0t f.':-: X

e —— .':.':'.u r.:;: 7TF-FCT
FH1E o

Universidad Euskal Herriko :-'-:_'.;';:'.' .
del Pais Vasco Unibertsitatea " ae

TRABAJO DE FIN DE GRADO

GRADO EN QUIMICA

3D BIOPRINTING OF SODIUM ALGINATE HYDROGELS
WITH TiO, NANOPARTICLES FOR ORGANIC DYE
CAPTURE

MEMORIA PRESENTADA POR Sara Muiana Gonzalez

Fecha de matriculacion y defensa: 19/02/2020
Directoras: Leire Ruiz Rubio y Leyre Pérez Alvarez

Departamento: Quimica Fisica



INDEX

j O |V 2(0 ] D10 Lo 1 0 1\ N 1
2 MATERIALS AND METHODS ..ottt ettt ettt e et e e e e s e snnree e e e e e e e 8
2.1 MAterials...ceeiieieee e 8
2.2 BioinNK preparation......c.eeee e 8
2.3 3D Bioprinting optimization ...........uueieiiiiiiiiiiiiiiiiriririiireeerereereee——.. 8
2.4 Characterization of hydrogels ........ccceeieviiiiiiiciiee e e 9
0 T VY- |11 = PSSR 9
2.6 Study of dye absorption and reactivity .......cccccoeeeeeiiiiieecciiiee e 9
3 RESULTS AND DISCUSSION. ... s s e e e e s e e e e e e e e e e e e e e e e e e e e e s e e e eenns 10
3.1 3D Bioprinting optimization .............ueeiiiiiiiiiiiiiiiiiiiieirieireeeeeeereeeeeee e 10
3.2  Thermogravimetric analysis (TGA) .....cccuciieeieiiiee e e e 14
3.3 Mechanical PropPerties. ..ot 16
B VY |11 = SR 17
3.5 Qualitative studies on dye absorption and reactivity ........ccccceeeeeeeecnrnneen.. 18
3.6 Dye absorption KiNELICS ....uueieiieiiecciiiieeeee ettt e e 20
A CONCLUSIONS ...ttt ettt ettt e e e e e ettt e e e e e s e b et e e e e e e sannreeeeeaeeeeaannreneneeas 22
5 BIBLIOGRAPHY ..ttt ettt e e e e e et e e e e e e e e sabeb e e e e e e e e e s nnnrreeeeeeeaanan 23



1 INTRODUCTION

With the development of additive manufacturing technologies, many applications
benefited from the faster processing of products without the need for specific
tooling.! Among the different options for additive manufacturing, 3D bioprinting is
an emerging technology that allows the manufacture of complex scaffolds based on
a digital design. This technique has been highly improved over the last decade due to
increasing interest on tissue engineering and regenerative medicine. It focuses on a
layer-by-layer deposition of the so-called bioinks that can vary from polymers,

elastomers and hydrogels to biological components such as lipids.
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Figure 1: Various types of 3D bioprinting 2

There are various types of 3D bioprinting methods, such as piezoelectric bioprinting,
stereolithography, laser-assisted and pneumatic extrusion (Figure 1)°. Piezoelectric
or thermal injet bioprinting deposits droplets of fluid on a surface and usually
presents a resolution of = 100 um. Even if this method is fast, bioinks with low
viscosity are required for a successful printing. Stereolithography constructs a
programmed form by selective curing of photopolymerizable bioinks by UV light, and
has a resolution of = 1 mm.? This is an innovative technique that does not require a
surface to work on or a chemical crosslinker; but it does not have very high resolution,
and the use of UV light does not make it suitable for cell growth or for the use of
natural polymers, since it could lead to cell death or degradation of the polymer. In
laser-assisted bioprinting, focused laser pulses cause local vaporization of an energy

absorbing layer that leads to the formation of droplets based on the energy and



duration of the pulse. This is a nozzle-less approach that allows printing high viscosity
bioinks without facing potential clogging or increasing temperature of ejectors.
However, it has some downsides, such as the high cost of the printer or the inability

to print large constructs due to the limited width of the laser beam.*

The chosen method for this study is the pneumatic extrusion; which deposits a
continuous material line on a surface.” The bioink is pushed through a nozzle by
applying pressure and the resolution depends on the diameter of the printhead,
which can go from 15 to 400 um. This allows to work with more viscous materials,

even though cell viability might be penalized due to the high pressures.

The bioink used for this study is sodium alginate (SA). Alginate is a natural polymer
extracted from brown algae. It is a linear anionic polysaccharide formed by 1,4-B-d
mannuronic acid (M) and a-l guluronic acid (G) units. Often used for micro-organism
immobilization and hydrogel synthesis, gelation of alginate occurs rapidly due to
electrostatic interactions between the carboxylate groups and divalent or polyvalent
cations such as Ca?*, Mn?*, Zn%* and AI**.° Ca* is the most used cation since its bigger
size makes it more suitable for the interaction with multiple carboxylate groups,

following the so called “egg-box” model.’

The “egg-box” model depends on the orientation of functional groups and the
alignment of polymer chains to form a planar 2D structure that surrounds the cation
from both sides (Figure 2). For this reason, the poly-guluronic acid (GG) units, with
their axial connections, favour this type of interaction, as opposed to the equatorial
connexions of M units. Therefore, the final cross-linking level of the hydrogel depends

on the M/G unit ratio.
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Figure 2: Schematic Ca?* cross-linking of two SA chains following the “egg-box” model

After cross-linking, a water insoluble hydrogel is obtained. Hydrogels are hydrophilic,
three-dimensional networks that can absorb large quantities of water or biological
fluids. Hydrogel networks can extensively swell in agueous media.® Their hydrophilic
nature makes them very useful in tissue engineering, drug delivery, as self-healing

materials or for the creation of membranes, among others.

Since it is natural origin product, alginates can be produced at a wide variety of
molecular weights (Mw) from 50 to 100000 kDa. Although the G/M unit arrangement
can be controlled to some extent during the biosynthesis of the polymer, the final
arrangement and MW highly depends on the origin of the source materials.’ For this
reason, in most cases, commercially available sodium alginate powder does not
present Mw on the label. Therefore, the most common method to control the
stiffness of the final hydrogel product is changing the polymer concentration of the
aqueous SA solutions. The increase/decrease of SA content varies the viscosity of the
bioink used for 3D printing, which is a very important parameter for pneumatic
extrusion based bioprinting. For this reason, an optimization process for the SA
concentration and the printing parameters as the one described in this work is

necessary when working with natural materials.

In order to change the mechanical, chemical or biological properties of hydrogels,
other materials such as ceramics and nanomaterials can be added to the hydrogel
matrix. Nanoparticles (NP) are particularly interesting, because, their high surface

area to volume ratio gives them new mechanical, chemical, optical and magnetic



properties that are different from those of the bulk material.'° In this study, TiO2

nanoparticles are added to the SA hydrogel matrix.

TiO2 and other metal oxides such as ZnO or Fe;0s are known photosensitive
semiconductors that are often used as photocatalysts for oxidation reactions.'! The
photocatalytic properties of TiO, are known since the 70s when they were first
reported by A. Fujishima in 1972.%2 TiO is a n type semiconductor with a band gap of
=3eV. For electrons to move from the valence band to the conduction band hv must
be higher than Egap. For this reason, an artificial UV light source is required for TiO; to
act as a photocatalyst, since only 3-5% of the sunlight that reaches the troposphere

is UV radiation.®?

TiO, photocatalytic reactions mainly proceed via formation of reactive oxygen
species (ROS) such as OH:, 02" and H,0;. These hydroxyl radicals can easily oxidize
organic contaminants such as dyes. As it can be seen in Figure 3, when TiO; receives
radiation higher than its bandgap energy, it results in the promotion of an electron
to the conductive band (e'cg) and the creation of a hole in the valence band (h*ys). In
contact with water h*ys produce OH-, which has a strong electrophilic nature and can
oxidize electron rich molecules. On the other hand, in contact with Oy, e'cs produce

superoxide radical anions (O2~) whose further reaction with water produces H,0, .**
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Figure 2: Schematic representation of photocatalytic behaviour of TiO2



The main application of hydrogels containing TiO, NPs studied in this work is the
capture and degradation of organic dyes. Often used in textile industry to color fibers
and other materials, the presence of dyes in wastewater is very common. If they are
not efficiently removed from the environment, they can have a negative impact in
the conservation of natural ecosystems. High dye concentration in water can block
sunlight, reducing the photosynthetic activity of plants, algae and a wide variety of
microorganisms.’> These compounds can be potentially hazardous for humans as

well because of their toxic, mutagenic and carcinogenic nature.'®

In this study Alizarin Red S (AR), Methylene Blue (MB) and Bromophenol Blue (BPB)

dyes have been tested (Figure 4).

Alizarin Red S (1,2-dihydroxy-9,10-anthraquinonesulfonic acid) is a water soluble
anionic organic dye widely used in textile industry since ancient times.'” Originally
extracted from madder plant roots, it was one of the first natural dyes to be produced
synthetically. It also plays an important role in histology and tissue staining, since it

can stain calcium deposits in bones.*®

Methylene blue (tetra-methylthionine chloride) is a water and alcohol soluble
cationic thiazine dye commonly used in histology and microbiologic staining.*? It also

plays an important role in medicine as a treatment for methemoglobinemia.?°

Bromophenol blue 3',3",5',5"-Tetrabromophenolsulfonephthalein is a laboratory
acid-base indicator (color change from yellow to blue at pH 3.0-4.6), an industrial dye

and a biological stain. It is commonly used as a size marker for electrophoresis.’*

Figure 3: Molecular structures of a) Alizarin Red S, b) Methylene Blue and c) Bromophenol Blue dyes



All these dyes can easily react in presence of reactive oxygen species. The most
plausible degradation mechanisms, according to the literature for Alizarin Red,
Methylene Blue and Bromophenol Blue are shown in Schemes 1, 2 and 3 respectively.

In all cases the final products are colorless and non-toxic.

In the case of AR, the dye (in a cationic radical form) is attacked at C9 by OH- radicals.
This makes the molecule divide in two parts. One part is oxidized to phthalic acid,
which is relatively stable. The other part is oxidized to a hydroxyl intermediate and
then mineralized to CO,, H,0, C and SOs* (after going through small organic
intermediates such as aldehydes and carboxylic acids). For this reaction to occur, the
presence of O is important, because it prevents the recombination of the dye and

participates in the formation of more active oxygen radicals.??
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Scheme 1: Degradation pathway for Alizarin Red dye

For MB, the oxygen radical species first attack the N-CHs weaker bonds, and the CHs
groups are further oxidized to formaldehyde or acetic acid. Another OH- attack breaks
the C-S and C-N bonds in the middle ring dividing the molecule in two parts (the part

containing the -SOsH group is in equilibrium with phenyl thiophene). Further



oxidation leads to simpler single-ring structures and the final mineralization into

inorganic ions.”?
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Scheme 2: Degradation pathway for Methylene Blue dye

Finally, BPB, when attacked by the reactive oxygen species, generates 2-
hydrosulfonylbenzoic acid and 3, 5-dibromo-4hydroxybenzoic acid as major
degradation products. Further degradation through ring opening leads to the

formation of aliphatic intermediates and final mineralization into CO,, H,O and

inorganic ions.*
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Scheme 3: Degradation pathway for Bromophenol Blue dye



The main goal of this work is to study the printability of SA bioink containing TiO;
nanoparticles for dye removal, determining the optimum printing parameters for SA
concentration, printing speed and pressure. The characterization of the printed
hydrogels, as well as the studies on dye absorption will set the bases for the creation
of biofriendly SA membranes for capturing organic dyes from industrial wastewaters

for their posterior photocatalyzed degradation and elimination.

Photocatalyzed UV degradation of the bioink and the captured dyes will not be

covered in this work as it was beyond the scope of this project.

2 MATERIALS AND METHODS

2.1 Materials

Sodium alginate (SA) powder, TiO; nanopowder (<100nm particle size, 99.5% pure)
and Alizarin Red S dye powder were purchased from Sigma Aldrich, St Louis, MO,
USA. CaCl; used for crosslinking and Methylene Blue dye (Kiihne solution for
microscopy) were purchased from Panreac, Madrid, Spain. Bromophenol Blue dye

powder was purchased from Doesder, Barcelona, Spain.
2.2 Bioinnk preparation

40 mL of 10% (w/w) SA solution were prepared using deionized water and
mechanically stirred overnight. Then, an aqueous dispersion of TiO2 nanoparticles (10
mL) was added, followed by 3-4 h more of mechanical stirring, obtaining a
homogeneous mixture. The same procedure was followed to prepare three 10% SA
sample solutions (containing 0%, 0.1% and 0.5% of TiO2 NPs), three sample solutions

of 7.5% SA and other three of 5% SA.
2.3 3D Bioprinting optimization

The resulting bioinks were printed in a 3D bioprinter (Inkredible+, Cellink) on a glass

Petri dish previously wet with a 1M CaCl;, solution. The printing was carried out at



room temperature using a pneumatic print head with a 25 G (0.254 mm diameter)

nozzle. The nozzle-base distance was set at 7.4 mm.

Prior to printing, the viscosity of each solution was measured with a Brookfield

Ametek DV2T viscosimeter using a number 6 spindle.
2.4 Characterization of hydrogels

Thermal degradation of hydrogels was studied by thermogravimetric analysis
(TGA/SDTA851¢, Mettler Toledo) after crosslinking for 24 h and freeze-dried for 12 h.
Samples of 15 mg were heated under nitrogen atmosphere (flow of 20 mL/min) at a

5 °C/min heating rate from 25 to 800 °C.

The Young modulus of the hydrogel lines was determined by a tension test in a

universal testing machine (Metrotec, TLS) at 5 mm/min test speed.
2.5 Swelling

Hydrogel 2x2 cm grids printed at optimized conditions were freeze dried for 12 h after
24 h crosslinking with CaCl, 1M solution. 3-4 grids were used for each swelling test.
The scaffolds were introduced in deionized water at pH 7.6 and weighted at certain

time intervals.
2.6 Study of dye absorption and reactivity

One 2x2cm grid, previously crosslinked and freeze-dried was introduced in each vial
containing dilutions in water of Methylene Blue (MB), Alizarin Red (AR) and
Bromophenol Blue (BPB) dyes respectively for 24h for the qualitative study of

hydrogel-dye interactions.

For the study of the reactivity of AR five vials containing 50 ppm AR solution in
deionized water were prepared. Different samples of = 20 mg of SA polymer (Vial A),
10% SA 0% TiO2 NP hydrogels (Vial B), 10% SA 0.5% TiO2> NP hydrogels (Vial C) and

TiO2 nanoparticles (Vial D) were introduced in the solutions for 24h.

The quantification of dye absorption was studied by UV-Vis spectrophotometry using

MB dye and a Cintra 303 GBC spectrophotometer. The calibration curve was built



measuring the maximum absorbance of MB aqueous solutions at known
concentrations ranging from 0 to 20 ppm. For the kinetic study, 10 dried grids of 10%
SA 0% TiO2 NP were introduced in a 15 ppm MB solution and the absorbance of the
solution was measured at certain time intervals. The same procedure was followed

using the 10% SA 0.5% TiO2 NP hydrogels.

3 RESULTS AND DISCUSSION

3.1 3D Bioprinting optimization

In order to determine the optimum pressure and printing speed values for the 3D
printing of SA-TiO2NP hydrogels, 3 lines were printed at a fixed pressure at 300, 600
and 800 mm/min printing speed. Each test was repeated 4-5 times to ensure that the

results were constant.

Each set of 3 lines was photographed, and lines were evaluated in terms of
homogeneity and thickness. The images were analyzed with programme Image J to
determine the diameter of the hydrogel lines. 5 measurements were taken for each

line.

Then, the lines were marked as red if they showed very poor homogeneity and/or
had a diameter of > 1.0 mm; yellow if they showed an overall good homogeneity with
small bumps or thickness changes along the line with a line diameter of 0.6 to 1.0
mm; and green if they were thin homogeneous lines with a diameter of < 0.6 mm. An

example containing these three types of hydrogel lines can be observed in Figure 5.
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Figure 5: Hydrogel lines with 5% SA and 0.5% NP printed at 15 kPa pressure. Red circle indicates a
poorly homogenous line, yellow indicates a mediocre line and green a thin homogenous line

After the analysis of the size and homogeneity of the lines, it was determined that
the 5% SA solutions were not viscous enough for an optimum printing (1< 1000 cP in
both cases). Although some of the lines printed using these solutions were uniform,
they were mostly too thick, and some drops leaked between the lines due to the low

viscosity. This phenomenon can be observed in Figure 6 a), b) and c).

Even though the leaking was not as evident in the 5% SA solutions containing 0.5%
TiO2NPs (Figure 6 d), e) and f)), it still occurred. Also, despite some of the lines printed
at 600 and 800 mm/min were relatively thin and homogeneous, in comparison with
the 10% SA and 7.5% SA samples, the diameter of the lines was large. Therefor, the
%5 SA solutions were not used to print the hydrogels that were later characterized.
The thinnest 5% SA 0% NPs hydrogel was printed at 20 kPa pressure and 800 mm/min
speed and had a diameter of 0.9 + 0.1 mm. The thinnest 5% SA 0.5% NPs hydrogel
was printed at 10 kPa pressure and 800 mm/min speed and had a diameter of 0.81 *

0.06 mm.
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Figure 6: 5% SA 0% TiO2 NPs hydrogel lines printed at a) 15 kPa b) 20 kPa and c) 25 kPa. 5% SA 0.5% TiO2
NPs hydrogel lines printed at d) 10 kPa e) 15 kPa and f) 20 kPa

The 7.5% SA solutions had a greater viscosity, ranging from 3500 to 4600 cP. Due to
the increase of the viscosity, no leaking was observed between the printed lines. The
solutions containing TiO2 NPs were more viscous, so higher pressure values were

required for optimum printing.

The thinnest 7.5% SA 0% NPs hydrogel was printed at 30 kPa pressure and 800
mm/min speed and had a diameter of 0.50 + 0.03 mm (Figure 7 a)). The thinnest 7.5%
SA 0.1% NPs hydrogel was printed at 30 kPa pressure and 800 mm/min speed and
had a diameter of 0.52 + 0.04 mm (Figure 7 b)). The thinnest 7.5% SA 0.5% NPs
hydrogel was printed at 30 kPa pressure and 800 mm/min speed and had a diameter

of 0.49 + 0.03 mm (Figure 7 c)).
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Figure 7:a) 7.5% SA 0% TiO2 NPs b) 7.5% SA 0.1% TiO2 NPs and c) 7.5% SA 0.5% TiO2 NPs hydrogel lines
printed at 30 kPa pressure

The 10% SA samples were the most viscous among the tested solutions, having a
viscosity ranging from 8300 to 13500 cP. No leaking was observed between the
printed lines. However, despite the increase of the viscosity in comparison to the

7.5% SA samples, the pressure values required for optimum printing were similar.

The thinnest 10% SA 0% NPs hydrogel was printed at 25 kPa pressure and 800
mm/min speed and had a diameter of 0.45 + 0.05 mm (Figure 8 a)). The thinnest 10
% SA 0.1% NPs hydrogel was printed at 35 kPa pressure and 800 mm/min speed and
had a diameter of 0.38 + 0.01 mm (Figure 8 b)). The thinnest 10% SA 0.5% NPs
hydrogel was printed at 35 kPa pressure and 800 mm/min speed and had a diameter

0.51 £ 0.07 mm (Figure 8 c)).

Figure 8: a) 10% SA 0% TiO2 NPs hydrogels printed at 25 kPa pressure, b) 10% SA 0.1% TiO2 NPs
hydrogels printed at 30 kPa pressure and c¢) 10% SA 0.5% TiO2 NPs hydrogels printed at 35 kPa pressure
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A summary of the optimized printing parameters for each SA solution can be
observed in Table 1. As expected, the increase of SA concentration augmented the
viscosity of the solutions and, therefore, the pressure required for an optimum
printing. The addition of TiO2 NPs also caused an increase in the viscosity of the
solutions and the optimum printing pressure. It was determined that in order to have

a line diameter of < 0.6 mm the bioink should have a viscosity of > 3000 cP.

Table 1: Optimized printing parameters for tested SA solutions

Solution Viscosity | Optimum P Optimum speed Line thickness Reference
(cP) (kPa) (mm/min) (mm) image
5% SA 0% NP 666 20 800 09+0.1 Figure 5 b)
5% SA 0.5% NP 740 10 800 0.81+0.06 Figure 5 d)
7.5% SA 0% NP 3500 30 800 0.50+0.03 Figure 6 a)
7.5% SA 0.1% NP 4500 30 800 0.52+0.04 Figure 6 b)
7.5% SA 0.5% NP 4600 30 800 0.49 +£0.03 Figure 6 c)
10% SA 0% NP 8650 25 800 0.45+0.05 Figure 7 a)
10% SA 0.1% NP 11000 30 800 0.38£0.01 Figure 7 b)
10% SA 0.5% NP 13500 35 800 0.51+0.07 Figure 7 c)

3.2 Thermogravimetric analysis (TGA)

The thermal stability of the bioinks was analyzed by TGA. The thermographs obtained
for previously dried hydrogels of 10% SA 0%, 0.1% and 0.5% TiO2 NPs are depicted in

Figures 9, 10 and 11 respectively.

The degradation of the three samples was very similar, presenting two main
degradation steps of 15% and 7% occurring at T = 158-178 °C (Tpeak = 168 °C) and T =
278-301 °C (Tpeak = 290 °C) respectively. For all 10% SA 0%, 0.1% and 0.5% TiO2 NP
samples the high final residue of 40%, 42% and 39% respectively matches the
degradation profile of a typical polysaccharide. Even if, the presence of TiO, NPs
could vary the degradation pathways due to catalytic effects, in these systems this
influence was not observed, so these NPs concentrations do not seem to affect the

degradation of the hydrogel. It was expected to find small changes on the final
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residue corresponding to the NPs concentration. However, the amount of NPs in the

gels was too small to get any noticeable difference.
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Figure 10: TGA-DTA analysis of 10% SA 0.1% TiO2 NPs hydrogels
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Figure 11: TGA-DTA analysis of 10% SA 0.5% TiO2 NPs hydrogels

3.3 Mechanical properties

For the study of the mechanical properties a tension test was carried out for 10% SA
0%, 0.1% and 0.5% TiO2 NP hydrogel lines. The obtained stress (o) vs. strain (g)
representation can be observed in Figure 12. The Young’s Modulus (E) of the hydrogel
samples was determined from the slope of the stress vs. strain curve at < 0.1 strain

levels (1).
c=F- ¢ (1)

The test was repeated 5 times for each composition, obtaining an average Young’s
Modulus value of 4 £ 1 MPa for 10% SA 0% TiO, NPs hydrogels, 6 £ 1 MPa for 10% SA 0.1%

TiO; NPs and 7 £ 1 MPa for 10% SA 0.5% TiO; NPs. In this case, the addition of nanoparticles

had a positive impact on the stiffness of the hydrogels.
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Figure 12: Strain vs. stress representation of the mechanical properties for 10% SA 0%,
0.1% and 0.5% NPs hydrogels.

3.4 Swelling

Freeze-dried hydrogel grids were introduced in deionized water at pH 7.6 ,and
weighted at 1 min time interval from toto t =5 min, and 5 min time interval fromt =
5 min to t = 40 min. The experiment was repeated three times using gels with the

same NPs content.
The swelling ratio of the hydrogels was determined by comparing the weight of the
hydrogel at each time with the initial weight of the dried hydrogels (2).

Swelling %(t) = Hydrogel mass (t)

Hydrogel mass (tg) 100 (2)

As seen on Figure 13, 10% SA 0% NPs hydrogels swelled untill 460% of their weight
at t = 1 min. After releasing the excess of water, the swelling remained constant at

420-430% of the initial weight.

A similar behaviour, but in a smaller scale, was observed in the 10% SA 0.5% NPs
samples, which swelled untill 320% of the initial weight at t = 1 min and then

reamined constant at 270-280% after releasing the excess of water.
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Figure 13: Swelling ratio of 10% SA 0% and 0.5% TiO2 NP hydrogels

A possible explanation for this behaviour is that at t = 1 min water molecules, apart
from filling the empty cavities of the gel also replaced some of the Ca?* ions, making
it swell more. But since Ca?* ions have more affinity with alginate chains than water

molecules, they were rapidly replaced back, leading to the mass loss.

It was expected that the hydrogels containing NPs would swell less than the ones
without NPs, because, the interactions between the NPs and the hydrogel can lead

to a reduction of the pore size.
3.5 Qualitative studies on dye absorption and reactivity

After 24h in their respective solutions, the 10% SA 0% TiO, NP grids were compared
in terms of color intensity in order to find the most suitable dye for the absorption
kinetics experiment. As it can be observed in Figure 14, the grids in contact with MB
and AR dyes present an intense color in comparison with the blank sample, showing
strong interaction between hydrogels and dyes. On the other hand, the hydrogel
sample in contact with BPB dye shows an almost imperceptible change in color. When
comparing the chemical structures of the dyes, one possible explanation is that the

BPB molecule, being bigger than the other two (it is a three-dimensional molecule

18



with 4 rings, while the others are almost planar and consist of just 3 rings) does not

have the size to fit into the cavities of the gel.

6(0»“\0 MOQ
A (6&66

Figure 14: 10% SA 0% TiO2 NP hydrogel grids after 24 h in a) deionized water, and aqueous solutions
of b) BPB, c) MB and d) AR dyes with their respective chemical structures

Another phenomenon that occurred during this experiment was the formation of a
red precipitate on the AR sample, that adsorbed on the surface of the hydrogel giving
it that color. The main hypothesis is that this precipitate is the calcium salt observed
in Figure 15 which is a product formed when AR is in contact with calcium deposits
by electrostatic interaction between Ca?* and the deprotonated -OH groups of AR. */
This reaction might have occurred in contact with the hydrogel because CaCl; was

previously used as a cross-linker.
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Figure 15: Possible AR-Ca?* salt structure

In order to check if the calcium within the hydrogels was the only compound AR could
react with, 5 vials containing SA polymer (A), 10% SA 0% TiO2 NP hydrogel grids (B),
10% SA 0.5% TiO2 NP hydrogel grids (C), TiO, nanopowder (D) and a blank were
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prepared and an aqueous solution of 50 ppm of AR was added to each vial. After 24
h, the vial containing TiO2 nanopowder (Figure 16 d)) and the blank showed no sign
of reaction; but, the vials containing vials containing SA polymer, 10% SA 0% TiO2 NP
hydrogel grids and 10% SA 0.5% TiO> NP hydrogel grids (Figure 16 a), b) and c)) had
reacted: the solution containing the polymer turned red and in the samples
containing hydrogels a red precipitate appeared. So, it was determined that AR also

reacted in contact with sodium alginate.

Figure 16: Qualitative study on the reactivity of AR after 24 h

After the qualitative experiments, it was determined that, due to the reactivity of AR
and the size and poor affinity with the hydrogels of BPB, the most adequate dye to

perform quantitative dye absorption experiments was MB.
3.6 Dye absorption kinetics

The UV-vis spectra of diluted MB dye was obtained to determine the maximum
absorbance wavelength (Figure 17). The maximum absorbance peak was found to be
at 663 nm. A calibration curve was built by measuring the absorbance at 669 nm of 5
aqueous MB solutions with known concentrations ranging from 0 to 20 ppm. The
concentration of MB was determined by measuring the absorbance at the
wavelength of 669 nm following Beer-Lambert’s law (3) and compared with its

calibration curve both in deionized water ( A = 0.143 L/mg + 0.006; R? = 0.995).

A =¢€|-[MB] (3)
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Figure 17: UV-vis spectrum of MB dye

The dye absorption test was carried out by sumerging 10 hydrogel gridsina 15.8 ppm
MB solution and measuring the absorbance at t =2 min, t =5 min, time intervals of 5
min from t =5 min to t = 30 min and finally t = 40 min, t = 60 min and t = 90 min. The
[MB] absorbed in the gels was determined by difference between the initial
concentration of the solution and the MB concentration at t, assuming that the dye
that was not in the solution was loaded in the hydrogels. The [MB]uydrogel change over
the time can be seen in Figure 18 for both 10% SA 0% NP and 10% SA 0.5% NP
samples. The results show that the hydrogels absorbed 4.1 ppm of MB in 90 minutes
meaning they captured 26% of the initial dye concentration. Both samples showed
very similar behaviour. The decrease in concentration followed an almost linear
tendency in the first 30 minutes and it slowed down as it got closer to the saturation

point.
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Figure 18: Variation of [MB]uydrogels Over time in 10% SA 0% and 0.5% TiO, NPs hydrogels

Another measurement was taken at t = 24 h to see the final concentration in the
solution assuming that the gel would have reached the saturation point at that time.
After 24 h the [MB] loaded in the hydrogels was 6.1 ppm for the 10% SA 0% NP sample
and 6.0 ppm for the 10% SA 0.5% NP sample, meaning a final MB capture of 42%
relative to the initial concentration. These results show that, despite the relative
thinness of the printed hydrogel grids that does not allow to have a lot of space within
the gels for the dye to fit in, a quantifiable amount of dye was captured. During the
process the hydrogel grids did not react with the dye and no sign of degradation of

the hydrogels was observed.

4 CONCLUSIONS

In summary, 3D printing parameters were optimized for the sodium alginate bioinks
with different polymer and TiO, nanoparticle concentrations. The aqueous alginate
solutions were printable at all tested nanoparticle concentrations and the optimum
pressure values for printing changed depending on the viscosity of the solution, being
the more viscous solutions of 7.5% and 10% alginate concentration the most
adequate bioinks for an optimum bioprinting. The addition of TiO; nanoparticles does

not affect the printability of the bioinks at concentrations below 0.5%, although the
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interactions between the polymer chains and the nanoparticles cause small

alterations on the viscosity.

The tests showed that the interaction between the TiO, nanoparticles and the
polymer does not affect the thermal degradation of the hydrogels. The Young’s
modulus obtained from mechanical tests increases due to the rigidity provided by the

intercalation of the TiO, nanoparticles in the polymer chains.

As the pore size of the hydrogel determines the diffusion of the dyes within the
hydrogel network, the dye absorbing capacity of the hydrogel depends on its
structure. Due to the pore size of the bioprinted hydrogels, the size bigger of the
Bromophenol Blue dye molecules limited its diffusion and Alizarin Red reacted with
the Ca?* cross-linked hydrogels producing a red precipitate. Methylene blue has a
higher diffusion within the hydrogel network that allows a successful, quantifiable

capture of the dye.

Due to time and equipment limitations photocatalyzed degradation of the dyes

within the gels was not tested, but it is the main goal of further research on this topic.
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