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The rheological and thermal properties of formulated cellulosic ionogels reinforced with chitosan with 54-84%
deacetylation degrees (DDs) were studied. The ionogels were stable, and the linear viscoelastic regions (LVRs)
were determined. The rheological spectra of the ionogels revealed strong physical gels. Moreover, the effect of
the DD on the viscoelastic properties was significant. The ionogel reinforced with chitosan with a DD of 84%
exhibited the greatest viscoelastic properties (G ~10.6 kPa, G”: 20.6-1.7 kPa, and n*: 200-0.05 kPa s).

The ionogels exhibited the same glass transition temperature, which was approximately —98°C, and a

melting temperature of 40 °C. In addition, these materials were shown to be thermoreversible. This study pro-
vided basic rheological and thermal evidence that could be used to design new ionogels reinforced with chitosan
with a specific DD for use as scaffolds for wound management.

1. Introduction

Ionogels are hybrid materials with a dispersed liquid phase con-
sisting of an ionic liquid (IL) and a continuous solid phase that is or-
ganic (biopolymers, low molecular weight gelators, metallogels,etc.),
inorganic (ceramics, metals, nanotubes, etc.), or a hybrid organic-in-
organic compound (Le Bideau, Viau, & Vioux, 2011; Marr & Marr,
2016). Physical or chemical interactions between the solid phase and
ionic liquid are important because these interactions determine the
physical properties of ionogels (Marr & Marr, 2016). ILs are greatly
attractive because of the possibility of tuning their properties by using
different anion-cation combinations (Vioux, Viau, Volland, & Le Bideau,
2010). In addition, the use of ILs for the formulation of ionogels offers a
unique combination of properties, such as thermal stability, high con-
ductivity, and nonflammability (Marr & Marr, 2016). Currently, these
gels are emerging as functional materials in different sectors, such as
chemical catalysis or biocatalysis (Bothwell & Marr, 2017; Sharma &
Gupta, 2016; Vittoz et al., 2018), energy production (Fan, Wei, Li, Li, &
Lu, 2018; Seo & Moon, 2018), sensors or biosensors (Ghorbanizamani &
Timur, 2017; Gil-Gonzalez, Akyazi, Castafio, Benito-Lopez, & Morant-
Minana, 2017; Zhang, Wang, Peng, Yan, & Pan, 2018), pharmaceuticals
(Brevet et al., 2016) or manufacturing of other material composites
(Niroomand, Khosravani, & Younesi, 2016; Takada & Kadokawa, 2015).

* Corresponding author.

Polysaccharides, such as cellulose, are of great interest as a continuous
phase of ionogels because of their abundance and biodegradability and
biorenewability (Zhang et al., 2017). Cellulose is a polysaccharide
composed of glucose units linked through (-(1-4) glycosidic linkages.
This polysaccharide is usually used for the development of cellulose-
based ionogels due to its well-known dissolution capability in conven-
tional ionic liquids (Takada & Kadokawa, 2015). Furthermore, these
materials show promising properties, such as transparency, flexibility,
transferability, thermoreversible gelling capability, etc. (Thiemann
et al., 2014). Cellulose-based ionogels have a new potential use as an
ink for 3D printing since they can be used to obtain 3D structures to
produce materials, such as biological scaffolds or packaging (Markstedt,
Sundberg, & Gatenholm, 2014). In this case, an initial study of the
viscoelastic properties of these materials (rheological behavior) is ne-
cessary to determine the viability of the formulated structures. More-
over, knowledge of the thermal properties is also necessary to de-
termine the temperature for use.

Chitosan, a polysaccharide with a similar structure to cellulose, is a
copolymer composed of N-acetyl-p-glucosamine (GlcNAc) units and p-
glucosamine (Glc) units. The molecular weight and the deacetylation
degree (DD) are the most important properties of chitosan. The DD is
defined as the molar fraction of Glc units present in the polymeric
chain. Accordingly, if the DD is less than 50%, the biopolymer is
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referred to as chitin, and if the DD is greater than 50%, the polymer is
referred to as chitosan (Chang, Tsai, Lee, & Fu, 1997). This biopolymer
has good biological properties, such as antioxidant, antic-
holesterolemic, antimicrobial, analgesic, and hemostatic properties,
among others (Dash, Chiellini, Ottenbrite, & Chiellini, 2011). In addi-
tion to its attractive biological properties, chitosan has also been shown
to be a good reinforcer of different materials, such as sponges, hydro-
gels, waterborne polyurethane, etc. (Fangbing, Wang, Zhu, & Zhang,
2014; Fu, Wang, Chen, & Xiao, 2015; Sun et al., 2018). However, to
date, there have not been any studies that used chitosan as reinforce-
ment material for ionogels.

The aim of this study was to formulate cellulosic ionogels using 1-
butyl-3-methylimidazolium chloride (BmimCl) as the ionic liquid re-
inforced with chitosan with different DDs and to investigate the influ-
ence of the DD on the rheological and thermal properties. This study is
intended to provide the necessary basic characteristics that could be
used to design potential new reinforced ionogels for use as scaffolds for
wound management.

2. Material and methods
2.1. Materials

Avicel’ PH-101 microcrystalline cellulose obtained from Sigma-
Aldrich (degree of polymerization: 230) and 1-butyl-3-methylimidazo-
lium chloride (BmimCl) with a purity greater than 99% mass fraction
obtained from Iolitec GmbH were used for the formulation of the io-
nogels.

Chitosan employed as reinforcement of the ionogels were obtained
by deacetylation process of chitin (Chionoecetes opilio supplied by G.T.C.
Bio Corporation, China) using different percentages of sodium hydro-
xide to obtain chitosan with DDs of 54, 62, 69, 77 and 84%, as de-
scribed in a previous study (Villar-Chavero, Dominguez, Alonso, Oliet,
& Rodriguez, 2018).

2.2. Determination of the viscosity average molecular weight (M,) of
chitosan

The physicochemical identity of chitosan is defined by the mole-
cular weight and the DD (Dash et al., 2011). Therefore, the variation in
the viscosity average molecular weight (M,) of the obtained chitosan
was determined to be able to conduct investigations based on the DD.
To determine the M,, chitosan samples with concentrations between
0.085 and 0.46 mg/mL were prepared in 0.2 M acetic acid/0.1 M so-
dium acetate aqueous solution for 5h at 60 °C in a covered glass vessel
to achieve the complete dissolution of chitosan. Then, these solutions
were left to stand until they reached room temperature. The M, was
estimated according to a previous study conducted by Wang, Bo, Li, and
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Qin (1991) through the determination of the intrinsic viscosity () using
the Mark-Houwink equation (Eq. (1)). The n was determined by mea-
suring the passage time using a Cannon Fenske 100 capillary viscometer
in a water bath at 30 °C:

n=KM" (€]
K = 1.64-10"3.DD (2
n = —1.02-1072-DD+1.82 3

where K and n are functions of the DD of chitosan.

2.3. Preparation of the ionogels reinforced with chitosan

The ionogels were prepared according to the following steps: con-
ditioning of the raw materials, preparation of the ionogel matrix, in-
corporation of reinforcement, and a gelation process. The conditioning
of raw materials consisted of removing moisture from BmimCl, cellu-
lose and chitosan for 12h in a vacuum oven at 40 °C.

The operating conditions for the preparation of the ionogel matrix
(BmimCl and cellulose) were based on previous studies (Tran, Duri,
Delneri, & Franko, 2013; Tran, Duri, & Harkins, 2013). BmimCl was
placed in a glass vessel with a hermetic seal, which was inertized and
heated for 10 min at 100 °C under magnetic stirring (600 rpm) until the
ionic liquid was completely melted. Then, the dried cellulose was added
in three doses of 2 wt.%, up to 6 wt.% (by weight of the ionic liquid).
After each addition, the vessel was inertized, and the next dose was not
added until the previous dose was completely dissolved. Optical mi-
croscopy images were acquired using a Zeiss Axio Scope.Al microscope
with a Zeiss AxioCam ICc 1 camera to determine the complete dis-
solution time of cellulose in BmimCl. The time of dissolution was 6 h
after the administration of the first dose (Fig. S1).

The reinforcement material was incorporated into the matrix under
the same conditions (100 °C and 600 rpm). Chitosan with a specific DD
was added in three doses of 1% up to 3% (w/w of matrix) every 30 min
to avoid aggregation.

The gelation process was conducted by pouring the mixture into a
steel mold covered with a PET film (GoodFellow Milinex" 0.075 mm).
The mold was placed in a Votsch VCL 4006 climate chamber with a
relative humidity of 40% for 5 days at 25 °C to ensure complete gela-
tion. The process used to obtain the formulated ionogels is shown as a
schematic in Fig. 1.

In this study, the obtained ionogels are denoted as Gel54, Gel62,
Gel69, Gel77, and Gel84 according to the DD of the reinforcement
material used in their formulations.

2.4. Rheological testing

All rheological testing was performed using an ARES rheometer (TA

cr

Interactions with the matrix
Intermolecular forces

Fig. 1. Schematic of the formulation of ionogels reinforced with chitosan.
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Instruments) with a 25 mm diameter serrated parallel plates geometry
and a gap of 2.5 mm. Time sweep tests were performed at 25 °C with a
frequency of 1 Hz and a shear strain of 0.1% for 20 min to establish the
stability of the ionogels. Strain sweep tests were performed at 25°C
with a frequency of 50 Hz (the maximum frequency used to obtain the
rheological spectra in the dynamic frequency sweep test) and a strain
range from 0.1 to 10% to determine the linear viscoelastic region of the
ionogels. Dynamic frequency sweep tests were conducted to obtain the
rheological spectra at 25 °C using a frequency range from 0.01 to 50 Hz
and applying a 0.5% strain (within the linear viscoelastic region).

2.5. Differential scanning calorimetry analysis

The calorimetric measurements were performed using a Mettler
Toledo® 821¢ differential scanning calorimetry (DSC) instrument with a
medium pressure crucible (ME-26929) with a volume of 120 pL to de-
termine the glass transition temperature (Tg) and the melting point
(Tpm). DSC runs were performed with three steps of the heating/cooling/
heating program following the specifications of ASTM-E1356, i.e., from
—140 to 130°C using a 10°Cmin~! heating rate and from 130 to
—140°C using a 20°Cmin~! cooling rate, and both of these ramps
were used to remove the thermal history of the ionogels. Finally, the
measurement was conducted from —140°C to 130 °C using a heating
rate of 10 °C min~'. The sample weight was between 15 and 20 mg. The
DSC experiments were carried out under a nitrogen atmosphere (flow
rate of 20 mL/min).

2.6. Thermoreversibility testing

Thermoreversibility testing was performed on the samples to de-
termine whether these ionogels were reversible by the temperature
(Wang, Yu et al., 2018). Therefore, the ionogels were melted for 20 min
at 60 °C in a test tube to achieve complete melting. Then, the ionogels
were left to stand for 1 day at room temperature to evaluate the re-
gelation of the ionogels.

3. Results and discussion

The viscosity average molecular weights (M,s) of the chitosans used
as reinforcement of the formulated ionogels are shown in Table 1. The
obtained M,s showed a similar order of magnitude (~ 10° g/mol). For
this reason, in the discussion of the present study regarding the char-
acteristic properties of chitosan, only the DD was considered a differ-
entiating property among the obtained chitosans.

3.1. Stability of the ionogels and the linear viscoelastic region

The stability of the ionogels was analyzed through time sweep tests
using a rheometer at 25 °C. The results of these tests for the ionogels
formulated with chitosan at different DDs are shown in Fig. S2. For all
ionogels, the complex modulus (G") and the complex viscosity (n""') re-
mained constant over time; therefore, the samples were stable.

Furthermore, the results of the strain sweep tests for the formulated
ionogels are shown in Fig. 2. The limit of the linear viscoelastic region
(LVR) for samples Gel69, Gel77, and Gel84 reached a strain of 1.77%.

Table 1
Viscosity average molecular weights (M,s) and parameters for their determi-
nation of the chitosan samples used as reinforcement materials in the ionogels.

Chitosan DD (%) K n n (mL/mg) M, (g mol™ 1)

54 2.86107° 1.27 135 1.0910° + 2.1910*
62 1.2910°° 1.21 243 1.0610° + 2.11-10*
69 9.0910°° 1.12 422 9.3810° + 1.8810*
77 5.0610"* 1.02 707 9.9710° = 1.99-10*
84 1.451073 0.96 619 7.1010° + 1.42:10*
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Fig. 2. Strain sweep tests for all formulated ionogels at 25 °C.

However, Gel62 and Gel54 ionogels showed the end of the LVR at a
strain of 1.12%. Consequently, Gel84, Gel77, and Gel69 showed greater
strength of the molecular structure than Gel62 and Gel54. In all cases,
the strain applied in the dynamic frequency sweep test was within the
LVR.

3.2. Rheological spectra

The rheological spectra were obtained for the formulated materials
by dynamic frequency sweep tests once the stability and the linear
viscoelastic region of the ionogels were determined. The elastic (G") and
loss moduli (G”) spectra of the reinforced ionogels are shown in Fig. 3.

The variation of the elastic and loss moduli in the rheological
spectra leads to the identification of different regions according to the
dominant behavior (Barnes, 2000). The spectra of the studied ionogels
were located within the plateau region since elastic behavior was pre-
dominant in the spectrum (G' > G”), and it remained constant with the
frequency in all cases. The dependence of the elastic modulus was de-
termined by a power-law model as follows:

G’ = Gya® Q]

where Gy (Pas®) is a constant, which is the intercept with the log G-
axis, and a is the slope of the log G'-log frequency curve. Gy is the gel
strength, i.e., the measure of the elastic energy stored in the unit vo-
lume of the network, defined mathematically by Eq. (5) (Ranjan,
Rawat, & Bohidar, 2017) as follows:
6= im0 @) ©

The values of the linear fitting of the spectra using Eq. (4) are shown
in Table 2. The loss moduli could not be fitted because of the strong
dependence at high frequency values in the spectra of the formulated
ionogels.

The parameter a indicates the behavior of the gels in the plateau
region; the closer the value of a is to 0, the greater the solid behavior
(Larson, 1999). In all cases, the ionogels showed values of this para-
meter at approximately 0; therefore, the materials exhibited a solid-like
behavior. Therefore, the formulated ionogels were classified as strong
gels (Ross-Murphy, 1995). Moreover, the matrix of the studied ionogels
was composed of physical interactions (Fig. 1) consisting of hydrogen
bonds between —OH groups of cellulose and the anion and cation of
BmimCl (Peng, Wang, Xu, & Dai, 2018), forming a physically well-
structured network (strong physical gel). This was corroborated by the
(G'/ G”)mean ratios, which ranged between 8.41 and 12.8 (Table 2).
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Fig. 3. Spectra of the reinforced ionogels obtained by dynamic frequency sweep
tests. (a) Elastic moduli (G) and (b) loss moduli (G”).

Table 2
Values of a, Go and R? for the correlation of G' ~®»?, and the relation between G'
and G” mean values for the formulated ionogels.

Tonogel a Go (Pa) R? (G/G)mean
Gel54 0.027 = 0.002 2887 + 1 0.869 10.8 = 2.3
Gel62 0.022 + 0.001 6249 * 1 0.892 8.41 + 1.6
Gel69 0.034 = 0.001 11730 * 1 0.959 10.4 + 3.5
Gel77 0.030 = 0.001 9490 + 1 0.966 106 = 1.5
Gel84 0.037 + 0.001 15831 * 1 0.967 12.8 + 5.1
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At the same frequency, as the DD of the reinforcement material
increased, both the elastic and loss moduli increased (Fig. 3a). Gel84
showed the greatest elastic behavior (~10.6 kPa), e.g., for ® = 1 Hz,
the mean value of G' for Gel84 was 5.6 times greater than that of Gel54
(2.8 kPa). Similarly, the mean values of G' for Gel77, Gel69 and Gel62
were 3.3, 4 and 2.1 times greater than the value of Gel54, respectively.
Therefore, the reinforcement material had an influence on the rheolo-
gical properties of the ionogels, i.e., the materials acquired a more
solid-like behavior by increasing the DD of the reinforcement material.
Note that the G' values for Gel69 and Gel 77 overlapped, and their
elastic behavior was similar.

Furthermore, the mean G” also increased as the DD of the re-
inforcement material increased when the frequency changed from 0.01
to 1 Hz, except in the case of Gel69, which showed loss behavior similar
to Gel84 and Gel77 (Fig. 3b). These results, together with the similar
elastic behavior, indicated that a DD of 69 to 77% did not influence the
rheological properties of the ionogel. Gel54 exhibited the most loss
behavior; for ® = 1 Hz, the G” for Gel84 was 5.1 times greater than that
of Gel54 (0.26 kPa). However, at frequencies ranging from 1 to 50 Hz,
all loss moduli of the formulated ionogels had the tendency to overlap
(at approximately 15 Hz), i.e. they had the same viscous behavior. At
frequencies greater than 15 Hz, in all cases, the values of G” increased
to meet with G' in the leathery region.

The Gy of the formulated ionogels improved when the DD of the
chitosan increased (Table 2), except in the case of the Gy of Gel69,
whose value was greater than that of Gel77. However, as mentioned
previously, for DDs ranging from 69 to 77%, there were no significant
effects on the rheological properties. Gel84 was the ionogel with a
substantial amount of elastic energy stored in the unit volume of the
network, which was 81% greater than the value of Gel54.

The possible explanation for these rheological results is that chit-
osan with a greater DD, and therefore, a greater proportion of amine
groups, has more interactions with the matrix than chitosan with a
lower DD of the reinforcement material. This behavior is possible be-
cause the particles tend to restrict the movement of the matrix in the
vicinity of each particle due to the hydrogen bonds between chitosan
and dissolved cellulose (Li & Zhu, 2018). The greater the amount of Glc
units, the greater the availability to form hydrogen bonds; thus, there is
a major interaction between cellulose and chitosan (Jeffrey & Saenger,
1991). This plausible mechanism of interactions is shown in Fig. 4a,
together with optical microscopy images of the homogeneity distribu-
tion of the chitosan in the cellulosic ionogel (Fig. 4b).

The ionogels demonstrated a strong dependence of the complex
viscosity (n*) on the applied frequency (Fig. 5). The n* of the ionogels
increased =84 times when the frequency changed from 0.1 to 10 Hz.
This variation indicated that the obtained ionogels showed shear-thin-
ning behavior (Larson, 1999).

The n* increased as the DD of the chitosan raised in the ionogel.

Gel54

Gel84

Fig. 4. (a) A schematic of plausible interactions between components in the ionogel and (b) optical microscopy images of Gel54 and Gel84.
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Fig. 5. Complex viscosity (n*) of the reinforced ionogels.

Therefore, Gel84 showed the greatest resistance to deformation in re-
lation to the rest of the ionogels. For a frequency of 1 Hz, the complex
viscosity values of Gel54, Gel62 and Gel78 were 82, 61 and 41%, re-
spectively, which were less than that of Gel84. In analogy with the
apparent viscosity for the viscoelastic fluids, the obtained data were
fitted to the power-law model as follows:

n*=q-w p-1

(6)

where g (PasP) and p are constant parameters of the fit. The parameter
q provides the resistance to deformation at frequencies near zero, and p
is a measure of the slope of the log-n* vs. log-w. The parameters of the
complex viscosity fit are shown in Table 3.

The q values confirmed that as the DD of the reinforcement material
increased the resistance to deformation increased, with an 82% differ-
ence between the values for Gel54 and Gel84. Similar to the results
obtained for G' and G”, the complex viscosity and parameter fit showed
the clear influence of the DD in the interactions between the matrix and
the reinforcement material of the ionogel.

Similar values of the obtained moduli (G: 2.5-10.6kPa,
G”:0.15-1.7 kPa) were found for other gels with applications as medical
devices. Quah, Smith, Preston, Laughlin, and Bhatia (2018) developed
an alginate hydrogel that was used as a wound dressing. The alginate
hydrogel presented values of G' ~8 kPa and G” between 0.12 and 1 kPa.
Wang et al. (2017) developed keratin hydrogels with a G' of ~5 kPa and
G” ranging from 1 to 1.1 kPa (for 20% keratin), with potential use for
wound healing. Similarly, Chen et al. (2017) developed a composite
hydrogel dressing with G' values between 4 and 11 kPa and G” values
ranging from 0.6 to 1kPa for 40 mg/mL gelatin microspheres. Fur-
thermore, ionogels formulated by Trivedi, Rao, and Kumar (2014) and
Sharma et al. (2015), which demonstrated solid-like behavior of phy-
sical ionogels with agarose-chitosan and agar, respectively, had similar
results compared with the results obtained in this study.

Therefore, the ionogels developed in this study possess the neces-
sary rheological properties for use as gel scaffolds for wound manage-
ment. Gel84 demonstrated the best viscoelastic properties to achieve
solid and strong scaffolds.

Table 3

Parameters of the power-law model of the complex viscosity of the ionogels.
Tonogel q (PasP) P R?
Gel54 462 + 1 0.028 = 0.002 0.999
Gel62 995 + 1 0.018 = 0.002 0.999
Gel69 1847 = 0.026 = 0.003 0.999
Gel78 1514 + 0.029 + 0.001 0.999
Gel84 2513 = 1 0.034 = 0.002 0.999
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3.3. Thermal properties of the ionogels

Thermal transitions of the ionogels were analyzed to investigate the
influence of the reinforcement material. There are two thermal transi-
tions shown in the thermograms in Fig. 6 as follows: glass transition and
melting.

The beginning of the glass transition region for all ionogels was
close to —109 °C, and the melting point (T,,) for all ionogels was ap-
proximately 40°C. The glass transition temperatures (Tg) of Gel54,
Gel62, Gel69, Gel78 and Gel84 were —98.9 = 0.5, —98.3 + 0.1,
—97.9 = 0.8, —98.5 * 0.4, and —98.6 * 0.3°C, respectively. The
difference in these values was not significant; consequently, there was
no influence of the reinforcement materials on the thermal properties of
the obtained ionogels. BmimCl and chitosan have glass transition
temperatures of ~ (—69) °C (Fredlake, Crosthwaite, Hert, Aki, &
Brennecke, 2004) and ~150 °C (Dong, Ruan, Wang, Zhao, & Bi, 2004),
respectively. The obtained T, values of the ionogels were less than that
of BmimCl. This could be attributed to the water absorbed by the io-
nogels during the gelation step in the formulation of the ionogels since
if the ionogels absorb 9% (molar) water, the T, could be reduced up to
48 °C (Sippel et al., 2016).

Thermoreversibility testing was performed to verify that the inter-
actions that maintained the gel-like structure were physical, consistent
with the rheological properties (Fig. S3). Additionally, to check that the
interactions of the reinforcement were with the dissolved cellulose,
BmimCl was removed from the ionogels using water (Markstedt et al.,
2014; Wang, Sun et al., 2018), and the well-structured morphology of
the material was maintained (Fig. S4).

These thermal properties could allow the processing of ionogels to
obtain materials by promising new techniques, such as 3D printing.
Energy consumption in 3D printing could be reduced because of the low
melting temperature of the ionogels (40 °C compared to 180 °C for PLA
(Grémare et al., 2018), which is a standard 3D ink). Additionally, the
rheological properties shown in this study were within the values re-
ported for gel structures obtained by 3D printing: G 5-10.5 kPa and G”:
0.2-3.5kPa (Diafnez et al., 2019).

4. Conclusions

The cellulosic ionogels reinforced with chitosan with DDs between
54 and 84% were successfully developed. The rheological properties of
the ionogels revealed a strong dependence with the DD of chitosan. The
elastic and loss behavior, as well as the gel strength and the complex
viscosity, generally increased as the DD increased because of the phy-
sical interactions between chitosan and cellulose in the ionogel (strong
physical gels). Gel84 exhibited the greatest strength (81% greater than
that of Gel54), with elastic and loss moduli values of 5.6 and 5.1 times
greater than the values of Gel54, respectively.

In all cases, the thermal properties did not depend on the DD of
chitosan since the glass transition temperature was —98°C and the
melting temperature was 40 °C. In addition, the ionogels were shown to
be thermoreversible.

These results provide the preliminary foundation of the rheological
and thermal properties for future studies of new biocompatible ionogels
reinforced with chitosan for potential use as gel scaffolds for wound
management.
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Fig. 6. (a) DSC thermograms and (b) derivative DSC of the reinforced ionogels.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.carbpol.2018.12.041.
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