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In this study, using a new polymer combination of Chitosan(CH)/Xanthan Gum(XG) has been exhibited for
wound dressing implementation by the 3D-Printing method, which was fabricated due to its biocompatible,
biodegradable, improved mechanical strength, low degradation rate, and hydrophilic nature to develop cell-
mimicking, cell adhesion, proliferation, and differentiation. Different concentrations of XG were added to the

CH solution as 0.25, 0.50, 0.75, 1, and 2 wt% respectively in the formic acid/distilled water (1.5:8.5) solution
and rheologically characterized to evaluate their printability. The results demonstrated that high mechanical
strength, hydrophilic properties, and slow degradation rate were observed with the presence and increment of
XG concentration within the 3D-Printed patches. Moreover, in vitro cell culture research was conducted by
seeding NIH 3T3 fibroblast cells on the patches, proving the cell proliferation rate, viability, and adhesion.
Finally, 1% XG and 4% CH containing 3D-Printed patches were great potential for wound dressing applications.

1. Introduction

Lately, skin diseases are considered one of the most common causes
of all human diseases, affecting around 900 million people worldwide
[1]. Skin is an essential natural organ covering the entire body and
protecting its internal organs by providing a protective barrier against
any external harm from the environment [2]. Hence, the development of
a rapid and efficient skin treatment has been the primary concern of
modern medical researchers. Chitosan (CH) is an abundant natural
polymer with a linear chain with various advantages, including high
biocompatibility, antibacterial properties, cationic charge, biodegrad-
ability, and hydrophilicity [3]. Besides, several studies have proven that
CH can be used to accelerate the wound healing process since it has an
enhanced impact on cell proliferation, attachment, and differentiation
[4,5]. Furthermore, CH hydrogels have been commonly used in various
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medical applications, including 3D printing, drug delivery, and wound
healing, due to their favourable biological and structural properties
[6,7]. Some of the problems with the wound dressings on the market
recently is that the desired mechanical, chemical, biocompatibility and
biodegradability properties cannot be achieved depending on the
polymer used [8]. For example wound dressings made from raw chito-
san has poor mechanical properties. [9]. Nevertheless, due to CH's weak
mechanical properties and bacterial adhesion, the latest studies have
shown that pure CH is not enough to be used as a wound-dressing agent
[10]. Thus, to overcome these limitations, either different nano-
structures such as graphene, carbon nanotubes, and metal nanoparticles
(Ag, Au, Zn, etc.) are added to CH, or CH itself is combined with other
hydrogels that can efficiently overcome its limitations [11]. On the other
hand, biodegradability is also very fundamental property in the wound
dressing market. Traditional wound dressings such as cotton wool or lint
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Table 1
Experimental groups.

3D-printed CH content XG content Solvents (formic acid/
patches (Wt%) (wt%) distilled water)
CH4 4 0 1.5/8.5
CH4/XG(0.25) 4 0.25 1.5/8.5
CH4/XG(0.50) 4 0.5 1.5/8.5
CH4/XG(0.75) 4 0.75 1.5/8.5
CH4/XG(1) 4 1 1.5/8.5
CH4/XG(2) 4 2 1.5/8.5

Hydrogel Preparation o~

Chitosan +
AN
. \

&

Xanthan Gum

4 \ |
— v U
Distilled  Formic
Water Acid

3D-Printing of the Scaffolds

Fig. 1. Schematic representation Of CH-XG patch production.

Table 2
Physical properties of solutions.

Solutions Density (g/cms) Surface tension (mN/m) Viscosity (mPa-s)
CH4 1.05 58 + 0.5 36.29
CH4/XG(0.25)  1.04 62.76 + 0.8 16.79
CH4/XG(0.50)  1.06 65.3 +£1.3 21.31
CH4/XG(0.75) 1.10 82.7 £ 2.7 35.6252
CH4/XG(1) 1.15 120.05 + 0.5 70.02
CH4/XG(2) 1.27 250.15 + 0.4 300.522

has low degrees of absorbency and low biodegradability that cause
incomplete tissue growth after removal [12]. Biodegradable wound
dressings are more desirable because of they induce wound healing
faster without causing any other injuries. Up to date in modern medi-
cine, desired wound dressings depending on the area has been
researched and produced rapidly because of their favourable properties.
Xanthan gum (XG) is a microbial exo-polysaccharide with numerous
advantages, including excellent biocompatibility, biodegradability, non-
toxicity, intrinsic ability as an immunological agent, and good quality
water solubility [13]. Recently XG has been researched mostly because
of its effects on printability, and the results show us that desired print-
ability values can be obtained by blending it with other polymers [46].
Also, in the literature, XG was blended with GelMA to produce wound
dressings because of its excellent printability and swelling performance
[14]. XG and XG-based biomaterials exhibit high rheological properties
such as forming a highly viscous solution at low shear forces, high
pseudo-plasticity, and a high viscosity yield value [15]. Besides, XG is
widely known for the appropriate redevelopment of damaged tissues
and has been explored in various biomedical and tissue engineering
applications [13]. In addition, previous studies have shown that the
hydrogel prepared by the combination of XG with another poly-
saccharide, such as CH, exhibited great biocompatibility analysis under
in vitro and in vivo models with fibroblast cell line L-929 [16]. Ideal
hydrogel for 3D-Printing should have sufficiently high strength, with
proper viscosity, and could be printable below the extrusion pressure of
the printer and still capable of fusing with earlier printed layers while
keeping the print shape [17]. That's why we used CH-XG hydrogel to
meet these requirements. 3D printable hydrogels based on
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biocompatible natural polymers, gelatin, and xanthan gum at different
percentages are being used both as scaffolds for cell growth and wound
dressing. These latest experiments showed that gelatin/xanthan-gum
bioprinted hydrogels are biocompatible materials, as they allowed
both human keratinocyte and fibroblast in vitro growth [18]. 3D
printing technology has been used in many types of research lately in
order to mimic organs or treat the damaged tissue by producing wound
dressings. Many types of natural polymers can be used in this field, and
even the dressings can be reinforced with materials such as carbon
nanofibers [19]. The reason for using 3D printing technology in this
research is that it has high reproductivity, precise control during the
printing process, and availability in tissue engineering [20]. Also 3D
printing technology allows us adaptability and repeatability that can
overcome the lacking properties of conventional biofabrication tech-
niques [21]. Although numerous previous studies have reported using
CH-based bioinks to produce biodegradable films or electrospun
patches, most used CH with other polymers such as polylactide and XG
due to its poor mechanical properties [22,23]. However, the extrusion
3D bioprinting of CH-XG blends has not been reported yet. This study is
aimed to produce an optimised composition of CH-XG for bioprinting
applications, focusing on tailed mechanical, thermal and biocompatible
properties for wound healing applications. In this study, we successfully
performed 3D printing of CH-XG patches. Finally, we compared 3D
printed CH-XG patches with raw 3D printed CH patches and proved the
advantages of the 3D printed CH-XG patches based on the mechanical,
thermal, biocompatible and high cell proliferation properties. We
believe that 3D printed CH-XG patches will be a new perspective in
further studies about tissue engineering.

2. Materials and methods
2.1. Materials

Xanthan gum (CAS NO.: 11138-66-22, molecular weight 933.7462
g/mol) and chitosan (CAS NO.: 9012-76-4, particle size 80 Mesh) and
sodium hydroxide(NaOH) were purchased from Yasin Teknik Company.
Formic acid (HCOOH) and acetic acid (CH3COOH) were purchased from
Merck Co.

2.2. Preparation and characterization of CH/XG hydrogels

Several CH solutions with different Xanthan gum ratios were pre-
pared, as shown in Table 1. CH and XG were dissolved by adding 20 mL
of 15% aqueous formic acid solution. Then, the answers were mixed
with a magnetic stirrer (Wise Stir®, MSH-20 A, Germany) at 350 rpm for
about 24 h. at 90 °C. The density and surface tension of the solutions
were measured. Also, viscosity-stress-shear rate and loss modulus-
storage modulus were analysed depending on the temperature values.
These rheological experiments were determined using a TA Instruments
DHR-3, USA instrument using cone plate geometry at 25 °C with 1000
gap value, 2.5 cm parallel plate. The measurement parameters were
1-100 s-1 shear rate, 1 Hz frequency, and %1 strain for the shear rate/
stress scanning. Also, for temperature ramp experiment, 1 Hz frequency,
%1 strain was applied, and temperature was decreased from 37 °C to
15 °C at 2 °C/min.

Density was measured using a 10 ml pycnometer. All the experiments
were performed at room temperature (23 °C).

2.3. 3D printing of the CH/XG patches

The patch configuration was designed in a 20 mm x 20 mm square
using Solidworks 2020 program and then converted to G-codes. The
prepared polymer solutions were taken into a syringe that had 0.2 mm
diameter needle. Then a total of 8 layers were printed with an extrusion-
based 3D printer (Hyrel 3D, SDS-5 Extruder, GA, USA). The flow rate
was set to 1 ml/h, and printing speed was 10 mm/s [24]. After this
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Fig. 2. Viscosity-stress-shear rate graphs of the CH4 (a), CH4/XG(0.25) (b), CH4/XG(0.50) (c), CH4/XG(0.75) (d), CH4/XG(1) (e), CH4/XG(2) (f) solutions.

process, 3D printed patches were crosslinked with sodium hydroxide for

3 min. In Fig. 1, CH-XG patch production is shown.

2.4. Physical characterization of 3D-printed patches

The functional groups in the structure of the used biopolymers were
determined by applying Fourier Transform-infrared spectrum (FTIR,
Jasco, Japan). CH-XG patches, pure CH patches and pure XG powder
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were examined in all the spectral bands ranging between 400 cm ™! and

4000 cm™! wavelengths. For the thermal properties, DSC (Shimadzu,
Japan) was used to investigate how the heat capacities of the samples
change concerning temperature. Noting that, temperature ranges were
set from 25 °C to 300 °C for all 3D printed patches. Besides, the 3D-
Printed patches were observed under SEM (EVO LS 10, ZEISS, Miin-
chen, Germany) to study their morphology and microstructure. More-
over, the mechanical properties of the 3D-Printed patches were
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Fig. 3. Temperature dependent loss modulus-storage modulus and complex viscosity graphs of the CH4 (a), CH4/XG(0.25) (b), CH4/XG(0.50) (c), CH4/XG(0.75)

(d), CH4/XG(1) (e), CH4/XG(2) (f) solutions.

determined by a tensile test device (Shimadzu EZ-X, Tokyo, Japan)
under parameters of 5 kN load, 5 mm/min speed and 0.1 N force
applied. Three samples were used from each patch, and as a result, the
tensile strength and strain values were obtained. Besides, the initial mass
of the samples was weighed to examine the swelling and degradation
properties of the patches. For the swelling test, patches were placed in 1
ml of phosphate-buffered saline (PBS), 7.4 pH. Then, the patches were
incubated in a thermal shaker at room temperature for 24 h. After that,
the mass of each patch was measured by drying it with filter paper at 24-
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h intervals. Finally, the swelling (S) was measured by applying the
following equalisation [25]:

S = (Ww — Wd)/Wd x 100 )

On the other hand, for the degradation test, the patches were placed
in 1 ml of PBS and kept for 24 h, then they were removed from the PBS
and dried at 37 degrees in ETUV for 24 h. After that, this process was
proceeded periodically every 24 h. Lastly, the degradation value was



E. Altan et al.

%T
CH4/XG(0.25)

CHA/XG(0.75)

L
2000
‘Wavenumber [cm-1]

b)

[
4000

DsC
mW/mg

4CH/XG(0.25)
4CH/XG(0.50)
4CH/XG(0.75)
4CH/XG(1)
4CH/XG()

H

10.00

0.00

-10.00

100.00 200.00

Temp [C]

300.00

Fig. 4. FTIR Spectra of the Patches(a) and DSC Thermograph(b) of the 3D
Printed Patches.

evaluated by using the following equation [25]:

Di = (W0 — Wt)/WO0 x 100 @

To determine the biocompatibility and cell growth properties of the
patches, first, they were sterilised under UV for an hour in 96 well plates
[26]. The patches were incubated in a growth medium(DMEM with 0.1
mg/ml penicillin/streptomycin and 10% FBS) to optimise the patch
microenvironment at 37 °C for an hour in a moist 5% CO- incubator. The
patches were taken away after the incubation period and the remaining
medium was removed using a micropipette. 1 x 10% mouse embryonic
fibroblast cells (NIH 3T3) were planted onto the patches in the 96 well
plates. Simultaneously, monolayer cell cultures were incubated with the
same number of cells in 200 pl to prepare control groups. Then, the
cultures were incubated at 37 °C, 5% COy, for 1, 4 and 7 days in a hu-
midified incubator. MTT assay was used to determine the cytotoxicity of
patches (Vybrant MTT Cell Proliferation Assay Kit, Thermo Fischer
Scientific). After the incubation, 10 pL. MTT was added to each well to a
final concentration of 5 mg/mL and incubated at 37 °C for 4 h. At the end
of 4 h, 100 pl of sodium dodecyl sulfate (SDS) was added to the wells and
incubated at 37 °C for 12 h to dissolve the formazan crystals formed with
MTT. The culture plate was placed on a microplate reader, and the ab-
sorbances at wavelengths of 570 and 630 nm were measured by a
microplate reader (Biotek, Winooski, VT, USA). Viability was calculated
as follows: Cell Viability (%) = (OD test /OD control) x 100. The
experiment was done three times.

To examine the attachment and cell viability of fibroblast cells on
patches, acridine orange staining was implemented. On days 1, 4 and 7,
the growth medium of the cells was removed. And they were scrubbed
with PBS. Then, patches were fixed by adding 4% paraformaldehyde at
room temperature for 30 min. After that, patches were washed with PBS.
Subsequently, 6 pg/ml acridine orange was added to every sample and
kept at room temperature for 10 min. Afterwards, the acridine orange
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solution was discarded and washed three times with PBS.

Then, patches were arranged between the slide and coverslip. The
morphology of fibroblast cells on the patches were measured by scan-
ning electron microscope (SEM). The growth medium was rejected after
1, 4 and 7 days. Also all patches were dehydrated through exact di-
lutions of ethanol and dried in air following the fixation with 4%
glutaraldehyde. In order to examination by SEM (EVO MA-10, Zeiss),
the samples were sputter-coated with gold.

2.5. Statistical analysis

Pore size measurements were performed using the SPSS 17.0 (IBM,
Armonk, NY, USA) analysis program. Data are presented as mean =+ SD.
For the cell viability test, the level of significance was taken as p < 0,05
and the data were labeled with (*) for p < 0,05 using One-way Analysis
of Variance (ANOVA) Tukey-Kramer Multiple Comparisons Test Com-
parison to 2D. Also other experiments were performed at least in
triplicate.

3. Results and discussion

As shown in Table 2, adding XG to the polymer solution caused a
gradual increase in the density, and a rapid increase in the surface
tension. XG solutions usually have high density and high viscosity at low
concentrations. Therefore, such properties allow XG to be used as a
thickening agent [27]. Subsequently, with the increase of the XG con-
centration, the density is increasing and causing a rapid increase in the
surface tension. [28]. In rheology, when the viscosity of a fluid decreases
under shear strain, it is evaluated as shear thinning(non-Newtonian)
behaviour [28]. It is also called pseudoplastic behaviour. Both
preferred materials in this work are shear-thinning polymers [29,30].
Results reported in Fig. 2 is consistent with this information. Where both
hydrogel materials followed shear thinning behaviour (pseudoplastic
non-Newtonian behaviour).

Furthermore, the shear stress as a function of shear rate curves shows
a similar response for all the patches used in this study. The storage
modulus gives clues about the structure present in a substance. It dis-
plays the energy that is stored in the elastic structure of a sample. If the
storage modulus is higher than the loss modulus, it can be said that the
material is mainly elastic [31].

Fig. 3 shows that adding more than 0.50% XG to the CH caused
hydrogel to show elastic behaviour. Because storage modulus became
higher than the loss modulus in these ratios. In Fig. 4(a), CH4 showed
two strong vibrations at 1645 cm ™! and 1584 ¢cm™!. Furthermore, vi-
brations of amine deformation generally create very strong bands in the
1638-1575 cm ™! area. Therefore, it is suggested that the band at 1583
em! represents the N—H bending vibration, whereas the 1645 em!
band represents the amide I vibration [32].

Fig. 4(a) exhibits the infrared spectra of pure XG, pure CH and CH-XG
patches. Besides, the significant peaks for XG at the wavelengths
measured in the range of 4000-400 cm ™! are: axial deformation of —OH
in the 3200-3450 cm ! range; axial deformation of C—H and CHO in the
range of 2850-2950 cm ™ '; axial deformation of C_O ester acid carbox-
ylic, aldehydes and ketones in the range of 1710-1730 cm™!; axial
deformation of C_O of enols in the range of 1530-1650 cm™!; reflection
angle C—H in the range of 1420-1430 cm™!; and finally, there is an axial
deformation of C_O in the range of 1050-1150 cm™! [33]. Additionally,
in CH spectrum the carbonyl band was noticed at 1667 cm™! and also
the amine (NH2) band at 1590 cm~! [34]. The differential scanning
calorimetry (DSC) curves of the 3D printed patches are shown in Fig. 4
(b). Although, the glass transition temperature(Tg) of CH is still being
researched. In natural polymers, some features such as crystallinity,
molecular weight, and deacetylation degree can display wide variations
according to the source and method of extraction so that these situations
influence the Tg [35]. Glass temperature of CH was observed at 30 °C by
some researchers for water contents ranging from 8 to 30% [36]. On the
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Table 3
Mechanical test results obtained from the tensile test.

3D patches Tensile strength Strain at break
(MPa) (%)

CH4 2.48 + 0.54 20.84 + 2.94
CH4/XG(0.25) 3.38 +1.22 13.33 + 0.69
CH4/XG(0.50) 3.65 + 0.14 18.02 + 5.91
CH4/XG(0.75) 3.78 £1.25 19.11 £+ 2.35
CH4/XG(1) 4.21 + 2.04 20.81 + 6.64
CH4/XG(2) 3.10 £ 1.95 8.74 + 3.68

other hand, other researchers found Tg ranging between —23 and 67 °C,
depending on the water content, which indicates us in both cases the
plasticising effect of water [37].. Furthermore, Sakurai et al. [38] [38]
observed the Tg of CH at 203 °C. With the addition of the Xanthan Gum
in this study, there were only a few differences between the glass tem-
peratures and melting temperatures of the 3D printed patches, where
obtained glass temperatures were around 60 °C-80 °C and obtained

a)

600

ng Ratio (%)

"

3h 24h 48h 72h

International Journal of Biological Macromolecules 213 (2022) 259-267

melting temperatures were around 280 °C-300 °C. Besides, in Fig. 5, the
SEM pictures showed that adding XG to the pure CH increased the pore
sizes. This increase is due to the increase in the viscosity after adding XG
to the polymer solutions, thus leading to the enlargement of the pores
[39].

Regarding the mechanical properties, the tensile testings of all 3D-
Printed patches were carried out at room temperature (23 °C). Be-
sides, the tensile strength and strain values just after rupture are pre-
sented in Table 3.

Based on the literature, pure CH usually has poor tensile strength,
showing a significant decrease in tensile strength at patches with more
than 5% CH [40]. Moreover, according to previous studies, adding XG to
polymer solutions increases mechanical properties and improves them
[41]. Hence, XG was added to the solution in different ratios to improve
the poor tensile strength of pure CH. Interestingly, the highest tensile
strength was obtained in the 1% XG compared with the other compo-
sitions. In research, XG was added to gelatin and carboxymethyl cellu-
lose blends, and there were small decreases than the control group on
the tensile strength and also strain at break. [41]. In our research,
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Fig. 6. Swelling kinetics of the 3D printed patches (a), Degradation behaviour of the 3D printed patches (b).
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Fig. 7. SEM images of the fibroblast cells on the 3D-printed patches 1 day after the cells are seeded: CH4 1 day (scale bar 20 pm, 1000x magnification) (a), CH4 1
day (scale bar 2 pm, 5000x magnification) (b), CH4/XG(1) 1 day (scale bar 10 pm, 1000x magnification) (c), CH4/XG(1) 1 day (scale bar 2 pm, 10,000x
magnification) (d) and Cell viability results of raw CH and CH4/XG(1) patches after 24,96 and 168 h incubation(e).

because of blending it with another polymer and chitosan's poor me-
chanical properties, these values were increased linearly [40]. Adding
the XG into the 4% CH increased the tensile strength and strain values.
1% XG patch showed almost the same strain rupture with pure CH.
Adding more than 1% XG to the patches caused a massive drop in strain
values. On the other hand, based on the literature, CH has a hydrophilic
nature [42]. Hence, increasing the amount of the XG showed us that it
can be more hydrophilic. Swelling behaviour is an essential property of
hydrogels. In some situations, swelling behaviour can be influenced by
external triggers such as pH, ionic strength, and also the temperature of
the environment [43]. A desirable wound dressing must create and keep
a moist environment while it absorbs the wound fluids besides pro-
tecting the wound from infections [44]. Additionally, the water ab-
sorption/swelling test was carried out to investigate the effect of XG
polymer on the water uptake capacity of the prepared patches.

In Fig. 6(a), the results of the water absorption test of both pure CH
and CH-XG patches can be seen in the PBS (pH 7.4) for 384 h at preset
time intervals. Gain of weight was calculated, and a graph against time
was obtained. The increased XG content in the patches leads to increased
water uptake since XG is a more hydrophilic polymer than CH [45]. As
Fig. 6(a) shows, the water absorption capacity of the patches with XG/
CH is higher than the pure CH patch. Fig. 6(b) shows the degradation
percentages of the patches in PBS. Thus, by examining the biodegrad-
ability of the patches, it was observed that CH4/XG(1) showed a low
degradation rate compared to the other patches. MTT assay was expe-
rienced for 1, 4, and 7 days of incubation to determine the cell viability
of patches.

The cell viability contents of the patches are shown in Fig. 7(e). At
the end of the first day of the experiment, the cell viability value
(51.29%) was observed in CH4, and the CH4/XG(1) value was observed
(71.29%). On the fourth day, the cell viability was increased by CH4/XG
(1) (71.6%, respectively), while it was also increased by CH4 (66.42%,
respectively). Cell viability contents were significantly increased for
both patches, with the highest value in the CH4/XG(1) on day 7
(162.56%). On the other hand, acridine orange staining confirmed the
cell proliferation results. Similarly, it can be seen in Fig. 7(a,b,c,d) that
the fibroblast cells in the CH4/XG(1) patch were spread better as
compared to the other groups.
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4. Conclusions

Novel CH/XG 3D patches were produced using the 3D printing
method at different CH/XG ratios. Firstly, the printability of the ob-
tained hydrogels was measured. And the results indicated that print-
ability got better with increasing the XG. Also, the hydrogels showed
shear thinning behaviour. Moreover, by adding xanthan gum, the low
mechanical properties of pure CH were improved. CH4/XG(1) patches
provided excellent physical features such as tensile strength and pore
sizes. Adding more than 1% XG to the pure CH caused massive drops in
the mechanical properties. The swelling behaviour indicated increased
water uptake with increasing XG content in the patches. Consequently, it
is expected that this study may have application for skin tissue engi-
neering or dressing for wound healing, considering CH4/XG(1) patches
are optimised to be used for that purpose and also can be improved by
further studies. Both material optimisation and field characteristics will
be considered.
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