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a b s t r a c t

Chitosan (CTS) is a polysaccharide with a wide variety of applications in the biomedical field, owing to its
outstanding disinfectant properties, biocompatibility and biodegradability, but with limited mechanical
properties. The proposed strategy to improve CTS-based hydrogel properties in this study is the forma-
tion of a semi-interpenetrating polymer network (semi-IPN). In this way, a photo-initiated radical click
reaction was proposed to obtain a synthetic polymer, whose components were included in a CTS solution,
resulting in the semi-IPN network after UV illumination. Different crosslinking degrees (CD) and CTS/
polymer ratios were evaluated through rheological characterization, along with an assessment of both
variables based on an experimental model design, obtaining that, for every CTS/polymer ratio, interme-
diate values of CD (8 %) offered the best rheological properties. In addition, chemical and microstructural
characterization were carried out for selected hydrogels, obtaining consistent results according to rheo-
logical characterization, as the 1/1 CTS/polymer ratio with CD 8 % hydrogel displayed the most homoge-
neous pore size and distribution, consequently leading to the best rheological performance.

� 2023 The Author(s). Published by Elsevier B.V.
1. Introduction

Hydrogels are networks of hydrophilic polymers that can
absorb thousands of times their dry weight of water without losing
their structural integrity [1]. Due to this property, they are suitable
candidates for several biomedical applications, such as tissue engi-
neering [2], drug delivery [3] and wound dressing, as they can pro-
vide water to the wound area and therefore help to maintain a
moist environment, consequently enhancing wound healing [4].
Hydrogels can be classified into two different types depending on
the nature of intermolecular interactions between polymeric
chains: 1) physical hydrogels, where crosslinking between chains
is due to non-permanent physical bonds, such as Van der Waals
interactions or hydrogen bonds, and 2) chemical hydrogels, whose
crosslinking occurs due to covalent bonds, which are stronger [5,6].

Hydrophilic polymers (natural or synthetic), such as PVA [7],
collagen/gelatin [8,9] or alginate [10], for example, are the most
suitable materials for hydrogel fabrication, as they contain polar
functional groups such as hydroxyl, carboxyl or amino groups that
make them soluble or swelled by water [11]. Among them,
chitosan is a well-known and widely used biopolymer for hydrogel
crafting, due to its structure, versatility and properties, such as an
excellent biocompatibility, biodegradability, low toxicity, cyto-
compatibility and mucoadhesiveness, as well as its anti-
inflammatory, antibacterial, antifungal and wound-healing activi-
ties [12]. These properties have motivated a plethora of applica-
tions using chitosan. It is composed of repetitive units of D-
glucosamine and N-acetyl-D-glucosamine connected by b-(1,4)
linkages and randomly distributed. Chitosan is obtained from par-
tial deacetylation of chitin, which is the most abundant natural
amino polysaccharide in the world [13].

Chitosan-based hydrogels can be fabricated only by crosslinking
of pure chitosan (homopolymer), or by chitosan combined with a
second polymer (copolymeric), by either chemical or physical
crosslinking. Each of these strategies may have an important
impact on different properties, so it is possible to tune the
chitosan-based hydrogels properties, by employing/investigating
different strategies and materials [14]. However, even though chi-
tosan is one of the best candidates for hydrogel formation, there
are still several challenges to overcome, for example, the limita-
tions of the characteristic properties due to the different interac-
tions of fabricated hydrogel that hinder the applications of the
chitosan-based gels or the need to develop fast-acting hydrogels
with excellent mechanical strength [15,16].
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Introducing interpenetrating polymer network (IPN) structures
is an effective way to improve the mechanical performance of
hydrogels and also increase porosity, enhance swelling behavior
and improve cell adhesion [17]. In IPN hydrogels, each polymer
forms a crosslinked network that is entangled with another poly-
mer network [18]. These are unique ‘‘alloys” of crosslinked poly-
mers in which at least one network is synthesized and/or
crosslinked in the presence of the other, with no covalent bonds
between them, in which both polymers cannot be separated unless
chemical bonds are broken [19,20]. The combination of the poly-
mers must effectively produce an advanced multicomponent poly-
meric system, with a new profile [21]. According to the chemistry
of preparation, IPN hydrogels can be classified as: (i) simultaneous
IPN, when the precursors of both networks are mixed, resulting in
the formation of the two networks at the same time, or (ii) sequen-
tial IPN, typically performed by swelling of a single-network
hydrogel into a solution containing the mixture of monomer, ini-
tiator and activator, with or without crosslinker [19,20]. With
respect to their structures, IPN hydrogels can be classified as: (i)
IPNs or full-IPNs, which are polymer matrices comprising two
crosslinked networks interlaced on a molecular scale, or (ii)
semi-IPNs, which are matrices comprising only one crosslinked
network, in which the linear or branched polymer penetrates the
network on a molecular scale [20,22]. Thus, IPN hydrogels offer
the possibility of combining different polymers, such as two syn-
thetic polymers, two biopolymers or even a combination of a
biopolymer and a synthetic polymer, making use of the biocompat-
ibility and hydrophilicity of the former and the mechanical and
structural properties of the latter [22].

Synthetic polymers can be obtained and synthesized by many
different processes and routes. Sharpless et al. [23] described a
new concept for conducting highly selective organic reactions that
do not yield side products and result in heteroatom-linked molec-
ular systems with high efficiency under a variety of mild condi-
tions, using eco-friendly solvent and synthesis processes [24].
Thus, several efficient reactions that meet these conditions and
are capable of producing a wide variety of synthetic molecules
and organic materials have been grouped accordingly under the
term ‘‘click reactions”. Highly efficient reactions of thiols with
reactive carbon–carbon double bonds (alkenes) have been widely
studied [25]. Thiol-ene click chemistry is a radical-mediated reac-
tion that adds thiol groups to double bonds. This reaction has been
shown to be highly efficient and tolerant to different functional
groups [26]. They are considered ‘‘clickable” due to their high effi-
ciency and selectivity. These reactions can take place under mild
conditions in aqueous media with non-toxic byproducts. Thiol-
ene reactions occur by two different routes or mechanisms: 1) a
nucleophilic thiol-type Michael addition, and 2) a radically medi-
ated thiol-ene reaction [27,28]. Thiol-ene reactions mediated by a
radical mechanism can be initiated thermally or photochemically.
Specifically, photo-initiated thiol-ene reactions are frequently used
for the synthesis of hydrogel networks for biomedical applications
such as injectables, tissue-regenerative hydrogels, and drug deliv-
ery systems, as well as in the synthesis of drugs per se, wound
dressing and scaffolds for tissue engineering [27,29,30].

To obtain polymers via photo-initiated thiol-ene reactions,
solutions containing the precursors with photo-reactive groups
are prepared and subsequently irradiated with UV or visible light.
Thus, a small amount of radical initiator is generated, which leads
to the formation of the reactive thiyl radical (Fig. 1) [31]. After ini-
tiation, the reaction continues, with the thiyl radical on the alkene
being attacked to form a new carbon radical. This carbon radical
reacts with another thiol monomer, thus a thioether and a new
thiyl radical are formed [32,33], which allow for the propagation
to continue through a stepwise polymerization procedure, as is
shown in the black cycle presented in Fig. 1.
2

Therefore, the main objective of this work is the development of
chitosan-based IPN hydrogels. The novelty of this study is the syn-
thesis of polymeric chains by photoinitiated click reactions
between a dithiolated monomer (2,20-(ethylenedioxy)diethane
thiol, EDDET) and a diallylic monomer ((+)-N,N0-diallyltartramide,
DATD) with UV radiation. Moreover, to achieve hydrogels with
enhanced rheological properties, a triallylic monomer (1,3,5-trial
lyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione, TC) was added as a
crosslinking agent. Different crosslinking degrees and chitosan/
polymer proportions were proposed to evaluate the influence of
both variables on rheological and microstructural properties of
the resulting hydrogels.
2. Experimental

2.1. Materials

Low-molecular-weight chitosan (CTS, 130,000 g.mol�1) with a
deacetylation degree between 75 and 85 % was purchased from
Sigma-Aldrich S.A. (Taufkirchen, Germany). An acetic acid solution
of 0.05 M concentration and pH � 3.2 was used as polymerization
solvent. For the click reaction, 2,20-(ethylenedioxy)diethanethiol
(EDDET), (+)-N,N0-diallyltartramide (DATD) and 1,3,5-triallyl-1,3,5
-triazine-2,4,6(1H,3H,5H)-trione (TC) were used as the dithiolated
monomer, diallylic monomer and crosslinking agent, respectively.
All these reagents were provided by Sigma-Aldrich S.A. (Tauf-
kirchen, Germany). 2,2-Dimethoxy-2-phenylacetophenone
(DMPA) was used as the photo initiator agent of the polymeriza-
tion reactions. It was purchased from Acros Organics (Geel,
Belgium).
2.2. Hydrogels preparation

2.2.1. Photo-initiated click reactions
The proposed click reaction for hydrogel formation (Fig. 2) was

carried out in non-inert conditions, with a slight excess of thiol
groups (5 %) to neutralize the potential formation of hydroperoxyl
radicals (HOO�) during the reaction process.

As was previously described, DATD and EDDET react with each
other by means of a step polymerization procedure photoinitiated
by DMPA (UV light, k = 365 nm, P = 180 W) to form linear poly-
meric segments within the 3D-framework (Fig. 2). The three-
dimensionality of the structure was achieved by the addition of a
trifunctional crosslinker (TC) within the solution of CTS.
2.2.2. Semi-IPNs formation
For the preparation of semi-IPN hydrogels, the biopolymer used

in all the trials was CTS (dissolved in a 0.05 M acetic acid solution
at a final 3 wt % concentration) due to its outstanding properties
mentioned above. The synthetic polymer chains will grow and
crosslink within the CTS chain solution to improve the final
mechanical and structural properties of the CTS solution. Thus,
once the solution of CTS (3 wt %) was prepared, predetermined
mmoles of DATD, EDDET and TC (the two later dissolved in etha-
nol) were subsequently added, and the mixture was stirred for five
minutes to promote the homogenization of the sample. The
amount of the reagents was calculated to meet the target CTS/poly-
mer weight/weight ratios and crosslinking degrees (CD) (Table 1).
Next, a solution of 10 % w/v of the photo-initiator (DMPA) in etha-
nol was added to the CTS suspension under dark conditions. The
formation of the crosslinked network is conducted under UV light
(k = 365 nm, P = 180 W, 5 min) to yield the final CTS-based semi-
IPN hydrogels. A schematic overview of the synthesis is shown in
Fig. S1.



Fig. 1. Photoinitiated thiol-ene radical addition reaction mechanisms.

Fig. 2. Three-dimensional framework formation reaction by click thiol-ene photopolymerization.

Table 1
Systems proposed to evaluate the influence of both CD and polymers ratio on the resulting hydrogels.

Systems CTS/Polymer
ratio

CD (%) DATD (mg|lmol) TC (mg|lmol) EDDET (mg|lmol) DMPA (mL|lmol)

1 2/1 4 40.8|179 1.24|4.97 35.6|196 0.1|37.24
2 2/1 8 39.1|171 2.47|9.91 35.6|196 0.1|37.24
3 2/1 12 37.4|164 3.69|14.8 35.6|196 0.1|37.24
4 1/1 4 81.6|358 2.47|9.91 71.3|391 0.1|37.24
5 1/1 8 78.2|343 4.95|19.8 71.3|391 0.1|37.24
6 1/1 8 78.2|343 4.95|19.8 71.3|391 0.1|37.24
7 1/1 12 74.8|328 7.41|29.7 71.3|391 0.1|37.24
8 1/2 4 163|714 4.94|19.8 143|782 0.2|74.48
9 1/2 8 156|683 9.88|39.6 143|782 0.2|74.48
10 1/2 12 150|655 14.8|59.4 143|782 0.2|74.48

CTS: chitosan; CD: crosslinking degree; DATD: (+)-N,N0-diallyltartramide; TC: 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione; EDDET: 2,20-(ethylenedioxy)diethanethiol;
DMPA: 2,2-Dimethoxy-2-phenylacetophenone.
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As was previously indicated, two variables were studied to
assess their influence on the properties of the resulting hydrogels,
namely crosslinking degrees (CDs) (4, 8 and 12 %) and chitosan/
polymer ratios (2/1, 1/1 and 1/2). The CD was set by a predeter-
mined molar addition of the covalent crosslinker TC. Thus, the nec-
essary amount of triallyl TC crosslinker was added so that, for
example, 8 % of the thiol moieties of monomer EDDET would react
with the crosslinker and the 92 % of the remaining thiol groups
would couple with the diallyl monomer DATD. As a summary,
the proposed systems are collected in Table 1. It is worth to men-
tion that a duplicate of the intermediate system is necessary for the
model design analysis so, for that reason, systems 5 and 6 are the
same.
2.3. Hydrogels characterization

Once the semi-IPN hydrogel systems were formed, a rheological
analysis was performed to characterize the rheological properties
of each system and then, the evaluation of both chemical and mor-
phological properties was carried out.
2.3.1. Rheological characterization
Rheological properties of the hydrogels were determined in an

AR 2000 oscillatory rheometer (TA Instruments, New Castle, DE,
USA) with parallel serrated plate geometry (diameter: 40 mm) by
performing different rheological shear tests. Three types of rheo-
logical tests were performed:

� Strain sweep tests: Measurements between 10E and 4 and
0.1 % strain at a constant frequency of 1 Hz and 25 �C were per-
formed to determine the linear viscoelastic range (interval
where the elastic and viscous moduli are independent of the
applied strain) and the critical strain (the maximum strain sup-
ported by the sample within the linear viscoelastic range).

� Time sweep tests: These tests were performed in the linear vis-
coelastic range, at constant frequency (1 Hz), strain (0.25 %) and
temperature (25 �C) for 10 min (600 s). These tests allowed
evaluating the evolution of the system with time, representing
both G0 and G00 versus time.

� Frequency sweep tests: In this case, the measurements were
carried out in a frequency range between 0.1 and 10 Hz at a
constant strain within the linear viscoelastic range (0.25 %)
and 25 �C. In these tests, the elastic and viscous moduli (G0

and G”, respectively) were obtained, together with the loss tan-
gent (tand = G00/ G0) and complex viscosity (g* = ((G0)2 + (G00)2)1/2).
Furthermore, the values for G0, tand and g* at 1 Hz (G0

1, tan(d)1
and g*1) were selected and tabulated to improve the compar-
ison of the properties of the different systems.
Table 2
Elastic modulus, loss tangent and complex viscosity measures at 1 Hz of semi-IPN hydro
different crosslinking degrees (4, 8 and 12 %). Different letters (a–b; A–D; a–d) as superscrip
(p < 0.05).

Systems Chitosan/Polymer ratio
(CTS)

CD (%) CTS1

1 2/1 4 �1
2 2/1 8 �1
3 2/1 12 �1
4 1/1 4 0
5 1/1 8 0
6 1/1 8 0
7 1/1 12 0
8 1/2 4 1
9 1/2 8 1
10 1/2 12 1

1 Normalized values of the independent variables.
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2.3.2. Experimental model design for the analysis of rheological
parameters

The operating conditions on the effect of the studied variables
on the rheological and microstructural properties of the resulting
hydrogels should have an influence. Therefore, different authors
have studied different parameters levels [21,22].

A 23-1 Full factorial design (Table 2) was used to examine the
influence of the independent operational variables on the resulting
hydrogels. A total of 10 experiments were required for our consid-
ered independent variables at three levels. The values of indepen-
dent variables were normalized from �1 to +1 using Eq. (1) in
order to facilitate direct comparison of the coefficients and visual-
ization of the effects of the individual independent variables on the
response variable
Xn ¼ X� X
�

b Xmax�Xminð Þ
2 c ð1Þ

Where xn denotes the normalized value of independent vari-
ables; x is the obtained experimental value of the independent

variable concerned; X
�
is the mean of the experimental values for

this independent variable in question; and xmax and xmin are the
maximum and minimum values, respectively, of the independent
variable.
2.3.3. Chemical characterization
The chemical structures of the IPNs were analysed by Fourier-

Transform Infrared Spectroscopy (FTIR), using a Hyperion 1000
spectrophotometer (Bruker, Santa Clara, CA, USA). The samples
were placed in an ATR diamond sensor to obtain their infrared pro-
file. The measurements were obtained between 4500 and
600 cm�1 with an opening of 4 cm�1 and an acquisition of 200
scans. Baseline correction was performed by measuring without
sample.
2.3.4. Microstructural characterization
Hydrogels were morphologically assessed using a cryo-

scanning electron microscope (Cryo-SEM) Zeiss EVO (Stuttgart,
Germany) at an acceleration voltage of 10 kV. The samples were
previously cooled with liquid nitrogen and covered with a thin film
of Au in a high-resolution sputter coater Leica (Wetzlar, Germany).
A digital processing free software, FIJI Image-J (National Institutes
of Health, Bethesda, MD, USA), was used to determine the mean
pore size and general porosity of the selected hydrogels.
gels of chitosan and click polymer with CTS/polymer ratios of 2/1, 1/1 and 1/2 and
ts were included to denote significant differences in the values shown in each column

CD1 G0
1 (Pa) tan(d)1 |g*1| (Pa�s)

�1 8.52a 0.47A 126a

0 120b 0.16B 264b

1 20.3c 0.29C 197c

�1 10.4a 0.40A 145a,c

0 474d 0.15B 585d

0 483d 0.15B 602d

1 139e 0.12D 335b,e

�1 61.2f 0.19B 141a,b

0 241 g 0.14B,D 428e

1 94.9 h 0.15B 299b
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2.4. Statistical analyses

At least three replicates were carried out for each measurement.
Statistical analyses were performed with t-tests and one-way anal-
ysis of variance (p < 0.05), using PASW Statistics for Windows (Ver-
sion18: SPSS Inc., Endecott, NY, USA). Standard deviations were
calculated for selected parameters. The significant differences were
established with a confidence level of 95 % (p < 0.05), which are
indicated with different letters in the different tables.

3. Results and discussion

3.1. Rheological evaluation

3.1.1. Evaluation of the reaction and the influence of UV illumination.
Crosslinking degree on the rheological properties of semi-IPN
hydrogels

The evaluation of the reaction was studied by time sweep tests
at different conditions (with and without UV radiation). As it can
be seen in Fig. 3, two different effects occurred. On the one hand,
the system measured with no radiation showed G00 values above
G0 ones, which means that no gelification process took place. On
the other hand, when the selected 1/1 CTS/polymer hydrogel with
a crosslinking degree of 12 % (sample 7, chosen as reference for this
assay) was subjected to UV radiation, the opposite effect was
observed, as G0 values were higher than G00 ones from the begin-
ning. This proves the instantaneous formation of the hydrogel, as
the elastic modulus is above viscous modulus since the beginning
of the assay and that UV radiation seems mandatory for the forma-
tion of the semi-IPN hydrogels. In addition, a slight increase of the
elastic modulus can be observed along the whole test, which
means that the structure keeps reinforcing when illuminated with
UV radiation, though at a significantly slower pace.

3.1.2. Evaluation of the influence of crosslinking degree and CTS/
polymer ratio on the rheological properties of semi-IPN hydrogels

For the analysis of the influence of CD on the rheological prop-
erties of the hydrogels, time sweep tests were conducted to assess
the development of the gelation process of each system by the evo-
lution of both elastic and viscous moduli with time (Fig. S2). In
addition, a solution of pure chitosan (CTS) was analyzed as a
reference.

Regarding CTS results, it can be noted that no hydrogel was
formed, as the viscous modulus was above the elastic modulus
Fig. 3. Time sweep tests of 1/1 CTS/polymer ratio semi-IPN hydrogels with and
without UV illumination.
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throughout the entire test, which denotes a predominantly liquid
behavior. Conversely, all other systems showed the characteristic
behavior of hydrogels, with G0 above G00. Therefore, this demon-
strated that chitosan cannot undergo gelation processes by itself,
requiring a physical stimulus, as has been previously described in
other works [34], or a chemical reaction in order to achieve a cer-
tain structuration degree [35,36]. It is clear that, with the proposed
click reaction, even with the lowest CD, the structuration, and thus,
the formation of semi-IPN hydrogels took place successfully and
immediately for each chitosan/polymer ratio, regardless of the
strength of the resulting hydrogels. The same behavior was
observed in every chitosan/polymer ratio when CD was modified,
where with 4 % CD, the obtained hydrogels seemed to be very
weak, with G0 values close to G00 values. However, increasing CD
led to a notorious increase of the elastic modulus, at least up to
8 % CD, since, as can be observed in Fig. S2, increasing CD even fur-
ther does not necessarily entail an improvement of rheological
properties. In fact, an excess amount of the thiolated compound
may impair the ability for orthogonal crosslinking, conversely
resulting in a reduced stiffness in the corresponding hydrogel, as
proved by Muñoz et al. [37].

For a further assessment, strain and frequency sweep tests were
carried out to delve into the rheological characterization of the sys-
tems. The same tendency observed in the previous analyses can be
observed in Fig. 4, where click reaction was required for the gela-
tion process to occur, and increasing CD up to 8 % was beneficial
for rheological properties, although a further increase was detri-
mental to the latter.

As can be observed, the systems had an increasing stabilization
when increasing the CD, obtaining higher values of viscoelastic
properties. However, all the hydrogels showed a similar critical
strain (0.02 %) (Fig. 4A, 4C and 4E) when the structure started to
break. The results of frequency sweep tests show values of elastic
modulus (G’) much higher than those of viscous modulus (G00),
although they have a cutoff point at high frequencies, which are
more evident at lower CD. In addition, the systems were not as
stable with frequency, although they tended to of stabilize with
increasing CD. Nevertheless, these results allowed us to confirm
the formation of semi-IPN hydrogels with the proposed click reac-
tion resulting in viscoelastic hydrogels whose stabilization
depends on the extent of the crosslinking.

Moreover, it can be observed that, when the chitosan propor-
tion was predominant (2/1) (Fig. 4A), the stability to strain was
slightly worse compared to that of the 1/1 (Fig. 4C) and 1/2
(Fig. 4E systems and the same effect can be observed in the fre-
quency sweep test (Fig. 4B, 4D and 4F), where structures of CD 4
and 12 % with 2/1 chitosan/polymer ratio (Fig. 4B) broke at fre-
quencies from 4 Hz, approximately. However, compared to the
mentioned systems, structures of the hydrogels with the same
CD of 1/1 were not broken (Fig. 4D), whereas systems of 1/2 CTS/
polymer ratio were more stable than the others. This fact con-
firmed that a higher presence of the click polymer produces a bet-
ter formation and stabilization of the semi-IPN hydrogels’
structures, leading to better rheological properties than the 2/1
systems, but not better than those of the ones obtained for the
1/1 systems.

For a better comparison, the values of elastic modulus, loss tan-
gent and complex viscosity at 1 Hz (G0

1, tan(d)1 and g*1) are shown
in Table 2. With the data in Table 2, it is easier to see that the sys-
tem with the best rheological properties would apparently be 8 %
with 1/1 CTS/polymer ratio, as it had the highest values of G0

1

and g*1 and a loss tangent close to 0.1. This is important, since
the smaller the loss tangent value, the stronger the hydrogel, as
was stated by Clark [38].

For each CTS/polymer ratio, it is proved that a CD of 8 % offers
the best rheological properties and, comparing them, the system



Fig. 4. Strain sweep (A, C, E) and frequency sweep (B, D, F) tests of 2/1, 1/1 and 1/2 CTS/polymer ratio semi-IPN hydrogels with different CDs (4, 8 and 12 %).

P. Sánchez-Cid, A. Romero, M.J. Díaz et al. Journal of Molecular Liquids 379 (2023) 121735
with a higher proportion of CTS (2/1) had the lowest value of G0
1

and g*1, although no significant variations were found for tan
(d)1. Besides, the systems with 2/1 CTS/polymer ratio showed
worse values of the studied rheological properties, when compar-
ing the same CDs of the other systems, indicating lower values of
elastic modulus and complex viscosity, with a loss tangent over
0.2 in 4 and 12 % cases, respectively, assuming a less resistant
behavior, as was previously described. On the other hand, the sys-
tems with a higher proportion of click polymer (1/2) displayed
improvements and deteriorations with respect to the 1/1 systems,
inasmuch as in hydrogels with 4 % CD, the 1/2 systems exhibited
6

better elastic modulus and loss tangent values and no significant
variations in complex viscosity. Nevertheless, when comparing
systems with CDs of 8 and 12 %, the 1/1 CTS/polymer ratio systems
had better rheological properties. This could be due, to the previ-
ously mentioned effect of the concentration of the thiolated com-
pound demonstrated by Muñoz et al. [37], who indicated that an
excess amount of the thiolated compound impaired the ability
for orthogonal crosslinking, resulting in a reduced stiffness in the
corresponding hydrogels. As long as the 1/2 systems had a higher
proportion of click polymer and, therefore, a higher concentration
of every reagent involved in the click reaction, it could be assumed
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that, with low CDs (4 %), the higher presence of the click polymer
effect prevails over the concentration of thiolated compound, lead-
ing to better rheological properties than those of the 1/1 systems.
Moreover, even though the values of mechanical properties
increased by using 8 % CD, following the tendency observed
throughout this study, these properties did not even reach the val-
ues obtained for G0

1 and g*1 for 8 % 1/1. This would confirm that,
from this point, the effect of the concentration of thiolated groups
would start to prevail.
Fig. 5. Response surface for G0
1 as dependent variable with respect to crosslinking

degree (CD) and CTS.
3.1.3. Correlations of rheological parameters with CTS/polymer ratio
and CD based on an experimental model design

Quantifying the relative effects of the independent variables on
the dependent variables in the found equations is somewhat diffi-
cult, since both contain complex terms involving interactions
between independent variables (Table 3). Consequently, Figs. 5
and 6 show the evolution of each dependent variable studied, as
a function of each independent variable constructed from the cal-
culated equations.

In this regard, if the independent variable studied had a slight
effect on the dependent variable under consideration, then the
slope of the curve (at different levels of the independent variables)
would be low. On the other hand, if the independent variable stud-
ied had (at a given level of the other independent variable) a high
level of influence, the slope of the corresponding curve would be
accordingly high.

As can be observed in Fig. 5, CTS exhibits a slightly greater influ-
ence on G0

1 than that found for CD, while the quadratic terms cause
the influence to be predominantly exponential for both variables.
Accordingly, minimum values of G0

1 at the extreme values of these
two variables can be found. On the contrary, a maximum value of
G0

1 for the intermediate values of the two studied variables can be
calculated.

Furthermore, Fig. 6 shows that the negative influence of CTS
(lower values) on tan(d)1 is similar (at the concentrations studied)
among the systems and independent of the CD values. Neverthe-
less, a statistical dependence of the CD levels on the tan(d)1 values
was found. In this way, low tand1Hz values under high CTS condi-
tions (due to the negative influence stated above) and intermediate
or high CD values can be found. Furthermore, as CD levels
decreased, the tan(d)1 values found increased significantly and
higher values of tan(d)1 under lower levels of both CD and CTS
were observed.
Fig. 6. Response surface for tan(d)1 as dependent variable with respect to CD and
CTS.
3.2. Chemical evaluation

Once the rheological characterization was finished, hydrogels
were selected, specifically the ones with 8 % CD for all the CTS/
polymer ratios evaluated, to further assess the reaction course
and the formation of the framework, taking these hydrogels as rep-
resentative of each ratio. Thus, ATR-FTIR measurements were car-
ried out (Fig. 7) to analyze the chemical structure of each system
and to prove the formation of the click polymer, as well as the
influence of varying the polymers proportions.
Table 3
Yielded equations and statistical parameters for each studied (dependent) variable.

Equations p F R2

G0
1 = 436.721–81.794 CTS
� 242.307 CTS2 � 271.022 CD2

0.0052 34.09 0.978

tan(d)1 = 0.1275–0.0783 CTS
� 0.0750CD + 0.1341 CD2

0.0055 12.37 0.951
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Fig. 7A depicts the FTIR spectra of CTS, DATD and the selected
8 % 1/1 CTS/polymer hydrogel. With these data, it is possible to
demonstrate the formation of the new polymeric chain via thiol-
ene reaction promoted with UV radiation and, thus, the formation
of the IPN hydrogel. The most determinant fact that proves that the
click reaction has taken place is the disappearance of the character-
istic peaks of allylic moieties in the IPN system. Therefore, the
characteristic bands of allylic compounds found in the DATD
monomer spectrum (@CHst at 3011 cm�1 and @CHd oop at 985
and 915 cm�1) are missing in the spectrum of the IPN hydrogel,
which corroborates the success of the polymerization reaction
[39]. It can also be observed in the DATD spectrum that the char-
acteristic and well-defined NAH and OAH stretching bands
(NAH at 3314 cm�1 and OAH at 3211 cm�1) collapsed in the spec-
trum of the IPN into a broader band that includes not only the



Fig. 7. (A) ATR-FTIR spectra of CTS and DATD (reagents) and selected semi-IPN
hydrogel system. (B) Comparison of the ATR-FTIR spectra of the representative 2/1
(black), 1/1 (red) and 1/2 (blue) CTS/polymer ratio systems. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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bands already mentioned, but also those that can be correlated to
the NAH and OAH bonds from CTS. Moreover, the intensity of the
amide I and amide II bands (C@O st at 1639 cm�1 and NAH d at
1529 cm�1) of the IPN system increased compared to the CTS
bands due to the addition of the novel click polymer.

The comparison between the representative systems for each
CTS/polymer ratio (Fig. 7B) proves that, when increasing the ratio
of the click polymer in detriment of CTS, an increase in the bands
associated with the synthetic polymer is found. Thus, for example,
the intensity of characteristic bands such as C-Ost from the DATD
CAOH moieties (1064 cm�1), amide I and amide II (1640 and
1536 cm�1) and the wide band of NAHst and O-Hst (3320 cm�1)
were higher when comparing the 1/2 (blue) system with the rest
of the systems [39].
3.3. Microstructural evaluation

Fig. 8 shows a view of the selected hydrogels as references, both
at a macroscopic and microscopic scale. Regarding the macroscopic
appearance, hydrogels were obtained with an appearance similar
to that obtained in other studies where IPN hydrogels were synthe-
sized with crosslinking based on a click-type reaction [40]. No
appreciable differences were observed at a macroscopical level.
On the other hand, when studying the microscopical structure, it
can be observed that each hydrogel presents a completely different
8

structure. Firstly, the structure of the 8 % CD with 2/1 CTS/polymer
ratio hydrogel (Fig. 8A’) displays a very heterogeneous structure,
due to its notable difference in not only pore size (mean pore
size = 33.01 ± 40.33 um) but also pore distribution. This structure
is characterized by its high porosity, going from very small,
rounded pores to large oval pores. Moreover, some tiny fibers
can be observed in several pores, forming smaller pores. On the
other hand, Fig. 8B’ shows the structure obtained for the hydrogel
with 8 % CD and 1/1 CTS/polymer ratio, which can be described as a
leaf-like structure, with also high porosity, but with a much more
homogeneous pore distribution and size (36.89 ± 3.11 um), com-
pared to the one shown in Fig. 8A’. Finally, the structure depicted
in Fig. 8C’, which corresponds to the 8 % CD with 1/2 CTS/polymer
ratio hydrogel, could be described as an intermediate structure
between the previous ones, with a homogeneous pore distribution
and size, but presenting several oval pores, similar to those
observed on the structure of the 2/1 hydrogel, but with smaller size
(20.51 ± 10.53 um). Comparing these structures between them and
with the results obtained in the previous analyses, it can be estab-
lished that increasing the click polymer concentration, and thus its
presence in the structure, leads to a leaf-like structure with much
more homogeneous pores in the case of the 1/1 system, which
could possibly explain the better rheological properties obtained
compared to the rest of the systems. The representative system
of the 1/2 ratio was proved to have the greatest amount of click
polymer (Fig. 7B); however, as can be noted, this does not neces-
sarily mean the best for the semi-IPN system, as its structure has
been described as an intermediate structure between the other
ones (Fig. 8C’). In addition, it is worth to mention that, even though
the mean pore size of 2/1 system (33.01 ± 40.33 um) would appar-
ently be smaller than the one of 1/1 reference system (36.89 ± 3.11
um), this would be due to the quantification of both small rounded
and the large oval pores in the 2/1 system, resulting in the obtained
average.

The resulting rheological properties fit with the structure
obtained, as they were intermediate when comparing the results
obtained for the representative systems of the 2/1 and 1/1 ratios.
The poor properties obtained for the 2/1 systems can be attributed
to the structures obtained for the representative system of this
ratio, specifically due to the observed larger pores observed in
Fig. 8A’, which were detrimental, particularly to the rheological
properties. Nevertheless, the obtained porosity data of each repre-
sentative system, which were 62.97 ± 2.60, 63.43 ± 3.43 and
64.83 ± 4.75 for 2/1, 1/1 and 1/2 systems, respectively, did not
show significant differences between them. However, these poros-
ity values would be suitable for biomedical applications as they are
located between the suitable porosity range for cell adhesion and
proliferation, according to Vannozzi et al. (2017) [41]. Thus, these
systems could be of interests for conducting experiments in future
works, in order to test their viability for applications such as tissue
engineering, controlled drug delivery, wound healing or
bioprinting.

Compared to results obtained in previous studies, the imple-
mentation of a photoinitiated click reaction in order to obtained
chitosan-based systems is a promising alternative to attain hydro-
gels for biomedical applications, as most of the candidates evalu-
ated in this work had similar or better rheological and
microstructural properties compared to chitosan-based hydrogels
blended with collagen [42] or dual ionically-crosslinked with
poly(NIPAm-co-AMPS) [43]. Nevertheless, there is still much more
research needed for this alternative to improve the performance of
chitosan-based hydrogels [34,44,45]. Using different conditions or
other monomers who could lead to more resistant polymeric
chains would be interesting paths to follow.



Fig. 8. Macroscopic (A, B and C) and SEM images (A’, B’ and C’) of the representative systems of the different CTS/polymer ratios studied, namely 2/1, 1/1 and 1/2, respectively.
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4. Conclusions

Novel semi-IPN hydrogels based on chitosan and a polymer
synthesized by a thiol-ene photoinitiated click reaction were suc-
cessfully developed. Rheological characterization revealed the
influence of both crosslinking degree and polymers ratio on the
resulting hydrogels’ properties. Increasing CD from 4 to 8 % led
to an improvement of every analyzed rheological property,
although further increase in the CD was detrimental. The most
probable reason for these findings is related to the increase in
9

the thiolated monomer compared to the allylic monomer when
the degree of crosslinking was raised, resulting in the formation
of stiffest nodules with reduced wettability, which hampered gel
formation. This tendency was observed in every CTS/polymer ratio
analyzed.

On the other hand, the variation of CTS/polymer ratio resulted
in a tendency similar to the one observed for the variation of CD,
as 2/1 systems (the ones with a smaller amount of click polymer)
displayed the worst rheological properties for each CD compared
to the rest, probably due to the scant amount of interpenetrated
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polymer responsible for the improvement of the rheological prop-
erties in the other systems. Its heterogeneous structure, which con-
tained some large pores, impaired its rheological behavior. When
click polymer proportion was increased to 1/1, the best rheological
performance was achieved, according to a leaf-like and porous
structure, with a homogeneous distribution of pore size. However,
when click polymer amount was increased to 1/2, once again, the
rheological properties were hindered, obtaining intermediate val-
ues and a structure that displayed similarities with the structures
obtained for the other ratios evaluated. This analysis allowed
establishing that the system with the best and most suitable prop-
erties was 1/1 and 8 % CD.

Consequently, this work demonstrates that the formation of
semi-IPN systems by thiol-ene click reactions can have a substan-
tial impact on the mechanical and rheological properties of natural
and semisynthetic biopolymers, specifically in CTS systems. This
study paves the road for future work, where the suitability of these
systems for different applications, such as tissue engineering, drug
delivery systems or 3D-printing, will be tested.
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