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Abstract

Polysaccharides, such as chitosan (CS), are widely
used in many biomedical applications. However, they
require crosslinking agents to achieve chemical sta-
bility and appropriate mechanical properties. In this
work, chitosan-based hydrogels were crosslinked
using vanillin and/or sodium tripolyphosphate, as che-
mical and physical crosslinking agents, respectively.
Microstructural (digital microscope, SEM), structural
(FTIR-ATR), mechanical (static compression test),
and in vitro biological (chemical stability and swelling
ratio in PBS, cytotoxicity) properties of the obtained
materials were evaluated to assess materials potential
as biomedical scaffolds. The optimal ratio of vanillin to
chitosan (DD = 89%) to crosslink the polymer was fou-
nd to be 1.2:1. Moreover, the double crosslinking with
vanillin caused a two-time increase in the compression
strength of the samples and led to the slower biode-
gradability. Cytotoxicity studies showed that the cells
prefer double vanillin crosslinked hydrogels over those
treated with TPP. Further studies, such as bioactivity
are required to determine the specific functionality of
the hydrogels and the specific tissue which may be
treated with the tested materials. The optimal material
was chosen to the next step of the study, which may
be obtaining composite hydrogels with hydroxyapatite
and/or graphene oxide to tailor or improve properties
towards specific tissue regeneration.
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Introduction

Polysaccharides, a large group of natural polymers such
as chitosan (CS), hyaluronic acid (HA), alginates, gellan
gum (GG) have been widely used to form hydrogels for tis-
sue engineering applications. CS seems to be one of the
most versatile among them [1]. Its polycationic nature and
the presence of amino groups allow to form biocompatible
scaffolds which are able to absorb large amounts of water
and are prone to further modifications. Thus, CS-based
systems mimicking many native tissues may be created
for the regeneration of skin [2,3], bone [4,5], cartilage [6,7],
nerves [8], or blood vessels [9].

There are many different ways to crosslink CS and thus
form chemically stable and mechanically strong hydro-
gels, i.e. chemical, physical or metal-coordination-based
crosslinking [10]. Chemically formed networks are created
using dialdehydes, e.g. glutaraldehyde, yet most of them are
considered cytotoxic. Genipin is a natural non-toxic agent
which has also been widely used. As a crosslinking agent
for CS, it improves the cell viability on hydrogels. However,
the conditions of the crosslinking reaction influence the hy-
drogel structure significantly [11]. Another natural aldehyde,
not only cyto-compatible but also much cheaper, is vanillin.
There is evidence that vanillin improves the mechanical
properties of the chitosan hydrogel [12]. Moreover, it is an
antioxidant, which constitutes its significant advantage [13].
As a CS crosslinker, it is mainly used to obtain films [14],
membranes [15] or drug microcarriers and microspheres
[16,17]. However, the insufficient chemical stability of
hydrogels crosslinked with vanillin requires additional
modifications to prevent the CS matrix from being altered
immediately after its generation.

The main disadvantage of covalent crosslinking is the
chemical selectivity of the process which may lead to produc-
ing toxic side-products. Moreover, the limited control over
the created microstructure makes this crosslinking method
less desirable [18]. The click-chemistry reaction may be
a more preferable solution but only a functionalized CS may
be used to prepare hydrogels through this reaction [19].
The same limitation occurs when CS is crosslinked enzy-
matically, which makes these methods impractical [20].

Forming coordination complexes based on the reaction
between amine or hydroxyl groups of CS and metal ions
is yet another method to obtain the CS-based hydrogel.
Although it is a quick process, the final crosslinked polymer
is characterized by lower stability. In addition, this method
is very sensitive to changes of the polysaccharide proper-
ties [21].

The physically crosslinked CS hydrogel is the result
of forming CS polycations and electrostatic interactions
with oppositely charged molecules. lonic crosslinking may
provide a decrease in the swelling ratio of the final hydro-
gel, dependant on the pH value [22]. One of the physical
crosslinking agents used for CS is tripolyphosphate (TPP)
[24]. This crosslinker is cyto-compatible and the final proper-
ties of CS-based hydrogel are easily tailorable, for example
by different crosslinking degrees. On the other hand, the
mechanical properties of physically crosslinked hydrogels
are relatively low. In addition, thus obtained hydrogel ex-
hibits a fast biodegradability [23-25] while, in bone tissue
engineering scaffolds are required to be mechanically strong
and stable under physiological conditions.

One of the solutions to improve the chemical stability
and mechanical characteristic of the hydrogel is to apply
the second crosslinking, which may increase both the
hydrogel biodegradability and mechanical strength, due
to the presence of additional bonds and a more tangled
network. Additionally, using a natural crosslinking agent
provides higher biocompatibility, therefore a combination
of two crosslinking mechanisms may significantly improve
the hydrogel properties [17].

This study involved a double-step crosslinking process for
chitosan, based on chemical (vanillin) and/or physical (TPP)
crosslinking. A natural polysaccharide, such as chitosan, and
a natural crosslinking agent, such as vanillin were applied to
improve the biocompatibility of the final hydrogel. Co-acting
of the chemical and/or physical crosslinking reactions were
studied to improve the mechanical properties and slow down
biodegradation in the physiological environment.
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Materials and Methods

Materials

Chitosan (CS; Mw = 100.000-300.000) was purchased
from Acros Organics, USA. Avantor Performance Materials
Poland S.A. reagents were used as follows: acetic acid (AAc;
99.9%), vanillin, sodium tripolyphosphate (TPP) and ethanol
(EtOH; 96%). First, CS and vanillin powders were dissolved
in 2% AAc and EtOH, respectively. As the first crosslinking
step, the appropriate VAN solutions (1 ml) were added
dropwise to the CS, mixed vigorously and homogenized
by sonication (10 min). The final concentration of CS solu-
tion was controlled at 5% wi/v of the final volume (20 ml).
The mass ratios of CS:VAN and final concentrations of VAN
are presented in TABLE 1. After mixing, the samples were
left at room temperature and subsequently tested after 3,
4, 5 and 6 days of crosslinking. The 6x6 mm cubic samples
of 1van, 1.2van, 1.4van were initially crosslinked with vanil-
lin and maintained for 6 days. For the second crosslinking
step they were cut and immersed in a vanillin solution (5%
in EtOH, denoted as VAN_1, VAN_1.2, VAN_1.4) or a TPP
solution (5% in distilled water, denoted as TPP_1, TPP_1.2,
TPP_1.4) for 24 h to improve the crosslinking process.
The proportion of hydrogel mass to crosslinking solution
volume was 1g:10ml. Some of the samples were frozen at
-80°C and freeze-dried for further analysis.

TABLE 1. The mass ratios of CS:VAN used in the
study.

CS:VAN
mass ratio
Sample
description

Final
concentration 4 5 6 7 8
of VAN [%]

Methods

1:0.8 1:1 112 | 1114 | 1116

0.8van| 1van

Determination of a deacetylation degree (DD)

The deacetylation degree of chitosan used in this study
was determined using the titration method [26]. Briefly, CS
powder (0.2 g) dissolved in 0.1M HCI (20 ml) and deion-
ized water (50 ml) was titrated with 0.1M NaOH. The pH
changes dependent on titrant volume allowed to carry out
the calculation using Formula 1:

V, -V,
m + 0.0042(V,- V,)

where: m — the exact mass of CS powder [g], V, and V,
- volumes of 0.1M NaOH solution corresponding to the
deflection points [ml], 2.03 — coefficient resulting from the
molecular weight of chitin monomer unit, 0.0042 — coefficient
connected with the difference between molecular weights
of chitin and chitosan monomer units.

DD =2.03 - - 100% (1)

Chemical stability test

The biodegradation in vitro process was carried out in the
PBS (Phosphate-Buffered Saline, pH = 7.4) solution at 37°C.
The ratio of the sample mass to the PBS solution volume
was 1g:100ml. The following time points were tested: 1, 2,
3,4,5,6, 7,14, 21 and 28 days. After the first 7 days of
incubation, the PBS solution was substituted with the fresh
one. Atthese intervals, the pH value was measured. After 28
days of incubation, the samples were washed with distilled
water and weighed. The weight loss (WL) was calculated
using Formula 2:

WL = M =100 [%]
Mo
where: M, — the initial mass of the sample [g], M,— the weight

of the sample after 28 days of incubation [g]

Static compression test

The universal testing machine (Zwick 1435, Germany)
was used to analyze the mechanical properties of the sam-
ples (static compression test). All the measurements were
performed using wet cubic samples, at room temperature.
The samples after 28 days of incubation were also tested
(denoted as: VAN_1_PBS, VAN_1.2_PBS, VAN 1.4_PBS,
TPP_1_PBS, TPP_1.2_PBS, TPP_1.4_PBS). The Young’s
modulus and compressive strength values (at 3 mm defor-
mation) were evaluated; Young’s modulus was determined
based on a linear fragment of the stress-strain curve. The
strain was evaluated at F=10N and the stress was measured
at 3 mm of strain. The test speed was set on 2 mm/min.

Swelling ratio

The samples were weighed and immersed in the PBS
solution at 37°C. The swelling ratios were assessed after 1,
2, 3, 4 and 5 hours of the incubation, and then daily up to
the 5" day. At these points, the swollen samples were dried
carefully with a tissue, then weighed and placed back in the
PBS solutions. The calculations of swelling ratio (SR) were
made using Formula 3:

M, - M,
SR= ——- 100 [%] (3)
Mo
where: M,— the weight of the swollen sample [g],
M, — the initial mass of the sample [g]

Cytotoxicity test in vitro

The cytotoxicity studies were conducted using extracts in
accordance with the ISO norm 10993-5 (2009). The materi-
als were tested in contact with osteoblastogenic cells of the
MG-63 line (European Cell Bank - European Collection of
Cell Cultures, Sailsbury, UK). The cells were cultured in the
EMEM medium (Eagle’s Minimal Essential Medium, PAN
BIOTECH, Germany) with the addition of 10% bovine serum
(Fetal Bovine Serum, Biowest, France) and 1% antibiotics
(penicillin/streptomycin, PAA, Austria), 0.1% amino acids
and 0.1% pyruvate (PAA, Austria). The culture was carried
out at 37°C, 5% CO, and under the increased humidity.

The extraction was performed based on the 100 mg:1 ml
ratio of the tested material to the culture medium. The
weighed freeze-dried samples were immersed in the culture
medium (the exact masses and volumes are summarized
in TABLE 2) and left for 24 h at 37°C. Then the extracts
were sterilized via filtration using syringe filters (0.22 pm).

TABLE 2. Samples tested on extracts, the exact
sample weights and medium volumes used for
extraction.

Sample Mass Culture medium
[mg] volume [ml]

VAN _1 423.23 4.230
VAN_1.2 426.60 4.265
VAN_1.4 423.05 4.230

TPP_1 433.07 4.330
TPP_1.2 416.32 4.165
TPP_1.4 416.27 4.165
Medium - 4.000
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The following dilutions of extracts were prepared in the
study: 1 (undiluted), 1/2, 1/4, 1/8 and 1/16. The culture
medium was used to dilute the extracts. As the reference
sample served the culture medium maintained under the
conditions identical to the ones of the tested samples
(no dilutions were used for the medium).

The cells were placed in 96-well plates - 5,000 cells per
well (100 pyl medium). After 24 h of incubation, the super-
natant medium was replaced with the appropriately diluted
extracts (100 pl). After the next 24 h, cell metabolic activity
and viability were tested using the AlamarBlue test and live/
dead staining. For this purpose, the following chemicals and
devices were used: In Vitro Toxicology Assay Kit, resazurin-
based (Sigma Aldrich), calcein AM/propidium iodide (Sigma
Aldrich), Zeiss Axiovert 40 fluorescence microscope (Carl
Zeiss, Germany) and BMG Labtech spectrofluorimeter,
FluoStar Omega.

The calculations of resazurin reduction (RR) were made
by Formula 4:

sample ~ F0% red

RR [%] = - 100% 4)

F100% red ~ FO% red
where: F,.,. - fluorescence of sample from culture well,
Fos rea - fluorescence of culture medium with the addition
of AlamarBlue reagent without cells, F ., ¢ - fluorescence
of culture medium with the addition of AlamarBlue reagent
reduced of 100% by autoclaving (15 min, 121°C).

The statistical analysis was performed using ANOVA
(One Way Analysis of Variance) followed by Tukey post-
hoc test. The significance levels were set at p<0.05 and
p<0.001. The normality and equal variances were tested with
the Shapiro-Wilk and Leuven test, respectively, at p<0.05.

Results and Discussion

The charts presenting the results after the CS powder
titration are shown in FIG. 1. Based on the pH dependence
on the NaOH volume added to the CS solution, the dea-
cetylation degree of chitosan used was determined. After
the calculation using Formula 1 the DD was found to be
89%. This parameter determined the CS properties, such as
a susceptibility to modifications, the availability of the func-
tional amino groups and solubility. It also possibly changed
the crosslinking degree, thus influencing the mechanical
properties or chemical stability. It is worth noting that the
higher DD is desirable regarding the hydrogels applicability
in tissue engineering. The obtained DD = 89% of the tested
chitosan provided its good solubility and increased access to
free amino groups, thus making the material more reactive
to crosslinking process [27-29].

The obtained CS solutions before and after the single
crosslinking process (after 3 days) are shown in FIG. 2.
The addition of VAN solution caused an immediate colour
change. This indicated the beginning of the reaction form-
ing Shiff-base between the CS amino groups and the VAN
aldehyde groups, as well as hydrogen bonds between both
hydroxyl groups [30]. The higher the mass ratio of CS:VAN
was, the more immediate the crosslinking process. In the
1.6van case, the solution viscosity was visibly higher after
just one minute of mixing. The structure binded more quickly
and externally more strongly, thus blocking the access to
the material’s deeper parts, which resulted in the insufficient
crosslinking and the non-homogenous structure. Although
mechanical properties increased with the increased amount
of crosslinking agent, the chemical stability decreased [31].
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FIG. 1. The results of titration for CS powder — determination of deacetylation degree.

FIG. 2. The obtained samples before (left) and after (right) the single crosslinking, according to increasing mass
ratio of VAN:CS.
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FIG. 3. The scheme of preparing the double crosslinked samples.
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FIG. 4. The chemical stability test results — pH changes of incubation medium (PBS); triplets were tested for
each type of material; error bars present standard deviations.

The scheme of double crosslinked materials preparation
is presented in FIG. 3. The prepared cubic samples were
maintained in the VAN or TPP solution for 24 h and then
washed with distilled water for further studies. The TPP addi-
tion led to the formation of an ionically crosslinked hydrogel
network, thus changing its properties [32].

The samples chemical stability was evaluated via the
in vitro incubation test carried out in the PBS solution. The
changes in the pH of the incubation media are presented
in FIG. 4. The results indicated higher chemical stability of
the double VAN-crosslinked samples, as compared to the
single crosslinked CS. An initial pH decrease was caused by
washing out the residual acetic acid or the non-crosslinked
chitosan cations. However, the double VAN-crosslinked
and TPP-crosslinked samples provided the initial pH at
a higher level of about 6.7 and 7.2, respectively. The TPP
addition in the hydrogel did not acidify the PBS solution
significantly. Due to its alkaline nature [33], it provided better
pH compatibility with human physiological fluids. However,
for the TPP sample, its pH decreased with the incubation
time as compared to the VAN-crosslinked sample where
pH remained relatively constant both before and after the
PBS substitution. Singh et al. provided evidence that the pH
decrease and the lower oxygen level (2%) may affect cell
viability and chondrogenesis [34]. The observations after 4
days of the cell culture pointed a decreased cell viability at
pH = 6.2; the effect was not observed at pH = 7.2. Moreover,
the alkaline environment seemed to be more beneficial for
osteogenesis [35].

The results suggested that the double-crosslinked hydrogel
network was more interconnected, the additional bonds formed
and the stable structure was created. This initial effect was re-
duced after the PBS solution was substituted with the fresh one.
This suggests that a longer pre-incubation period is required
before testing the materials, for example in biological studies.

The weight loss results (FIG. 5) indicated that the double
VAN-crosslinked samples exhibited the slowest degradation
rate. The VAN_1, VAN_1.2 and VAN_1.4 samples after 4
weeks of the PBS incubation lost only around 5 % of their
initial weight, while for the double TPP-crosslinked samples
the weight loss was over twice as high. The weight loss of
the single crosslinked samples was of 14-34%. In addition,
starting with 1van, the more vanillin was in the material, the
higher weight loss was observed. As mentioned above, the
higher crosslinking agent/chitosan mass ratio was the more
insufficient crosslinking occurred - as the non-crosslinked parts
of the polymer dissolved and got released in the PBS solution.
This phenomenon suggested that the optimal proportion of
CS:VAN to crosslink the material in the first step would be 1:1.
The second step of improving the crosslinked network provided
a significantly more stable chemical structure, thus reducing
the mass loss and slowing down the degradation process.

In general, it is necessary to apply chemically stable scaf-
folds to effectively repair tissue damages, otherwise, the
regeneration process may be incomplete and new defects
may occur. Therefore, it is vital to provide a relatively stable
scaffold which may support tissue regeneration for minimum
3 months. During this period the scaffold integrates with the
material and then the new tissue fills the defect. Moreover,
the applied scaffold should degrade within 1 year [36,37].

5

w
=S
0] -

0 00000 0000000000000 0000000000000000000 000 "=

Ll



6

35 =
K b,:\: -:: ’,‘g:
772 72
b b
. I
0] [ [ [
o} b . b
- f— [ [ [
15 2 b b b
[ [ [ [
= oy iy A 4
® % 2 S
2 10 [ ' N R 9
4 o o, A
M, 1( KA ey Sy
S KA KoL koA A
k4 ko K ki
o o o A
O P P P P

N O \ QO N

o R W o

Q N N N

L&

FIG. 5. The chemical stability test results — weight loss after 28 days of incubation in PBS solution; triplets were
tested for each type of material; error bars present standard deviations.
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Swelling Ratio [%]

FIG. 6. The swelling ratio results after incubation in PBS solution; single samples were tested for each type of

material.

The results of the swelling ratio during incubation in the
PBS solution are presented in FIG. 6. The double VAN-
crosslinking process had no significant effect on the initial
SR in comparison to the single crosslinking — the swelling
ratios for these materials were in the range of 7-13%. It was
observed how the amount of vanillin added to the polymer
solution affected the swelling process. The less vanillin was
added, the higher SR was. The more elastic network and
the lower amount of linkages facilitated the water absorption
by the material. However, swelling of the single crosslinked
samples decreased, reaching the negative values after 1
day of incubation. This may suggest the progressive deg-
radation and the release of the non-crosslinked material.

A significant difference was observed for the double
crosslinked samples. The TPP-crosslinked samples did not
swell and their SR was at a similar level. However, the slow
degradation was observed — the obtained values changed
during the incubation time from -2.5% to -7.5%. It is impor-
tant to tailor the swelling character of the hydrogel scaffold
for the proper cell migration through the network. Such
a match makes it possible to control the transport of the in-
gredients necessary for tissue regeneration [38]. In addition,
the inappropriately high swelling ratio may cause significant
changes in the mechanical parameters, such as the chain
straightening resulting in the modulus decrease [39].
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FIG. 7. The results of static compression test for the single crosslinked samples: Young’s modulus, compres-
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The mechanical properties of the single crosslinked sam-

® @ ® o o ® o ples related to the initial crosslinking time are presented in

FIG. 7. The Young’s modulus values were similar for all the
samples and increased slightly with the crosslinking time,
reaching the maximum after the 6" day. However, both
the compression strength and the strain values were the
highest for the three middle samples, especially for 1.2van.
The increase in brittleness for 1.4van and 1.6van resulted
in lower compression strength and strain. The residues of
unbound vanillin in these materials may have crystallized
and acted like an additive making the material less flexible.

The static compression test was also carried out for the
double crosslinked samples (FIG. 8). A significant increase
in Young’s modulus was observed for all the materials after
the double crosslinking process, especially for the TPP
samples. However, the double VAN samples displayed
a more durable structure which resulted in higher compres-
sion strength and lower strain, especially for VAN_1.

In comparison to the single crosslinked samples, the
double crosslinked ones showed elastic deformation during
the compression test. The samples returned to their original
shape after the test - in opposite to the single-crosslinked
sample, which collapsed at the specific strain.

In general, hydrogels are characterized by poor me-
chanical properties. However, the hydrogels tested in this
work showed efficient properties during compression tests.
Both the Young’s modulus and the compressive strength
reached the values in the range of megapascals — it is
very high when compared to the parameters obtained
for natural polysaccharide hydrogels in the literature.

Ahearne et al. described alginate and agarose-based hy-
drogels with the Young’s modulus of about 14-15 kPa [40].
Wen et al. proposed chitosan-based hydrogels with high
mechanical strength where the values were in the range
of 25-200 kPa [41]. The CS-based hydrogels tested in this
work exhibited the compression strength with the value of up
to 800 kPa. Mirahmadi et al. obtained the chitosan/glycer-
ophosphate/silk fibroin hydrogel with enhanced mechanical
properties. DMA test results showed compressive modulus
values in the range of 1.5-3.5 kPa [42].

Strong linkages between CS and vanillin provide
a significant improvement of mechanical properties after
the compression test. Both the Young’s modulus and the
compressive strength are crucial parameters with regard to
tissue regeneration. What is more, mechanical parameters
should be adjusted to the repaired tissue. For example,
the maximum strength of hyaline cartilage is 1-18 MPa
and elastic modulus 0.4-19 MPa [43]. Therefore, the dou-
ble VAN-crosslinked hydrogels may support the cartilage
regeneration due to the appropriate mechanical charac-
teristics.

The compression test results for the double crosslinked
samples after 28 days of incubation are shown in FIG. 9. The
in vitro degradation process of the TPP samples may have
weakened the materials. The Young’s modulus decrease
was of about 80% for the TPP sample, while for the VAN
samples it was two-fold lower. Moreover, there was no sig-
nificant change in the VAN samples’ compression strength
when comparing this property before and after incubation.
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FIG. 10. Metabolic activity of cells cultured for 24 h in the presence of sample extracts in dilutions: 1 (undiluted
extract), 1/2, 1/4, 1/8 and 1/16 (statistically significant differences at the level of *p <0.05, **p <0.001).

The tests proved that all the double VAN-crosslinked sam-
ples may constitute beneficial supports for tissue regenera-
tion. As their mechanical properties are stable after 4 weeks
of incubation in PBS, the materials may effectively support
cell adhesion and proliferation, thus providing the complete
sufficient reconstruction of the tissue [44].

FIG. 10 shows the results of the cell metabolic activity
(reduction of resazurin) of the cultures incubated for 24 h in
the presence of samples extracts at the following dilutions:
1 (undiluted extract), 1/2, 1/4, 1/8 and 1/16. These results
were confirmed by the live/dead fluorescent staining test.
The representative microscopic images of cells are shown
in FIG 11.

The cells incubated in the pure culture medium showed
the highest metabolic activity. All the cells visible were
alive and retained the correct morphology typical for MG-
63 cells (good adhesion, elongated spindle-shape). For
all the samples, regardless of the dilution, the cell viabil-
ity was lower than for the reference sample (pure culture
medium). However, at the 1/4 dilution for the double VAN
crosslinked samples the live cells were observed. The cells
adhesion and proliferation may be limited by the residues
of ethanol. The biodegradation results in the PBS solution
suggested that a longer pre-incubation period might im-
prove cell viability. Moreover, the higher concentrations of
vanillin may reduce the cell viability, e.g. for the 50-200 pM
vanillin concentration the lower cell viability was observed.
Additionally, the 3-days pre-treatment of incubation in vanil-
lin showed the significantly inhibited effect of the vanillin at
the concentration over 5 uM on growth and the spheroid
formation of NCI-H460 cells [45]. For all the TPP series
samples, only the 1/16 dilution of TPP_1 showed a few live
and flattened cells. For the TPP_1.2 and TPP_1.4 the cells
revealed no metabolic activity (reduction of resazurin below
0.5%), which indicated the material’s cytotoxicity after the
double crosslinking with TPP.

Vanillin generally shows a low cytotoxicity effect, however,
the crosslinker residues may be potentially toxic and to over-
come this disadvantage the lower concentrations should be
used. Zou et al. discussed the inflammation effect of vanillin
and observed the mild inflammation at 4 weeks of the cell
culture [46]. A similar effect was described for TPP by Gurses
et al. With an increasing amount of sodium trypolyphosphate
and sodium citrate, the significantly decreased human kid-
ney cell viability was noticed [47]. Freitas Mariano et al. also
described a negative influence of the TPP addition in the
CS matrix on cell viability [48]. Therefore, it is necessary to
determine the sufficient concentration of a crosslinking agent
to reduce the cytotoxic effect of the hydrogel.

Conclusions

The double crosslinked chitosan hydrogels with the im-
proved mechanical properties and chemical stability were
obtained in this study with the use of vanillin as a natural
crosslinking agent. The efficient mechanical properties and
higher chemical stability prove high effectiveness of the
double crosslinking process using vanillin. The results of the
in vitro biological test revealed cytotoxicity of the double TPP
crosslinked material. Although the polymer and the crosslink-
ing agent used in the study are biocompatible, even a small
amount of the solvent — ethanol — may be a barrier for cell
proliferation. However, the cell viability could be improved,
e.g. by alonger incubation time (to wash out the residues of
cytotoxic solvents). Determining the sufficient concentration
of the crosslinking agent should also be considered as an
important aspect. Further studies are required to improve
cytocompatibility of the testes hydrogels.

In the next step, the double VAN crosslinked hydrogels
will be modified with additives, such as hydroxyapatite or
graphene oxide to evaluate their influence on the mate-
rial properties. Then, the choice of appropriate layers and
optimization of the technology may result in mechanically
stronger hierarchical structures dedicated for bone and
cartilage tissue engineering.
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