enzyme immo-
bilization, DNA binding, tissue engineering, biosensors, etc [4–8].
In all these cases it is important to notice that the stability of
PEC could be affected by many factors including density of charges,
degree of ionization, pH of reaction medium, concentration of poly-
electrolytes, distribution of ionic groups, molecular weight, mixing
ratio, order of reacting polyelectrolytes, and drying process [9].
In order to improve the stability of complexes, different com-
patibilization strategies of the polyelectrolyte blend could be used
as previously reported for other polymer systems [10]. One of
these methodologies is based on the use of ultrasound. It is known
that low frequency ultrasound operating at high power influences
the chemical reactions, not by direct interaction between wave and
matter, but due to the cavitation phenomena. Ultrasound also
induces structural and chemical changes in the polymer systems
as a result of cavitational process [11]. In particular, a remarkable
effect of ultrasound on polymers degradation reactions was
observed in solution and melt conditions [12–15]. The breakage
of molecular chains under ultrasound occurs near the center of
the chain and results in formation of macroradicals, as previously
demonstrated by Tabata et al. [16]. These macroradicals can fur-
ther react by transfer processes or by combination, modifying the
initial molecular weight distribution. Thus, based on the reactivity
of these macroradicals, the ultrasound was employed as a new
methodology to improve the compatibility of two incompatible
polymer blends. Due to chain scission with macroradicals forma-
tion, sonochemically induced reactions can lead to inter-polymer
radical coupling and measurable block copolymers which are use-
ful for reactive compatibilization [17–20].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ultsonch.2015.11.022&domain=pdf
http://dx.doi.org/10.1016/j.ultsonch.2015.11.022
http://dx.doi.org/10.1016/j.ultsonch.2015.11.022
http://www.sciencedirect.com/science/journal/13504177
http://www.elsevier.com/locate/ultson


2 M.S. Belluzo et al. / Ultrasonics Sonochemistry 30 (2016) 1–8
We have previously prepared a poly(diisopropyl fumarate)/poly
(e-caprolactone) blend obtained by ultrasonic compatibilization
through the block copolymer created during sonication [20]. This
blend exhibited better surface characteristics than the physical
mixtures and its biocompatibility properties were analyzed in view
to future applications for bone regeneration. In the present study
we used ultrasound methodology in order to improve the compat-
ibility, stability and biological properties of polyelectrolyte com-
plexes based on chitosan (CHI) and carboxymethyl cellulose
(CMC), used as scaffolds with potential application in cartilage tis-
sue engineering. For comparison purposes, a blend which had not
been submitted to ultrasound was prepared and the morphology,
structural stability, swelling behavior, and mechanical properties
were analyzed in both kinds of scaffolds. We have also evaluated
the possible in vitro cytotoxicity of the scaffolds using macrophage
cells in culture.

2. Materials and methods

2.1. Materials

Chitosan (CHI, high molecular weight) and carboxymethyl cel-
lulose (CMC) were purchased from Sigma–Aldrich Argentina. The
degree of acetylation (DA) of chitosan, 24%, was assessed by FTIR
based on the absorbance ratio at 1320 cm�1 and 1456 cm�1, corre-
sponding to amide III and CH2 bands, respectively, as suggested by
Brugnerotto [21].

DA ð%Þ ¼ 31:92ðA1320=A1456Þ � 12:20 ð1Þ
The viscosity averagemolecular weight (Mg) of both polysaccha-

rides was evaluated by capillary viscometry using acetic acid
0.3 M/sodium acetate 0.2 M buffer or sodium chloride 0.2 N as sol-
vent for CHI or CMC, respectively. The measurement temperature
was kept at 25.00 ± 0.02 �C. TheMgwas evaluated following Eq. (2):

½g�ðml=gÞ ¼ KMa
g ð2Þ

where [g] is the intrinsic viscosity and K and a are characteristic
parameters for each polymer–solvent system. K and a parameters
take values of 0.082 ml/g and 0.76, respectively, for CHI; while
0.043 ml/g and 0.74 were used in the case of CMC [22,23]. Thus,
CHI exhibited Mg of 511 kDa, while the corresponding value for
CMC was 865 kDa.

2.2. Ultrasonic processing

The ultrasound-delivering equipment was a Bandelin Sonopuls
HD 60 apparatus with Titanium flat tip TT 12 accessories and a fre-
quency of 20 kHz. An output power of 37 W was used in all exper-
iments and the temperature of glass vessel with cooling jacket was
adjusted at 20.00 ± 0.02 �C using a Lauda Thermostar RCS6. In
order to determine the optimal conditions of blend polysaccha-
rides compatibilization, a preliminary assay was carried out using
CMC and CHI solution separately. The liquid volume subjected to
sonication was 20 ml and the concentration sample was 1.0 wt%.
At different times, 1-ml aliquots were removed from the reaction
mixture, filtrated through a 0.45-lm Teflon membrane and ana-
lyzed by capillary viscometry following the methodology previ-
ously described [24].

2.3. Scaffolds preparation

The scaffolds were prepared with a 1.0% w/v CHI solution in
0.25% v/v acetic acid and 1.0% w/v CMC in distilled water. The sam-
ples were obtained by dropping the CMC solution into the CHI
solution under constant stirring (150 rpm) at 20 �C for 20 min. This
time was selected based on the studies of ultrasound degradation
of polysaccharides solutions, as previously described in Section 2.2.
Under the experimental conditions indicated, pH = 5.0 was
attained. One of the samples was compatibilized by applying ultra-
sound (37 watts) during the dropping (PEC-US) and another one
was obtained without ultrasound processing (PEC). Finally, the
samples were isolated by discarding the supernatant medium,
poured into 24-well plate and freeze-dried until constant weight
was achieved.
2.4. Characterization techniques

The surfaces of the matrices were coated with gold and their
morphology was examined using scanning electron microscopy
(SEM, Philips 505) with an accelerating voltage of 20 kV. In order
to evaluate the pore size, the images were analyzed by Soft Imag-
ing System ADDAII, measuring the greatest distance possible
between any two points along the boundary of the pore.

Infrared spectroscopy was used to characterize intermolecular
interactions between components in the systems. The IR spectra
of PEC and PEC-US were recorded with a Nicolet magna ir-560
spectrophotometer by attenuated total reflection (ATR) technique.
The spectra were collected over the range of 4000–600 cm�1 at a
resolution of 4 cm�1.
2.5. Stability and swelling assay

In order to investigate the scaffolds stability with respect to the
storage time, samples of PEC and PEC-US were incubated in sterile
buffer phosphate (pH = 7.4) at 37 �C for seven days, simulating the
physiological conditions,.

The maximum swelling and water absorption capacity of the
membranes were determined as previously reported [25]. The
water content of the membrane was obtained as the difference
between the weight of the water saturated sample (w) and the
weight of the initial dried sample (w0). The percentage of the mem-
brane swelling is defined as:

%Sw ¼ 100ðw�w0Þ
w0

ð3Þ

In order to have insights into the water transport process
through the membranes, the following equation was used to ana-
lyze the swelling process [26]:

Wt

W1
¼ ktn ð4Þ

where k is a characteristic constant of the system, which depends
on the structural characteristics of the polymer and its interaction
with the solvent, n is the swelling exponent, which describes the
mechanism of water transport into the membrane, and Wt and
W1 represent the quantities of absorbed water at time t and at
equilibrium time, respectively. The value of n provides information
about the water sorption mechanism. If the rate of diffusion of pen-
etrant is the rate limiting, n = 0.5 (Fickian kinetics), while a value of
n between 0.5 and 1.0 indicates a non-Fickian diffusion process in
which the relaxation of polymer chains determines the rate of water
sorption. The limit case designed as Case II transport, where n = 1
corresponds to a condition in which the rate of water diffusion is
higher than the rate of polymer chain relaxation and the rate of
mass uptake is directly proportional to time [27]. The value of n
and k can be obtained from the slope and intercept of the plot of
log(Wt/W1) versus log t from the experimental data taken up to
60% of the maximum swelling.



Fig. 1. Evolution of relative changes in intrinsic viscosity of CMC and CHI samples
studied as a function of sonication time. The inset presents the degradation kinetic
analysis: lnA ¼ lnð½g�0 � ½g�1Þ=ð½g�t � ½g�1Þ vs time plot and the correlation coeffi-
cients (R2). See Eq. (5).
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2.6. Mechanical testing

The compressive mechanical strength and modulus of elasticity
of scaffolds were tested using an universal testing machine
(Digimess TC500) with 50 N capacity force load cell under a com-
pression strain rate of 1.3 mmmin�1. The measurements were car-
ried out following ASTM D695 norm (room temperature and 50%
controlled humidity). The specimens were circular discs of
13 mm diameter and 10 mm thickness. The results presented are
the mean values of five independent measurements.

2.7. Cytotoxicity Studies with RAW 264.7 Macrophages

Murine macrophage RAW 264.7 cells were grown in DMEM
supplemented with 5% (v/v) FBS and antibiotics (100 U/ml peni-
cillin and 100 g/ml streptomycin) at 37 �C in a 5% CO2 atmosphere.
This cell line has previously been used in our laboratory to assess
cytotoxicity since it represents an adequate and sensitive in vitro
model for inflammation [28,29]. For the experiments, PEC scaffolds
were cut to size, inserted in a 24-well plate, sterilized by immer-
sion in 70% ethanol and irradiated with UV light. The membranes
were washed with DMEM, Raw 264.7 macrophages in 10% FBS-
DMEM were plated on the scaffolds and incubated for 3 h. After
this adhesion incubation period, media was changed to a non
serum-containing DMEM without phenol red and incubated for
72 h. In control experiments, macrophages were incubated on
standard plastic tissue culture dishes. After the culture period,
media were saved for nitric oxide (NO) determination. Cells were
washed with PBS, fixed with methanol and stained with Giemsa
as we have previously described [29]. The morphology of
RAW264.7 cells cultured on both scaffolds was analyzed using a
TS100 Eclipse Nikon microscope and photographed with a CCD
camera with a 0.7� DXM Nykon lens.

Nitric oxide production was assessed by Griess’ reaction [30,31]
(using sulfanilic acid as the diazotizing agent and N-1-napthyl-
ethylene diamine as the coupling agent). The stable end-product
of NO and nitrite released into the culture medium by RAW 264.7
cells was evaluated. Briefly, 400 ll samples of conditioned media
or nitrite standards 0–100 nM were mixed with 400 ll of Griess’
reagent (1% sulfanilamide and 0.1% naphthylethylene-diamine in
5% phosphoric acid) and absorbance was measured at 530 nm
against a blank prepared with non-conditioned medium.

2.8. Statistical analysis

Student’s t-test was used for comparisons between the control
and experimental groups. All results are expressed as mean ± S.E.
M. and represent at least three different experiments performed
in triplicate.
3. Results and discussion

3.1. Effect of ultrasound on the polymer solutions

We have previously demonstrated that sonochemical degrada-
tion of polymers is an efficient methodology to compatibilize poly-
mer blends, through in situ obtention of block copolymer
originated by interpolymeric reaction of macroradicals formed by
homolytic cleavage of polymer chains [18,20]. In order to deter-
mine the optimum compatibilization time for the polysaccharides
blend, independent polymer solutions were prepared and submit-
ted to ultrasound degradation as a function of sonication time.
Fig. 1 shows the relative change of intrinsic viscosity [g]t/[g]0, as
a function of the sonication time for CMC and CHI. It can be seen
that for both samples a decrease in the degradation rate was
observed after 15 min, reaching a [g]t/[g]0 value below which no
further degradation takes place. This result is in agreement with
other sonication studies made using different samples [14,20,32].

The kinetic of polysaccharides degradation process was ana-
lyzed following the procedure of Li et al. [32]. According to the
authors, the kinetics of ultrasonic degradation can be expressed as:

½g�t ¼ ½g�1 þ ð½g�0 � ½g�1Þe�kt ð5Þ

where [g]0, [g]t and [g]1 are the intrinsic viscosity at sonication
time 0, t and limit intrinsic viscosity, respectively; k is the rate con-
stant of degradation reaction. According to Eq. (5), the magnitude of
the rate constant can be evaluated knowing the initial and limit
intrinsic viscosity of the polymer solution by plotting a graph of
ln(A) against time where A ¼ ð½g�0 � ½g�1Þ=ð½g�t � ½g�1Þ. To estimate
the degradation constant rate, only the data before 15 min were
used. Inset of Fig. 1 shows this graph for degradation kinetic of
CMC and CHI solutions. The kinetic rate constants were 0.114 min�1

and 0.082 min�1 for CMC and CHI, respectively. Some researchers
have explained differences between k values based on the flexibility
and/or dissolved stated of polymer chain in aqueous solutions [33].
The two parameters that allows characterizing the conformation
and solution behavior of polymers are the persistence length Lp
and the exponent a of Mark-Houwink-Sakurda equation, Eq. (2).
Lp reflects the linear flexibility of polymer chains in solution and
large Lp is obtained for the rod-like rigid polymer. Lp for CMC and
CHI are 11 nm and 15–17 nm, respectively [34,35], which are sim-
ilar values and characteristic of semiflexible polymer. On the other
hand, a parameter is a function of the shape of the polymer coil in a
solution and is in fact a measure of the interaction of the polymer
and solvent. In our systems, the value of a is 0.74 and 0.76 for
CMC and CHI, respectively, indicating that both polysaccharides
exhibited similar solution behavior, as a coil expands in good sol-
vent. Thus, the differences observed for the degradation rate cannot
be attributed to the conformational solution behavior. Taking into
account that both polysaccharides presented similar structures
composed of derived glucose units bound by b-1,4 link (car-
boxymethyl groups on same glucopyranose or D-glucosamine/
N-acetyl-D-glucosamine in CMC or CHI, respectively), we consider
that the main difference is the average molecular weight. The
CMC which has higher Mg than CHI, exhibited highest rate constant



Fig. 2. SEM micrographs of the surface and cross-sectional of PEC-US (A and C) and PEC (B and D), respectively. Pore size distribution of PEC-US (E) and PEC (F) scaffolds.
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of degradation. This result is in agreement with those of other
previous publications, which demonstrated that the degradation
rate decreases with decreasing initial degree of polymerization
[14,32].

In a previous study we have shown that a polymer blend under
the action of ultrasound degrades at a similar rate at which each of
the components is degraded [20]. Based on this fact, we select
20 min as the optimal time for the compatibilization between
CMC and CHI.
3.2. Scaffolds characterization

As shown in Section 3.1, we select 20 min as optimum time for
ultrasonic compatibilization of the polysaccharide blend. For com-
parison purposes, a blend of CMC and CHI was prepared without an
ultrasound methodology. Both kind of blends were used to obtain
the scaffolds and then examined their properties.

The morphology of the PEC-US and PEC scaffolds were analyzed
by SEM, as shown in Fig. 2. In both cases, a three-dimensional



Fig. 4. Compressive strength and elastic modulus of PEC and PEC-US scaffolds. The
results presented are the mean values of five independent measurements.
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highly porous structure with good interconnection between pores
and porosities over 70% was observed. Some differences between
the surface (Fig. 2A and B, for PEC-US and PEC, respectively) and
the inner-structure (Fig. 2C and D for PEC-US and PEC, respectively)
of scaffolds were observed, being the more homogenous and less
open in the case of PEC-US than PEC scaffolds. For tissue engineer-
ing applications, the existence of pores in the polymeric structure
is crucial for cell proliferation since they provide adequate condi-
tions for cell migration as well as efficient transport of nutrients
and metabolic wastes [36,37]. The quantitative determination of
the pore size showed that the mean pore diameter of the scaffolds
was 82 ± 7 lm and 115 ± 9 lm for PEC-US and PEC, respectively.
These values are in the range of 50 to 300 lm as reported in the lit-
erature for other freeze-dried matrices [37,38]. On the other hand,
the pore size distribution (Fig. 2E and F for PEC-US and PEC, respec-
tively) shows that in the scaffold treated with ultrasound the pore
distribution is more uniform and the pores are well distributed
between the surface and the inner-structure. This fact can be due
to the better interaction between CMC and CHI in the PEC-US scaf-
fold, favored by the process that takes place during the ultrasound
application. More evidence of this effect was obtained by FTIR
analysis.

FTIR spectra of CHI, CMC and PEC obtained by ultrasound pro-
cess and without ultrasound are shown in Fig. 3 (wavelength
1800–700 cm�1). Chitosan spectrum shows two typical bands at
1640 and 1556 cm�1 attributed to amide I and amide II, respectively
[39]. In addition, the bands at 1152 cm�1 and 1377 cm�1 are
assigned to stretching vibration of CAN and bending vibration of
OAH, respectively. In the spectrum of CMC, two strong peaks at
1590 and 1420 cm�1 were observed due to the asymmetrical and
symmetrical stretching of ACOO� groups. The FTIR spectra of PEC
obtained only by mixture of CHI and CMC exhibited a decrease in
the intensity of the amide I (1640 cm�1) in relation to amide II
absorption band (1556 cm�1), together with a displacement of the
ACOO� group absorption band at 1410 cm�1, suggesting ionic
interaction between the two polysaccharides, as reported by others
researches [40,41]. On the other hand, when the PEC was obtained
under ultrasound conditions the FTIR spectrum presented some dif-
ferences: the amide I absorption band at 1640 cm�1 can be seen as a
shoulder and a strong band at 1593 cm�1 appeared, which is
Fig. 3. FTIR spectra (from 1800 to 600 cm�1) of chitosan (CHI), carboxymethyl
cellulose (CMC), polyelectrolyte complex of CHI and CMC without ultrasound (PEC)
and with ultrasound methodology (PEC-US).

Fig. 5. Percentage of swelling of PEC and PEC-US scaffolds as a function of time at
37 �C in buffer phosphate pH = 7.4.
assigned to asymmetric flexion of ANH3
+ and carboxylate groups,

while the symmetrical stretching of ACOO� groups shift to
1416 cm�1. Besides, a new weak but visible band appears at
1727 cm�1, assignable to stretching vibration of �C@O ester group
which could be formed by sonochemistry reaction, as previously
demonstrated for another system [42]. Fig. 4 shows this band is
absent in the spectrum of PEC obtained without ultrasound, sug-
gesting that new covalent bonds, which improve the polysaccha-
ride compatibility exist between CHI and CMC.

3.3. Mechanical properties

With the purpose of evaluating the mechanical properties of
scaffolds, which are relevant to in vivo interaction, in view of their
future biomedical applications, the mechanical behavior of PEC
scaffolds was evaluated by compressive tests. Compressive
strength (CS) and elastic modulus (EM) were measured for PEC
and PEC-US. Fig. 4 shows that the PEC-US exhibited higher com-
pressive strength and elastic moduli which are one order of magni-
tude greater than those for PEC (155.7 ± 44.1 kPa vs 27.5 ± 1.7 kPa
and 493 ± 117 kPa vs 42 ± 5 kPa for CS and EM, respectively). These
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results are consistent with the morphology of the scaffolds
observed by SEM. The resistance of the scaffolds increases when
the pore diameter decreases and the pore distribution is more
homogeneous, as obtained for PEC-US scaffold. Similar compressive
strength value for other PEC based on chitosan/gelatin or chitosan/
alginate was previously reported [43,44]. The scaffold must provide
to cells a 3D structure and mechanical support for their attachment
and proliferation, allowing them to grow into a functional tissue-
engineered construct [45]. In particular, biomaterials applied to
the repair of damaged cartilagemust have similarmechanical prop-
erties to this kind of tissue. According to previous studies Young’s
modulus of cartilage ranged from 450 to 800 kPa [45,46]. Thus,
our results demonstrate that PEC-US scaffold exhibited elasticmod-
ulus which is appropriate for cartilage tissue engineering.
3.4. Scaffold stability and swelling behavior

In order to evaluate the structural integrity of the PEC and PEC-
US scaffolds, samples of both types of scaffolds were immersed in
Fig. 7. Morphology of RAW 264.7 macrophages. Cells stained with Giemsa

Fig. 6. Double logarithmic plot between Wt/W1 and time at initial stage, derived of
Fig. 5, for PEC and PEC-US scaffolds.
PBS during seven days. The PBS was then extracted and the sam-
ples were dried and weighted. The percent of weight loss was
52.8 ± 4.3% and 24.6 ± 3.9% for PEC and PEC-US, respectively. This
result shows that PEC-US scaffold has a stronger structural stability
than that of PEC scaffold, due to the better compatibility between
the two polyelectrolyte submitted to ultrasound process.

Fig. 5 presents the swelling kinetics of the PEC scaffolds in buf-
fered aqueous solutions of pH 7.4 at 37 �C. It can be observed that
the swelling behavior of both samples is similar: the degree of
swelling increases overtime until a certain point when it becomes
constant, reaching equilibrium within 3 or 1 min for PEC and PEC-
US, respectively. However, the maximum swelling attained was
highly different for the two scaffolds analyzed; 2066% and 638%,
for PEC and PEC-US, respectively. This result demonstrates that
the scaffold swelling ability is strongly affected by ionic crosslink-
ing and the covalent interaction originated during the ultrasound
compatibilization of PEC-US.

The hydrogel swelling mechanism can be interpreted through
the two processes, concentration gradient-controlled diffusion
and relaxation-controlled swelling; both of them contribute to
the rate and extent of penetrant sorption into the polymer [47].
As previously mentioned, to determine the n exponent the kinetics
of such process could be analyzed through the Fick model (Eq. (4)).
Thus, a plot of log(Wt/W1) versus log t (Fig. 6) allowed us to
estimate the n values for PEC-US and PEC as 0.49 and 0.87, respec-
tively. These results suggest that in the first scaffold the mecha-
nism of water transport is controlled by a Fickian diffusion
process, while in the PEC scaffold the rate of water transport
responds to a non-Fickian diffusion process, which depends of dif-
fusion and of the macromolecular chain relaxation. Our results are
in good agreement with those presented by Kim et al. [47] for
chitosan-hyaluronic acid polyelectrolyte complexes and by Giers
zewska-Dru _zyńska et al. [48] for chitosan-alginate membranes.
3.5. Cytotoxicity evaluation

We investigate if our scaffolds might generate any cytotoxic
effect on cultures of Raw 264.7 macrophages. Macrophages act
during inflammation of wound healing and against bacterial
infections, and thus represent a good model to investigate cytotox-
icity. Fig. 7 shows the presence of macrophages at different levels
of the PEC-US and PEC matrixes (Fig. 7A and B) regardless the
after 72 h of culture on PEC-US (A) and PEC (B). Magnification �100.



Table 1
Nitric oxide (NO) produced by RAW 264.7 macrophages cultured on standard plastic
tissue culture dishes (control), PEC-US and PEC scaffolds.

Sample NO [nmol/mL]

Plastic control 3.83 ± 0.41
PEC-US 4.24 ± 0.53
PEC 3.36 ± 0.51

Results are expressed as X ± SEM.
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compatibilization procedure. Cells seem to maintain their round
morphology without cytoplasmic extensions, 72 h after culture.
As we have previously reported, when these cells are exposed to
lipopolysaccharide (LPS) as a positive control of cytotoxicity, they
show an expanded and vacuolated cytoplasm with several exten-
sions, suggesting activation of the macrophages [28]. In addition,
we have evaluated the potential cytotoxicity by the release of NO
to the culture media. Table 1 shows that the NO production was
similar when cells had been grown on control tissue culture plastic
or into either PEC-US or PEC scaffolds.

Recent studies have suggested that chitosan could develop toxic
effects. For instance, cytotoxicity was found to be induced by chi-
tosan on macrophage when used as poly(lactide-co-glycolic)
(PLGA) nanoparticle stabilizer [49] or in hybrid hydrogels, where
it induces TNF-a and NO production by RAW 264.7 macrophages
[50]. In our previous report, in chitosan-based matrix did not show
any sign of toxicity on osteoblastic lines [39]. On the other hand, no
cytotoxic effect has been reported for carboxymethyl cellulose
[51]. Thus, our present results demonstrate that both PEC-US and
PEC exerted no in vitro cytotoxicity on Raw 264.7 macrophages.

4. Conclusions

In the present work the ultrasonic degradation of chitosan and
carboxymethyl cellulose was analyzed in order to find the optimal
conditions for compatibilizing a blend of both polysaccharides. The
kinetic of the process show that CMC solution exhibited higher rate
constant of degradation than CHI solution, which was attributed to
the highest viscosity average molecular weight of CMC. SEM and
FTIR analysis demonstrated that the scaffold obtained applying
ultrasound during their preparation presented a more homogenous
surface and pore size distribution, in comparison to those obtained
without ultrasound. This result indicated that covalent link
between the two polysaccharides were achieved due to macrorad-
ical sonochemical reactions. The structural differences between
PEC-US and PEC scaffolds allow us to explain highest elastic moduli
(close to cartilage) and strongest stability at pH = 7.4 of PEC-US.
Also, the swelling mechanism was different for the two scaffolds,
as a result of the structural differences. PEC-US exhibited a diffu-
sive water transport mechanism, while PEC swelling behavior is
a non-Fickian diffusion process controlled by diffusion and relax-
ation of polymer chains. Both PEC-US and PEC evidence no cytotox-
icity as proved by macrophage cells, indicating that these materials
could be useful in cartilage tissue regeneration.
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