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Abstract: In this work, chitosan hydrogels crosslinked with genipin and reinforced with cellulose
nanocrystals (CNC) were developed and characterized with the aim of future biomedical applications.
CNC was produced by acid hydrolysis and characterized by atomic force microscopy (AFM).
Chitosan/CNC nanocomposite hydrogels were produced with different CNC concentrations (w/w):
0%, 2%, 4%, and 6%. The genipin was used as a crosslinking agent in a genipin/chitosan molar
proportion of 1:8. The hydrogels were characterized by porosity measurements, scanning electron
microscopy (SEM), swelling test, and mechanical compression test. No significant differences were
observed concerning the porosity of the hydrogels; however, a trend of decreasing porosity was
observed with increasing CNC content. The SEM images showed a better pore structure as the
CNC concentration increased. A decrease in the swelling degree with increasing CNC content in
the chitosan/CNC nanocomposite hydrogel was verified in the swelling tests. An increase in the
CNC concentration in the chitosan/CNC nanocomposite hydrogel caused a gradual increase in the
maximum stress and maximum strain as observed in the compression tests, showing a significant
difference between chitosan/CNC 6 wt % and neat chitosan hydrogel.
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1. Introduction

The development of new biomaterials has been an essential tool to improve the treatment of
various diseases, traumas, and other medical problems of several complexity degrees. Advances
in materials science, in both their production and their characterization techniques, have driven
the development of biomaterials which present increasingly specific properties according to their
application [1,2].

Among the different types of biomaterials, hydrogels have been one of the most used, since the
versatility of their physical properties and their capacity for water absorption make them suitable for
use for different purposes [3], such as the production of contact lenses, artificial cartilage, controlled
drug delivery systems, dressings, and implants and filling material for aesthetic and reconstruction
purposes, among others [4-6].
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Hydrogels may be produced from synthetic polymers such as polyacrylamide (PAM) [7] or natural
polymers, such as chitosan, among others [8-11]. The great advantage in the use of natural polymers
is the ability to interact with cells and cellular enzymes and to be remodeled and/or degraded to
provide a place for tissue growth [12]. Thus, these hydrogels can provide the appropriate support for
cell proliferation and, at the same time, provide the necessary mechanical resistance to maintain the
new tissue.

Chitosan presents several interesting properties for the production of hydrogels for medical
applications, such as biocompatibility, biodegradability, non-toxicity, antimicrobial activity, and the
ability to accelerate the healing process [13]. The production of chitosan hydrogels, like other polymers,
involves the formation of crosslinks between the polymer chains in order to obtain the three-dimensional
polymer network (crosslinking) [11]. Thus, the choice of crosslinking agent is very important since its
chemical structure can influence the characteristics of the hydrogel.

Among the possible crosslinking agents, genipin has been widely studied due to its natural origin,
low cytotoxicity, and great biocompatibility compared to other conventional crosslinkers [14]. It presents
in its chemical structure two reactive sites through which occur its connection with a polymer matrix,
forming the three-dimensional polymer network.

However, the low mechanical properties of chitosan hydrogel crosslinked with genipin hamper
its application in cases where it is subjected to stress such as traction, compression, shear, and torsion.
For this reason, the introduction of reinforcing nanofillers into chitosan matrixes has been evaluated
both in the production of engineering materials and in the production of biomaterials [5,6,15].

One of the most studied nanofillers is cellulose nanocrystals (CNC) since their nanometric dimensions
result in increased mechanical resistance when used in low concentrations in the final material. In addition,
the renewable origin, non-toxicity, and hydrophilicity of CNC make them a potential candidate for the
reinforcement of biomaterials [1,16].

The introduction of CNC in different chitosan matrixes has been extensively studied, and several
improvements in its properties have been verified, including increased tensile strength, thermal stability,
and water resistance, along with decreased permeation to water vapor and swelling degree [5,17-22].

However, most of these works have reported on the production of chitosan films and membranes
with CNC, and these materials were mainly evaluated by tensile tests. Besides that, to the best of our
knowledge, there have been no reports about chitosan hydrogels reinforced with CNC using genipin as
a crosslinking agent in the literature. Therefore, this work reports not only on an original formulation but
also on a new target application. Whereas a film could only be useful as a coating, the hydrogel would
be useful in various biomedical applications such as in grafting, dressing, and scaffolding for tissue
engineering. Therefore, in this work, the effect of CNC introduction on chitosan hydrogels crosslinked
with genipin was evaluated, aiming towards the development of a biocompatible, biodegradable, and
low-toxicity material with satisfactory mechanical properties for future biomedical applications.

2. Materials and Methods

Chitosan from Sigma-Aldrich (St. Louis, MO, USA) with 75-85% deacetylation and classified as
medium molecular mass was used to produce the hydrogels. Genipin, used as the crosslinking agent,
was produced by CBC-Challenge Bioproducts CO (Yun-Lin Hsien, Taiwan) with 98% purity and with
a molar mass of 226.2 g-mol~!. Glacial acetic acid from Merck (Darmstadt, Germany). was used to
solubilize the chitosan.

The cellulose nanocrystals (CNC) used in this work were produced from the acid hydrolysis of
cellulose microcrystals (Sigma-Aldrich, ~20 um, d = 0.6 g-cm~2) using sulfuric acid (analytical grade)
from Neon Comercial (Sao Paulo, Brazil).

For the production of the CNC suspension, microcrystalline cellulose was added into a flask
containing a 64% (w/w) aqueous solution of sulfuric acid. The suspension was mixed for 90 min at 45 °C.
To stop the hydrolysis process, the suspension was placed in an ice bath and distilled water was added
to the mixture. The suspension was centrifuged and washed with distilled water and placed on dialysis
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for 2 days to obtain neutral pH. Finally, it was sonicated for 5 min in an ultrasonic processor ((VCX 750,
Sonics & Materials, Inc., Newtown, CT, USA), 750 W and 20 kHz).

To determine the CNC concentration in the suspension, three samples of 1 mL were collected and
placed in different plastic tubes. Each sample was frozen and lyophilized. The CNC dry mass in each
tube was weighed and the average mass calculated. CNC dimensions were determined by atomic force
microscopy (AFM). Samples were previously dispersed in water, dripped in cleaved mica, and dried
with nitrogen flux. Images were obtained in a Nanoscope V (Veeco Instruments, Inc., Santa Barbra, CA,
USA) using the non-contact mode.

Hydrogel samples were produced with the addition of 25 mg of chitosan to 2 mL of 1% (v/v) acetic
acid aqueous solution. The mixture was stirred and then placed in an ultrasonic bath for 5 min at room
temperature. To start the crosslinking reaction, 1 mL of genipin aqueous solution (4.4 mg-mL~!) in 1%
(v/v) acetic acid aqueous solution was added to the chitosan solution in order to obtain a molar ratio of
1:8 (genipin/chitosan). The genipin solution was previously prepared and sonicated for 5 min.

After the addition of genipin, the resulting solution was stirred for 1 min at room temperature
and then poured into a plastic tube. The tubes were kept at room temperature for 7 days to produce
cylindrical chitosan hydrogels. The same was done to produce chitosan/CNC hydrogels; however, before
the addition of genipin, the CNC stock suspension, previously prepared as described previously, was
added to the chitosan solution in order to obtain hydrogels with 2%, 4%, and 6% (Wcne/Wehitosan) and
stirred for 10 min. The crosslinking reaction between chitosan and genipin with molecular structures is
shown in Figure 1.

OH

Genipin Chitosan Crosslinked chitosan

Figure 1. Crosslinking reaction between chitosan and genipin.

The hydrogel’s porosity was determined using the liquid displacement method [23,24]. Three
samples of each hydrogel group with known weight (W) were immersed in ethanol for a duration of
24 h. The wet weight was recorded (W;), and the porosity was calculated using Equation (1):

oy W Wi
P(%) = T M
where W1 is the dry weight of the hydrogel, W is the wet weight, V; is the hydrogel volume (measured
with a caliper rule), and pe is ethanol’s density.

The cryogenic fracture surface of the chitosan/CNC hydrogels produced with different CNC
concentrations (0%, 2%, 4%, and 6% (WcNc/Wchitosan)) Was analyzed in a JEOL JSM-T300 SEM (JEOL
Ltd., Peabody, MA, USA) with secondary electron detectors to evaluate their internal morphology.
For this test, the swollen samples were lyophilized, fractured in liquid N, supported on a stub, and
sputter-coated with gold.

To perform the swelling test, five samples from each hydrogel group were weighed and then
immersed in distilled water at 37 °C and neutral pH. At intervals of 30 min, the samples were removed
from the water, dried rapidly with a paper towel to remove excess water, and then weighed on
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an analytical balance. This process was repeated until each sample had a constant weight, and the
swelling degree was obtained according to Equation (2):
oy W1 =Wy
S(%) = W x 100 )
where W is the initial weight of the sample after production in the cylindrical mold and W is the
weight of the swollen sample.

Compressive mechanical tests were performed with five samples from each hydrogel group
with dimensions of 1 cm diameter and 2 cm length in a Brookfield CT3 Texturometer (AMETEK
Brookfield, Middleboro, MA, USA), with a probe of 25.4 mm diameter and 35 mm length, a 50 kg
load cell, and 0.2 mm/s test speed. The test determined the maximum stress (kPa) and the maximum
compression strain.

All data are expressed as mean +SD and were analyzed using analysis of variance (ANOVA) and
Tukey-Kramer testing. p < 0.05 was considered significant.

3. Results and Discussion

3.1. Characterization of CNC Suspension

Figure 2 shows the AFM images of the produced CNC. It was possible to observe the elongated
and thin needle form typical of CNC [1,16]. The mean length and mean diameter values were calculated
by analyzing the obtained images. In addition, using the values of length and diameter, the aspect
ratio of CNC was calculated.

Figure 2. Atomic force microscopy (AFM) depth image of cellulose nanocrystals (CNC) (2.5 um X 2.5 pm).

The lengths ranged from 150 to 350 nm with a mean value of 250 nm, while the diameter was in
the range of 15-35 nm with a mean value of 25 nm. These values are comparable to those obtained by
Shaheen et al. [25], who reported lengths and diameters ranging from 140 to 423 nm and 21 to 47 nm,
respectively. Besides that, the results are also similar to the results obtained with CNC produced
by other processes, such as acid hydrolysis with oxalic acid solution, through which Song et al. [26]
obtained CNC with the same needle-like morphology with length and diameter around 300 nm and
10 nm, respectively. By using phosphoric acid solution, Wang et al. [27] obtained CNC with lengths
ranging from 100 to 330 nm and diameter ranging from 2 to 6 nm.

The mean value of the aspect ratio was 10, and as described by the literature [28,29], this is the
minimum value required to obtain satisfactory stress transfer from the matrix to the fibers.

The concentration of CNC in the suspension was obtained to determine the volume that would be
necessary to produce chitosan/CNC hydrogels with 0, 2, 4, and 6 wt % of CNC. An average value of
(23 + 2) mg'mL~! was obtained from the lyophilized weight values of three aliquots of 1 mL taken
from the original suspension.
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3.2. Chitosan Crosslinking by Genipin

During the crosslinking reaction, the appearance of blue color was observed from the surface to
the bottom of the hydrogels (Figure 3A). After 7 days, the hydrogel presented a homogeneous blue
color throughout its length, regardless of the presence or absence of CNC (Figure 3B,C). This time was
necessary due to the small contact surface of the hydrogel with the atmosphere, which restricted its
contact with O,. This observation is in agreement with results by Pujana and co-workers [30], where
the crosslinking reaction of chitosan by genipin was also complete after 7 days. The blue coloration
is explained by the oxygen radical-induced polymerization of genipin and the dehydrogenation of
intermediate compounds [31,32].

A

Figure 3. (A) Evolution of the crosslinking process of chitosan with genipin accompanied by the

appearance of blue coloration; (B) chitosan hydrogel after 7 days of crosslinking with genipin, and (C)
chitosan hydrogel with 6% CNC after 7 days of crosslinking with genipin.

3.3. Porosity

The porosity of hydrogels is commonly modified by the presence of nanoparticles in the polymeric
matrix. Also, porosity defines other properties of hydrogels such as the swelling degree and mechanical
resistance. Therefore, the porosity was measured herein in order to understand the influence of CNC
concentration on this property. According to Equation (1), the mean porosity value for each CNC percentage
was calculated by using the difference between the dry and wet weight and is presented in Figure 4.
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Figure 4. Porosity values obtained by the liquid displacement method of dry samples of
chitosan/CNC hydrogels.
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The porosity values of hydrogels with 0, 2, and 4 wt % CNC were about 69, 79, and 77, respectively.
These values are similar to those reported for chitosan hydrogels with different crosslinkers and for hydrogels
resulting from a combination of chitosan with other polymers [8,33-35]. For example, Carvalho and
Mansur [35] reported porosity values of 69% to 88% for methacrylamide—chitosan hydrogels. Nevertheless,
the porosity of the hydrogel containing 6% of CNC was 51%, a value significantly lower than those of
the other samples or reported in the literature. Thus, although no statistical difference was observed for
this value compared to the others, a tendency of decreasing porosity is observed with increasing CNC
content. It is well known that the addition of nanofillers to a hydrogel may decrease the porosity [1,8,33].
Montanheiro et al. [1] reported a decrease of ~20% in the poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV)
scaffolds porosity due to the addition of 3% (wt %) of CNC. Ferreira et al. [8] showed a decrease in chitosan
hydrogel porosity from 88% to 82.4% upon the addition of 6% (wt %) of CNC. Herein, a similar ratio of
chitosan to CNC resulted in a more significant decrease of porosity. Most probably, in the presence of CNC,
ionic crosslinking took place between the negatively charged CNC [16] and the positively charged chitosan
since the mixture was in an acidic medium. Therefore, the simultaneous crosslinking processes, one from
the reaction between genipin and chitosan and the other from the ionic interaction with CNC, resulted
in the lower porosity. In the work of Ferreira et al. [8], the effect of CNC addition was less drastic since
the chitosan hydrogel analyzed by them was obtained through crosslinking reaction with glutaraldehyde,
which is known to be a more efficient crosslinker than genipin. Therefore, in their samples, there was lower
availability of protonated amino groups of chitosan to interact with CNC.

3.4. Scanning Electron Microscopy

Figure 5 shows SEM images from the fracture surface of chitosan/CNC hydrogels produced with
0,2, 4, and 6 wt % of CNC. With the addition of CNC, the structure became more compact, in the form
of layered leaves. This may have been due to a collapse of the sample during the drying process, which
did not happen for hydrogels with CNC due to structural reinforcement caused by the filler of 4%
CNC. The concentration of 2% CNC was not enough to promote this structural reinforcement. For this
reason, a better pore structure with increasing CNC concentration was observed. However, it was not
possible to detect significant differences regarding the porosity or even the roughness of the internal
pore walls of chitosan hydrogels produced with different CNC concentrations.

Figure 5. Scanning electron microscopy (SEM) images with 100x magnification of hydrogels (a) chitosan
(b) chitosan/CNC 2% (c) chitosan/CNC 4%, and (d) chitosan/CNC 6%.
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Naseri et al. [36] produced scaffolds of cellulose nanofibers and a genipin-crosslinked matrix of
gelatin and chitosan. The authors reported flat and layered hydrogel morphologies for samples with
a higher content of the matrix, corroborating the behavior reported in this work.

3.5. Swelling Tests

Figure 6 shows the swelling kinetics of hydrogels as the mean of five samples. Statistical analysis
was done comparing the chitosan/CNC hydrogels with chitosan hydrogel.
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Figure 6. Swelling kinetics of chitosan/CNC hydrogels. Results are given as mean +SD (1 = 5). One-
way ANOVA, significance level: # p < 0.05 between 0% CNC and 2% CNC; ° p < 0.05 between 0% CNC
and 6% CNGC; $ p < 0.05 between 0% CNC and 4% CNC; and p < 0.01 between 0% CNC and 6% CNC
(statistical differences shown for groups compared to 0% CNC).

Regarding the swelling kinetics, all samples followed the same pattern, with a high swelling rate
in the first 30 min and a gradual decrease of the swelling rate until reaching the maximum swelling
degree. It was observed that the hydrogel without CNC took the longest time to reach the maximum
swelling degree—about 180 min. This time decreased with increasing CNC content in the hydrogel.
Chitosan/CNC hydrogel with 2 wt % CNC presented the maximum swelling degree after 150 min.
Both hydrogels with 4 and 6 wt % required 120 min to complete the swelling process. As the addition
of CNC restricts hydrogel deformation by making its walls more rigid, the water absorption capacity
decreases. Thus, as the total amount of absorbed water was lower, the maximum swelling was reached
in a shorter time. However, the slopes of the swelling curves show that for higher CNC concentrations
(4% and 6%) the absorption rate was lower compared to pure or 2% CNC chitosan hydrogel.

A comparison between the hydrogels” maximum swelling degrees is important to verify the
influence of CNC on the total water absorption capacity (Figure 7) since the maximum swelling
degree was achieved at different times for each kind of hydrogel. The maximum swelling degree
was displayed by the 2% CNC hydrogel. However, further increasing CNC concentration (4% and
6%) promoted a sharp decrease in the maximum swelling degree. The maximum swelling degrees
of the hydrogels with 0, 2, 4, and 6 wt % CNC, obtained at the maximum swelling time, were about
165%, 194%, 113%, and 98%, respectively. In the hydrogel with 2% of CNC, the diffusion of water
into the hydrogel may be promoted by the high hydrophilicity of CNC [16], and the increase in the
rigidity was not enough to prevent the hydrogel swelling. For the samples with 4 and 6 wt % of
CNC, the restriction in deformation was more pronounced than the influence of the hydrophilicity
of CNC, and for this reason, these samples presented smaller swelling degrees. This agrees with the
results observed by SEM, in which it was verified that the concentration of 2% CNC did not promote
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the structural reinforcement required to prevent hydrogel wall collapse in the drying process. Thus,
no significant difference was observed between chitosan/CNC 2% hydrogel and chitosan hydrogel or
between chitosan/CNC 4% and chitosan/CNC 6%. In this last case, despite the structural reinforcement
caused by the higher concentration of CNC (6%), the high CNC hydrophilicity may have occasioned
greater diffusion of water into the hydrogel, attenuating the effect of decreasing the swelling degree.
Significant differences were observed between chitosan and chitosan/CNC 4% (p < 0.05), chitosan and
chitosan/CNC 6% (p < 0.01), chitosan/CNC 2% and chitosan/CNC 4% (p < 0.01), and chitosan/CNC 2%
and chitosan/CNC 6% (p < 0.001).
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Figure 7. Maximum swelling degree of chitosan/CNC hydrogels. Results are given as mean +SD
(n = 5). One-way ANOVA, significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001.

The hydrogel porosity also influences the swelling degree and kinetics in a directly proportional
way; thus, higher porosities result in higher swelling degrees. Although there was no significant
difference between the hydrogels’ porosity values, a decrease in the porosity of the hydrogels was
observed with increasing CNC content, which agrees with the decrease of the swelling degree observed.

3.6. Compression Mechanical Test

Hydrogel samples with dimensions around 1 cm in diameter and 2 cm in height were subjected to
mechanical compression tests to verify the effects of CNC addition on the stress and strain properties.
The tests were performed following the scheme shown in Figure 8, and the results of maximum stress
and maximum strain obtained in the mechanical compression test are shown in Figure 9.

The maximum stress versus CNC concentration graph is shown in Figure 9A, and the maximum
strain versus CNC concentration is shown in Figure 9B. An increase in both maximum stress and
maximum strain as a function of the CNC concentration in the hydrogel was observed. An increase
of about 36% was obtained for the sample produced with 6 wt % of CNC compared to neat chitosan
hydrogel. Similar effects were observed in another study [37] in which the addition of nanofibrillar
cellulose to chitosan films caused a significant increase in its mechanical properties. Montanheiro et al. [1]
reported an increase of about 63% in the compression modulus of PHBV scaffolds reinforced with 3 wt %
of CNC.
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Figure 8. Representative compression test of neat chitosan hydrogel.
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Figure 9. (A) Maximum stress X CNC concentration and (B) maximum strain X CNC concentration.
Results are given as mean +SD (1 = 5). One-way ANOVA, significance level: * p < 0.05.

A single-factor ANOVA test with 95% confidence was used to determine statistical differences
between groups. A two-sample t-test was also used to evaluate the results. p-values less than 0.05
were considered to be statistically significant.

The gradual increase of the maximum stress and maximum strain as function of CNC concentration
led to a statistically significant difference for the sample containing 6% CNC when compared to that
produced with neat chitosan (p = 0.0317 for maximum stress and p = 0.0297 for maximum strain);
however, there was no statistically significant difference between the hydrogels with 0%, 2%, and 4%
CNC. Therefore, CNC effectively acts as a reinforcing agent for concentrations from 6% due to the effect
of the hard phase (CNC) into the softer chitosan matrix [38]. Notably, the enhanced crosslinking due to
ionic interaction between chitosan and CNC must also be taken into account to explain the effect of CNC
on the mechanical properties of chitosan hydrogel. According to the molecular structure of chitosan and
CNC, it may be assumed that the polymeric filler and matrix present strong intermolecular interactions,
which contributes to effective surface adhesion between the nanofiller and polymeric matrix, resulting
in better mechanical properties. Chitosan and cellulose polymers are polysaccharides [21], which
present a large number of hydroxyl functional groups. Therefore, strong intermolecular hydrogen bond
interaction can be established between the chains of these polymers. Besides this, CNC and chitosan
chains have an ionic attraction. This is because the CNC used in this work has a negative surface charge
due to the presence of (-SO;7) groups from the production process by acid hydrolysis with H,SOy,
while chitosan presents the protonated amine functional groups (-NH;3") due to its solubilization in
acid medium with low pH. The enhanced mechanical compressive properties of the 6 wt % CNC
hydrogel may also be due to the reduced porosity of this sample, as it is known that the porosity
directly affects the mechanical properties of porous structures [1,39,40].
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4. Conclusions

The crosslinking of chitosan hydrogel by genipin was able to be visually monitored through
the bluish coloration that was more intense along the samples. CNC provided greater stiffness to
the hydrogel structure, which decreased the swelling degree. Thus, hydrogels containing higher
concentrations of CNC showed less capacity to swell and their structures ruptured before the others
with lower CNC contents, evidencing the influence of CNC on the hydrogel structure. The compressive
mechanical properties were improved with the addition of CNC. Therefore, the addition of CNC is
an alternative to produce chitosan hydrogels with low genipin concentrations, since CNC increases the
hydrogel resistance without the need for further addition of the crosslinker reactant. Therefore, the use
of CNC as a reinforcing agent is very promising in chitosan hydrogels because it is easy to produce,
non-toxic, and comes from renewable raw material found in abundance in nature.
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