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Abstract. This work reports the preparation of hydrogels based on PVA-GMA, PVA-GMA is poly(vinyl alcohol) (PVA)
functionalized with vinyl groups from glycidyl methacrylate (GMA), and on PVA-GMA with different content of chondroitin sulfate (CS). The degrees of swelling of PVA-GMA and PVA-GMA/CS hydrogels were evaluated in distilled water
and the swelling kinetics was performed in simulated gastric and intestinal fluids (SGF and SIF). PVA-GMA and PVAGMA/CS hydrogels demonstrated to be resistant on SGF and SIF fluids. The elastic modulus, E, of swollen-hydrogels were
determined through compressive tests and, according to the obtained results, the hydrogels presented good mechanical
properties. At last, the presence of CS enhances the hydrogel cell compatibility as gathered by cytotoxicity assays. It was
concluded that the hydrogels prepared through this work presented characteristics that allow them to be used as biomaterial,
as a carrier in drug delivery system or to act as scaffolds in tissue engineering as well.
Keywords: polymer gels, poly(vinyl alcohol), chondroitin sulfate, hydrogels, drug delivery

1. Introduction

By the most used definition, hydrogels are polymer
networks, which are capable of absorbing and retaining large amounts of water and biological fluids [1,
2]. The physical and chemical features of hydrogels
are extremely important for choice of their specific
applications. Normally, the behavior of hydrogels
depends of external conditions in which such materials are exposed. Thus, it is important to characterize the hydrogel properties in conditions similar to
that it will be applied [3].
An often and important characteristic of hydrogels
is the biocompatibility. Because of this, hydrogels
had been applied in biomedical field. For instance,

as prolonged or controlled drug delivery systems,
contact lenses, biosensors, catheters, and tissue
engineering and organ reconstruction scaffolds are
exceedingly common [4, 5].
Hydrogels can be formed by either chemical or
physical cross-linking process or just by entangling
of polymer chains. Galactomannan, dextran, alginate, pectin, and chondroitin sulfate are good examples of natural polymers applied on hydrogel formulations. Among the synthetic ones, poly(vinyl
alcohol) (or PVA), poly(hydroxyethyl methacrylate) (or polyHEMA), poly(ethylene oxide) (or
PEO) and poly(N-isopropylacrylamide) (or PNIPAAm) may be cited [6, 7] from a plenty of others.
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By combining synthetic and natural polymers
through either interpenetrating (IPN) or semi-interpenetrating (semi-IPN) networks, both the hydrogel
physical and biocompatibility properties can be
improved [8]. Furthermore, this approach may
induce on hydrogel specific properties such as pHand/or temperature-sensitivity [6].
PVA is a synthetic hydrophilic polymer widely used
in various areas, including foods, lacquers, resins
and cosmetics industries [9–11]. In the pharmaceutical field, PVA acts as drug coating agent [12] and
as material for surgical sutures. This wide applicability of PVA in such fields is due its low toxicity
(LD50, 15–20 g·kg–1), not showing mutagenic, or
clastogenic characteristics [10, 11]. PVA has large
oral ingestion, and it is not absorbed by the gastrointestinal tract, enabling its application in the
obtainment of drug carriers.
Specifically, PVA-based hydrogels may be prepared
by either chemical or physical cross-linking. As a
rule, multifunctional moieties capable of reacting
with the PVA hydroxyl groups can be used as crosslinking agents for obtaining 3D PVA networks [13].
Although PVA can be easily cross-linked by contact
with glutaraldehyde in acidic medium [14] such
process presents limitations due to non-uniformity
of the obtained matrix and to the severe toxicity of
glutaraldehyde. PVA can also be physically crosslinked by repeated freezing-thawing cycles in aqueous solution, creating crystalline clusters that actuate as reticules [15, 16]. The advantage of this
process is the absence of moieties that could obliterate the biocompatibility. However, the PVA hydrogels obtained through freezing-thawing process are
mechanically poorer and less thermally stable than
those obtained by chemical cross-linking [15]. In
addition, it is difficult to obtain physical gels in situ
using this methodology.
PVA and several polysaccharides have been modified with acrylates and methacrylates by different
ways [17–20]. The addition of unsaturations to
polymers allows the reticulation of modified polymers without the addition of cross-linking agents
[21–26]. The reaction may be carried out through
the radical initiator pathway or by UV-light [27].
The esterification of part of hydroxyl groups of
PVA by reaction with glycidyl methacrylate has
been often used in our lab for modifying PVA obtaining PVA-GMA. The cross-linking reaction of PVA-

GMA in presence of CS, which is a mucopolysaccharide present in tissues and ligaments and a key
component of cartilage [27], results in a semi-IPN
hydrogel type.
In the present work, different 3D PVA-GMA matrices with CS entrapped were prepared aiming to tailor some mechanical properties as compared to
respective PVA-GMA matrix. The initial expectance
is that the presence of CS enhanced mechanical
properties and the cell viability. Therefore, the
goals were to prepare hydrogels based on PVAGMA and semi-IPN hydrogels based on PVAGMA/CS and to characterize their mechanical properties, water uptake capacity at pH 1.2 and 7.5 buffers
solutions and cytotoxicity to potentize their application in biomedical uses.

2. Experimental
2.1. Materials

Poly(vinyl alcohol) (Mw 13–23 kg·mol–1, CAS
9003-20-7), N,N,N!,N!-tetramethylethylenediamine
(TEMED, CAS 110-18-9) and sodium persulfate
(SP, CAS 7775-27-1) were purchased from Aldrich;
Glycidyl methacrylate (GMA, CAS 106-91-2) was
purchased from Acros Organics (Belgium). Chondroitin sulfate (CS, CAS 9007-28-7) was kindly
supplied by Solabia (Maringá, Brazil). Cell culture
medium Dulbecco’s Modified Eagle Medium
(DMEM, Gibco, Invitrogen Corporation, New
York, USA) and trypan blue (Sigma Chemical Co.,
St. Louis, Missouri, USA) were also used. All the
reagents were used as received.

2.2. PVA characterization
PVA molar masses (Mw and Mn) were determined
through gel size-exclusion chromatography (SEC)
in an Ultra-hydrogel linear column attached to a
HPLC Shimadzu apparatus with a refraction index
detector. Aqueous solution of NaNO3 (0.1 mol·L–1)
was used as mobile phase at 0.5 mL·min–1 flow rate.
Pullulan from Sodex Denko (Japan) was used as
standard. The obtained value for Mw was
23.4 kg·mol–1 and for Mn was 11.3 kg·mol–1; thus,
the raw PVA presented a polydispersity ca. 2.07.
The molar mass of CS was obtained by diluted
solution-viscometry at 25°C using the MarkHouwink-Sakurada Equation ([!] = kMav) in aqueous
solution with ionic strength of 0.2 M. The k and a
constants used were equal to 5·10–6 and 1.14,
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respectively [28]. The obtained Mv value for CS
was 19.9 kg·mol–1.

2.3. PVA modification
The procedures for chemical modifying of PVA
with GMA were adopted according to previously
published work [29]. Briefly, the modification of
PVA was performed through the insertion of
methacryloyl groups from GMA on the PVA chains,
utilizing different molar [–OH(PVA)/GMA] ratios,
at controlled temperature (62ºC) during 6 h. The
modification reaction was carried out in dimethyl
sulfoxide (DMSO) and the obtained material was
purified in acetone for removing the GMA not
reacted. The reaction of PVA with GMA producing
PVA-GMA was confirmed through 1H NMR spectroscopy (data not shown here). The different
degrees of substitution (DS) were calculated from
1H NMR spectra obtained for the PVA-GMA according to work reported by Crispim et al. [29].
2.4. Preparation of PVA-GMA and
PVA-GMA/CS hydrogels
Membrane and cylinder forms of PVA-GMA or
PVA-GMA/CS hydrogels were prepared using
PVA-GMA at different DS (2.5, 3.5 and 5.0%) and
requested amounts of CS. The amounts of PVAGMA and CS applied to form the hydrogels are
described in Table 1.
Each hydrogel sample was prepared by mixing of
aqueous solutions of PVA-GMA and CS, containing the amounts of PVA-GMA and CS described in
Table 1, except for PVA-GMA100 sample. Furthermore, 0.2 mL of 0.57 mol·L–1 TEMED aqueous
solution, as a catalytic agent, was introduced in
each sample preparation. The mixtures were deoxygenated by N2 bubbling for 15 min under stirring.
After this, 0.15 mL of aqueous solution of SP
(Na2S2O8, 0.2 g·L–1) was added in each mixture
under strong stirring, and then each solution was
quickly inserted between two acrylic plates sepa-

rated by a 3 mm thick rubber gasket (to obtain
membranes) or quickly transferred to 5 and 10 mL
syringes (to obtain hydrogels with cylindrical shape).
The hydrogels were stored by 24 h at room temperature (ca. 25°C) for complete cross-linking. After,
the hydrogels were washed in distilled water several times to remove the not reacted moieties. The
procedures to prepare the hydrogels for PVA-GMA
with DS equal to 2.5, 3.5, and 5.0% were the same.

2.5. Fourier transformed infrared
spectroscopy (FTIR)
The samples PVA-GMA100, PVA-GMA90/CS10
and PVA-GMA67/CS33, with DS equal to 5.0%,
and pure CS were characterized by FTIR technique
using an equipment (Shimadzu Scientific Instruments, Japan, Model 8300) operating in the region
from 4000 to 500 cm–1 with resolution of 4 cm–1.
Before the spectrum acquisition, each dried sample
was blended with KBr powder and pressed into
tablets.
2.6. Degree of swelling
The degree of swelling (q) was estimated from the
weight ratio (in grams) of the swollen hydrogel
sample up to 48 h (at the equilibrium) related to its
dry weight (in grams) according to Equation (1):
q5

wi 2 w0
w0

(1)

where wi is the weight of the swollen hydrogel samples and w0 is the weight of the dry ones. So, the
cylindrical hydrogels samples were deposited in a
container with 50 mL of distilled water. After
achieved the swelling equilibrium, the hydrogels
were collected and maintained in an oven for 48 h,
at 40°C. Next, they were transferred to desiccators
under reduced pressure for 72 h or until constant
weight. The measurements of q were made in triplicate (n = 3).

Table 1. Amounts of PVA-GMA and CS applied to prepare the PVA-GMA and PVA-GMA/CS hydrogels, at a fixed DS
Hydrogel
PVA-GMA100
PVA-GMA90/CS10
PVA-GMA80/CS20
PVA-GMA67/CS33

Amounts
PVA-GMA [g]
2.50
2.50
2.50
2.50

CS [g]
0.000
0.278
0.625
1.250
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Mass ratio
PVA-GMA:CS [%]
100:0
90:10
80:20
67:33

Total Mass
PVA-GMA + CS [g]
2.500
2.778
3.125
3.750
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2.7. Determination of swelling kinetics in
simulated gastric fluid (SGF) and
simulated intestinal fluid (SIF)
The hydrogel swelling kinetics was investigated in
SGF (pH 1.2±0.1) and SIF (pH 7.5±0.1). SGF and
SIF were prepared according to the United States
Pharmacopeia (USP) [30], except the use of enzymes.
For these tests, cylindrical hydrogels with approximately 15 cm diameter and 15 mm thickness were
dried under reduced pressure until constant weight.
Each sample was dipped in 50 mL of either SGF or
SIF at 37°C. So, each sample was weighed from
5 min after immersion in the desired time span up to
constant weight. Swelling kinetics was evaluated
using the Equation (2) [31]:
Mt
5 ktn
Mq

2.8. Compressive measurements
Compressive tests were performed in hydrogels
membranes using a texture analyzer (TA.TXT2 Stable Micro System, Haslemere, Surrey, UK) equipped
with a 5 kg load cell. The maximum sample deformation was fixed at 1.0 mm. Compressive tests
were carried out by moving down a cylindrical
probe with 12.7 mm diameter at 0.2 mm·s–1. The
test (sample adjustment and compression) must be
performed in less than 50 s for avoiding water loss
by the hydrogel during the experiment. Prior to the
tests, the hydrogel-membranes (30 mm # 50 mm
and thickness $ 3 mm) were immersed in distilled
water for 48 h at 25°C. The compressive tests using
the swollen samples were carried out at 25°C. For
each sample, duplicate (n = 2) were performed and
average value was calculated. The data generated
by the equipment are force (F) and strain (%L).
Stress (") was obtained through Equation (3):
F
A

(3)

where A is the cross-sectional area of the probe. The
value of the compressive modulus (E) of each
hydrogel was calculated through Equation (4):

w2,r 2>3
s
5 RTve a
b w2,s
22
w2,s
a2a

(4)

from the initial linear portion of the curves of " versus (# – #–2), where # is the de ratio of strain given
by # = (L0 + &L)/L0 < 1.10, being L0 the sample initial thickness.
The values of cross-linking density, 'e, and the
molar mass between two consecutive cross-links,
Mc, of PVA-GMA hydrogels without CS (or PVAGMA100) were calculated from the G modulus
using Equations (5) and (6):
ne 5

(2)

where Mt and M" are the fluid mass absorbed by the
hydrogel up to time t and at equilibrium, respectively. The values of k and n for each run were
determined from the coefficients (linear and slope,
respectively) of the curve ln (Mt/M") versus ln t.

s5

E5

G
w2,r 2>3
RT a
b w2,s
w2,s

Mc 5

r2

(5)

(6)

2r2
ne 1
Mn

where G = 3/E [32], $2 and Mn are the density and
molecular mass of the polymer, respectively. The
parameters %2,s and %2,r calculated with the respective Equations (7) and (8):

w2,s 5

W0
r0

V0
5
Vs
W0
Ws 2 W0
1
r0
rH2O

W0
r0
V0
w2,r 5
5
Vr
W0
Wr 2 W0
1
r0
rH2O

(7)

(8)

where V and W are volume and mass, respectively,
and subscripts 0, s, and r mean dry, equilibriumswelling, and relaxed (just after polymerization)
states of hydrogel. The density of the dry hydrogel,
$0, was considered as being the density of atactic
PVA, 1.269 g·cm–3 [33].

2.9. Hydrogels morphologies
The morphologies of hydrogels were evaluated
through SEM images. PVA-GMA100, PVA-GMA90/
CS10 and PVA-GMA80/CS20 cylindrical hydrogels surface images were obtained in an 8 keV scanning electron microscope (SEM, Shimadzu, model
SS550). The hydrogels were firstly immersed in
distilled water at room temperature (ca. 25°C) up to
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swelling at equilibrium (ca. 48 h). Next, the samples were removed and immediately frozen by dipping in liquid nitrogen. Thereafter, the frozen samples were fractured and lyophilized in a freeze dryer
(Christ Gefriertrocknungsanlagen) at –55°C for 24 h.
The lyophilized hydrogels were gold-coated by
sputtering before the observation by SEM.

2.10. Evaluation of cytotoxicity
Hydrogel cytotoxicity was evaluated according to
the ASTM-F813-01 [34] procedure in a similar way
had done by Malmonge et al. [35]. Cylindrical
hydrogels samples with 10 mm diameter and the
controls, silicon (as positive) and HDPE plate (as
negative), were cut in disc shape with 2 mm of
thickness. The samples were swelled in distilleddeionized water for 48 h. The water content was
renewed every 6 h. The hydrogels and controls
were sterilized in autoclave (121°C for 15 min).
Each sample was placed in a cover slip in a
Leighton tube and kept in 2 mL of DMEM medium
supplemented with 10% Fetal Bovine Serum (FBS)
for 24 h at 37°C in humidified 95% air 5% CO2
(v/v) before the inoculation. An aliquot of Vero cell
line (1 mL – conc. equal to 105 cells·mL–1) was transferred to each Leighton tube and cultivated in
DMEM containing 10% FBS. The samples were
incubated at 37°C for 48 h in humidified 95% air
5% CO2. After a period of 48 h from the incubation,
the culture media were collected and unviable cells
were assessed by trypan blue dye (conc. equal to
0.1% in 0.9% salt) exclusion test in a Neubauer
chamber.

3. Results and discussion

All hydrogels synthesized in this work show opacity, indicating that PVA-GMA is less hydrophilic
than raw PVA is. All PVA-GMA67/CS33 hydrogel
preparation runs resulted in irregular bubbly material, which was attributed to the high viscosity of
the feed solutions used for the synthesis. In this
way, the obtained PVA-GMA67/CS33 hydrogels
were very fragile. Thus, tests for determinate the
mechanical properties and the swelling kinetics
assays on PVA-GMA67/CS33 hydrogel were not
performed. According to our laboratory’s previous
work [29], in the optimized conditions (62ºC and
6 h) the achieved DS for the chemical modification
of PVA with GMA was 4.63% while the expected

was 4.85% [29]. Additionally, it was found that in
these optimized conditions the DS changed linearly
with the [–OH(PVA)/GMA] ratio up to 1/0.25 [29].
Thus, in this work, it was assumed that the DS of
the all PVA-GMA used in the hydrogel synthesis
was the same as the nominal ones.

3.1. FTIR spectroscopy
The Figure 1a–d shows the FTIR spectra of PVAGMA100, PVA-GMA90/CS10, PVA-GMA67/CS33
hydrogels, and pure CS, respectively. The FTIR
spectroscopy technique was applied to characterize
the insertion of CS within the hydrogel matrix. For
this reason, FTIR spectra of the hydrogels with the
higher and lower amounts of CS (PVA-GMA90/
CS10 and PVA-GMA67/CS33) were obtained. The
FTIR spectrum of PVA-GMA100 hydrogel (Figure 1a) presents a broad band at 3421 cm–1 assigned
to the –OH stretching, a band at 2936 cm–1 assigned
to C–H vibrational stretching, and a band at
1094 cm–1 assigned to C–O vibrational stretching.
Moreover, the bands at 1727 and 1642 cm–1, which
are assigned to C=O and C=C stretching, proceeding from methacrylate groups of GMA used for
modifying PVA [36].
The FTIR spectrum of CS (Figure 1d) shows a
broad band between 3100–3600 cm–1 assigned to
–OH and to N–H vibrational stretching in which the
–OH stretching overlaps the N–H one. The bands
close to 1650 and 1050 cm–1 were assigned to amide
bands and to C–O vibration stretching respectively.
A quite broad band appears at 1424 cm–1, which
was assigned to C–O stretching and O–H angular
coupling vibration. This band indicates the exis-

Figure 1. FTIR spectra of (a) PVA-GMA100, (b) PVAGMA90/CS10, (c) PVA-GMA67/CS33 hydrogels and (d) pure CS
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Figure 2. Scheme for the synthesis of PVA-GMA hydrogel
(above) and PVA-GMA/CS semi-IPN hydrogel
(below)

tence of free carboxyl groups. The band assigned to
the vibrational stretching of S=O bonds from sulfate
groups, characteristic of CS, appears at 1254 cm–1.
Figure 1b–c shows the FTIR spectra of PVA-GMA90/
CS10, PVA-GMA67/CS33 hydrogels and comparing with the PVA-GMA100 spectrum it was not
observed significant changes caused by CS insertion within the hydrogel matrix. It was observed an
enlargement of the band assigned to –OH stretching
according to increase of the amount of CS in the
hydrogel formulation. Furthermore, an increase in
the intensity of the band at 1642 cm–1, assigned to
the amide bands from CS, was observed. The semiIPN hydrogel is formed by the crosslinking of PVAGMA and the CS remains in linear form within the
matrix, as sketched in the Figure 2. For this reason,
great changes on PVA-GMA/CS FTIR spectra
related to PVA-GMA100 FTIR spectrum were not
observed.

3.2. Degree of swelling
All hydrogels samples achieve the equilibrium
swelling at immersion times lower than 48 h. The
dependence of q to DS of parent PVA-GMA for
PVA-GMA100, PVA-GMA90/CS10, PVA-GMA80/
CS20, and PVA-GMA67/CS33 hydrogels, at 25°C,
is shown in Figure 3. As expected, the q values
decrease as the DS increases. This fact was attributed to the augment in the degree of cross-linking in
the hydrogel matrix due to DS rising. Higher DS
means high amount of methacrylate groups attached
on PVA chains. These reactive groups are likely to
react during gelling reaction, as they react with each
other to form a cross-linking point. The increase in

Figure 3. Degree of swelling as a function of DS of PVAGMA presents in the hydrogel samples: PVAGMA100, PVA-GMA90/CS10, PVA-GMA80/
CS20, and PVA-GMA67/CS33

the cross-linking degree limits the matrix expansion
and then lesser water amount is absorbed, reducing
the q value.
The reduction in q as the DS increases is less significant in PVA-GMA100 hydrogels than those containing CS. At a fixed DS, the hydrogels containing
CS presented high q values comparatively to the
respective PVA-GMA100, fact attributed to the
substantial hydrophilic character of CS. This is a
detachable feature presented by the glycosaminoglycans, that constitutes the extracellular matrix
and conjunctive tissues, which presents excellent
water uptake and retention capabilities [27]. However, no significant difference was observed in q
values for PVA-GMA/CS hydrogels, at fixed DS,
even using different amounts of CS (10 < CS <
33 wt%).
The swelling data allow inferring that the mobility
of PVA-GMA chains governs the effect of CS on q
values of PVA-GMA/CS hydrogels. In this case,
using the PVA-GMA with low DS would let the
hydrogel to have both large chain mobility and high
water uptake. However, the PVA-GMA chain mobility itself (absence of CS) is not enough to raise the q
value as occurred when CS is present in the matrix.
It should be highlighted that the CS chains are not
covalently bound to the PVA-GMA matrix. Based
on Figure 3, it can be inferred that highly crosslinked PVA-GMA/CS hydrogels would present q
values closer to those of their respective PVAGMA. Therefore, in highly cross-linked PVA-GMA/
CS the effect of CS in q was weakened.
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3.3. Hydrogel mechanical properties
The curves of compressive stress (") as a function
of (# – #–2) for PVA-GMA100 and PVA-GMA90/
CS10 hydrogels are presented in the Figures 4a and
4b, respectively, at three different DS [DS = 2.5, 3.5
and 5.0%] of PVA-GMA.
The curves are almost linear, which indicates that
the compressive tests produce predominantly elastic (reversible) deformations in the studied range of
strain (0 ( # ( 1.10). Thus, the value of elastic modulus, E, for each hydrogel was obtained from the
slope of the " vs. (# – #–2) curve, as those shown in
the Figures 4a and 4b. Figure 5 shows the dependence of E to the nominal DS of PVA-GMA for PVAGMA100, PVA-GMA90/CS10, and PVA-GMA80/
CS20. The values of E ranged from 63 to 126 kPa.
Peppas and Merrill [37] obtained wider range for E
values (31 to 340 kPa) using PVA hydrogels crosslinked by electron beam irradiating 10 wt% polymer aqueous solution. These authors observed that
for those polymers the value of E depends on the
radiation dose due to its effect in the degree of
cross-linking.
The PVA-GMA hydrogels obtained using PVAGMA with DS = 5.0% were more rigid and thus
presented high E values. Compared to PVA-GMA
hydrogels, the presence of CS in the hydrogels lowered the values of E modulus, which agrees with the

Figure 5. Elastic modulus, E, as a function of DS to PVAGMA100, PVA-GMA90/CS10 and PVA-GMA80/
20 hydrogels samples

swelling data presented in the Figure 3. Figure 5
shows that E of PVA-GMA100 increases by ca. 80%
as the DS of PVA-GMA changes from 2.5 to 5.0%,
while the Figure 3 shows that, for the same hydrogels and DS range, the variation in q values is only
7%. Therefore, besides the PVA-GMA DS has little
and negative effect on the q of PVA-GMA100
hydrogels it induces a strong rise in their elastic
modulus.
The cross-linking density, ve, and the molar mass
between two consecutive cross-links, Mc, were calculated with Equations (5) and (6), respectively.

Table 2. Cross-linking density, ve, molar mass between cross-links, Mc, shear modulus, G, and volumetric fractions (%2,r and
%2,s) of PVA-GMA100 at different DS values measured at 25ºC
DS [%]
2.5
3.5
5.0

!2,r
0.1051±0.0002
0.1049±0.0017
0.1122±0.0015

!2,s
0.1026±0.0003
0.1033±0.0016
0.1110±0.0012

G [kPa]
23.60±1.62
29.95±0.32
42.19±2.59

ve [mol·m–3]
91.4±6.3
115.9±3.0
152.4±11.2

Mc [g·mol–1]
4590±104
4214±43
3762±125

Figure 4. Compressive stress as a function of (# –)#–2) of PVA-GMA100 (a) and PVA-GMA90/CS10 (b) at DS equal to 2.5,
3.5, and 5.0%
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produced a straight line (see Figure 6). The line
extrapolated for DS equal to 0 provides the net contribution of PVA-GMA chain entanglements to ve0
which was ca. 30.5 mol·m–3. It should be emphasized that the chain entanglements affect positively
the E values and, consequently, improve the hydrogel mechanical properties as well [38].

Figure 6. Cross-linking density, &e, as function of DS of
PVA-GMA100 hydrogels

Table 2 shows the ve and Mc values of PVA-GMA100
hydrogels along with the values of %2,r and %2,s.
The ve and Mc for PVA-GMA/CS hydrogels were
not calculated due to the ambiguity on calculation
caused by contribution of CS to these parameters.
The plot of ve of PVA-GMA100 hydrogels as a
function of the DS values of parents PVA-GMA

3.4. Swelling kinetics
The curves of q as a function of immersion time in
SGF (pH 1.2) for PVA-GMA100, PVA-GMA90/
CS10 and PVA-GMA80/CS20 hydrogels are presented in the Figure 7a (DS = 2.5%) and in the Figure 7b (DS = 5.0%). By comparison of the different
curves of q vs. immersion time presented in the Figure 7a (SGF, pH 1.2), a negative effect on q values
caused by presence of CS can be observed. This
effect is opposite to that observed for immersion of
hydrogels in pure water (see Figure 3) and is attributed to ionization of carboxylic groups of CS in
water, while the lowering the amount of charged

Figure 7. Degree of swelling as a function of immersion time in SGF (pH 1.2) at 37ºC of PVA-GMA100, PVAGMA90/CS10, and PVA-GMA80/CS20 hydrogels samples with DS = 2.5 (a) and 5.0% (b) and in SIF (pH 7.5) at
37ºC of PVA-GMA100, PVA-GMA90/CS10, and PVA-GMA80/CS20 hydrogels samples (c) DS = 2.5 and
(d) DS = 5.0%
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moieties on CS at pH 1.2. In this situation, there is
no significant repulsion among the CS segments. A
common characteristic of ionic hydrogels is the
repulsion of charged segments, which enhances the
water, and other fluids, uptake capacity [39]. Curves
similar to those shown in the Figure 7a were also
obtained for PVA-GMA100, PVA-GMA90/CS10,
and PVA-GMA80/CS20 hydrogels at DS = 3.5%
(not shown here). However, the profile of q vs.
immersion time of PVA-GMA and PVA-GMA/CS
hydrogels as the DS of parent PVA-GMA was fixed
at 5.0% is noticeably different, as shown in the Figure 7b. The q values at DS = 5.0% are remarkably
lower and the equilibrium swelling is reached faster
than at DS = 2.5%. The increase in cross-linking
density of ca. 60 mol·m–3 for a DS change from 2.5
to 5.0% (see Figure 6) accounts for the additional
matrix compaction and leads to an opposite net
effect on swelling.
The curves of q as a function of immersion time in
SIF (pH 7.5) for PVA-GMA100, PVA-GMA90/
CS10 and PVA-GMA80/CS20 hydrogels are presented in the Figure 7c (DS = 2.5%) and the Figure 7d (DS = 5.0%). At the beginning, being the
carboxylic groups either totally or partially charged
in SIF we expected an enhancement in q compared
to SGF. In fact, the results show that equilibrium q
values in SIF are almost the same as compared to
the respective ones when swelled in SGF, but the
equilibrium reached faster in SIF as compared to
SGF.
It was expected that the swelling degree in Figure 7d for SIF would be higher than at SGF (Figure 7b). This unexpected finding is under investigation. There are two different possibilities: one of

them is the degradation of matrix (no apparent signal of degradation was observed). Another would
be the release of chondroitin sulfate out of 3D
matrix (the authors also have no evidence for that).
It should be emphasized that PVA-GMA100 and
PVA-GMA/CS hydrogels did not present apparent
degradation under SIF or SGF swelling during 150 h
after the immersion. The values of k and n obtained
from Equation (2) for SGF and SIF are shown in
Tables 3 and 4 for SGF (pH 1.2) and SIF (pH 7.5),
respectively. The k values at SIF are higher than
those calculated at SGF. This indicates a higher
speed in swelling at higher pH-condition. The main
reason is the complete ionization of side groups on
CS leading to repulsion among the CS chains at
SIF. In spite of that, the PVA-GMA/CS hydrogels
presented almost the same q values in SGF as compared to SIF.
The values of n for the hydrogels ranged from 0.54
to 0.59 as swelled in SGF and from 0.55 to 0.62 as
swelled in SIF. As pointed out by Ritger and Peppas
[40], n values ranged from 0.45 to 1.0 for cylindrical hydrogels indicate anomalous mechanisms of
transport during swelling. In this case, both diffusion and chain relaxation govern the fluid transport
into hydrogel [40]. Drugs are more easily released
out from hydrogel as the matrix is highly swelled
than as compacted. Therefore, it is important to
know the kinetic of swelling in drug carrier systems
because the drug release rate is related to.

3.5. Hydrogel morphology by SEM
The effect of CS on hydrogel porosity relative to
their respective PVA-GMA100 matrix, as control,
was analyzed by SEM. Figure 8 presents the images

Table 3. Swelling kinetics parameters, k and n, for PVA-GMA100, PVA-GMA90/CS10, and PVA-GMA80/CS20 hydrogels
samples in SGF (pH 1.2) at 37ºC
DS
[%]
2.5
3.5
5.0

PVA-GMA100
k [10–1]
n
1.50±0.16
0.535±0.013
1.69±0.56
0.593±0.024
1.18±0.09
0.581±0.004

PVA-GMA90/CS10
k [10–1]
n
1.16±0.10
0.567±0.001
1.19±0.07
0.572±0.001
1.19±0.23
0.563±0.002

PVA-GMA80/CS20
k [10–1]
n
1.22±0.13
0.552±0.004
1.25±0.09
0.546±0.005
1.29±0.26
0.554±0.010

Table 4. Swelling kinetics parameters, k and n, for PVA-GMA100, PVA-GMA90/CS10, and PVA-GMA80/CS20 hydrogels
samples in SIF (pH 7.5) at 37ºC
DS
[%]
2.5
3.5
5.0

PVA-GMA100
k [10–1]
n
1.33±0.07
0.560±0.002
1.11±0.01
0.558±0.008
1.47±0.24
0.616±0.023

PVA-GMA90/CS10
k [10–1]
n
1.55±0.26
0.589±0.039
1.36±0.01
0.553±0.002
1.39±0.16
0.572±0.004
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PVA-GMA80/CS20
k [10–1]
n
1.39±0.21
0.582±0.016
1.32±0.11
0.578±0.010
1.43±0.14
0.585±0.010
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Figure 8. SEM images of PVA-GMA100 (i(a–c)), PVA-GMA90/CS10 (ii(a–c)), PVA-GMA80/CS20 (iii(a–c)) at
DS 2.5% (i–iii(a)), 3.5% (i–iii(b)), and 5.0% (i-iii(c)). Magnification: 10 000#.

obtained at 10 000-fold magnification of PVAGMA100 (i(a–c)), PVA-GMA90/CS10 (ii(a–c)),
PVA-GMA80/CS20 (iii(a–c)) hydrogels made from
precursor PVA-GMA with DS = 2.5% (i-iii(a)), 3.5%
(i–iii(b)), and 5.0% (i-iii(c)). As can be seen, the
presence of CS causes pore enlargement; however,
the distribution remains inhomogeneous in all cases.
For PVA-GMA90/CS10 and PVA-GMA80/CS20
hydrogels at DS 5.0%, the morphology seems to be
foliaceous. At DS 2.5 and 3.5%, it was expected to
obtain less porous hydrogels than the respective
PVA-GMA100 but it was not verified. The reason
for that is as follows: the PVA-GMA100 hydrogel
at DS = 5.0% gels up to 30 s after the addition of
persulfate, while the PVA-GMA100 hydrogels at
DS = 2.5 and 3.5% gel ca. 3 min after the addition of
persulfate. In this way, PVA-GMA hydrogels at
DS 5.0% tend to present higher heterogeneity in
pore sizes. Another possible contributing factor is

the buildup in viscosity due to the presence of CS in
PVA-GMA/CS hydrogels. Micro-heterogeneity
enhances pore size in hydrogels [41]. Plenty of
hydrogels with different porous sizes have been
published in the literature [42] and in smart-hydrogels, the porous size can be controlled by external
stimuli as temperature [43], pH [44], electrical discharge [45], to notice only few of them.
From the SEM images showed in Figure 8, the average pore size of each hydrogel samples was estimated through the computational software Size
Meter®, version 1.1 with differentiation threshold
set according to the image scale. Since the pore
shape was undefined, the measurements were taken
between the extreme points of the pores. The average was calculated from the measurement of 100
randomly selected pores. The results are shown in
Table 5.
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Table 5. Average pore size of the hydrogel samples
Sample
PVA-GMA100
PVA-GMA90/CS10
PVA-GMA80/CS20
PVA-GMA100
PVA-GMA90/CS10
PVA-GMA80/CS20
PVA-GMA100
PVA-GMA90/CS10
PVA-GMA80/CS20

DS
2.5
2.5
2.5
3.5
3.5
3.5
5.0
5.0
5.0

Average Pore Size[µm]
0.2617± 0.0107
0.3177± 0.0445
0.3683± 0.0238
0.3053± 0.0123
0.3009± 0.0096
0.3670± 0.0443
0.3195± 0.0176
0.3650± 0.0306
0.4376± 0.0400

3.6. Evaluation of hydrogel cytotoxicity
The evaluation of cytotoxicity on PVA-GMA100,
PVA-GMA90/CS10, PVA-GMA80/CS20 and PVAGMA67/CS33 hydrogels at DS 2.5, 3.5, or 5.0%
were done through Vero cells culturing. Figure 9
presents the percentage of cell growth inhibition for
each case, considering the number of cells in the
positive control as 100% of inhibition.
Figure 9 evidences that the hydrogels are mostly
non-toxic for Vero cells growth. In fact, PVA-GMA/
CS hydrogels presented lower inhibition capability
than the PVA-GMA100 hydrogels did. The more
intense effect was observed on hydrogel at high CS
content. Such effect was attributed to the biological
nature of CS, which is often found in animal extracellular matrix proteoglycans and considered as
responsible for cell adherence and fixation. However, comparatively to the controls, cytotoxicity
was slightly increased in hydrogels prepared at the
precursor PVA-GMA.

4. Conclusions

Hydrogels were prepared in presence of chondroitin
sulfate (CS) at 0, 10, 20 and 33wt-% by gelling of
chemically modified poly(vinyl alcohol) (PVAGMA). Different degrees of substitution, DS, on
PVA-GMA [2.5, 3.5 and 5.0%] were achieved. The
presence of CS into the hydrogels enhanced their
hydrophilic feature and improved its cell viability.
In addition, the hydrogels presented improved handling, except for PVA-GMA67/CS33. The values of
elastic modulus, E, spread from 63 to 126 kPa and
are proportional to the DS of parent PVA-GMA, but
they decrease slightly with the presence of CS. The
hydrogels presented anomalous water uptake mechanism. Thus, Fickian diffusion and polymer chain
relaxation govern the swelling of these hydrogels.
PVA-GMA100 and PVA-GMA/CS hydrogels are
resistant at pH 1.2 (SGF) and pH 7.5 (SIF). This
interesting feature allows the hydrogels acting as a
carrier for drug releasing in both media, protecting
the drug against a degradation process, for example.
Compared to the negative (polyethylene) and positive (silicon), used as controls, the presence of CS
enhances the hydrogel-cell compatibility, results
from cell viability tests. These results indicate the
potential application of these materials as scaffolds
in cell culture. Therefore, the PVA-GMA100 and
PVA-GMA/CS hydrogels developed and characterized in this work present characteristics that allow
them to be used as biomaterial, as a carrier in drug
delivery system or to act as scaffolds in tissue engineering as well.
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