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Abstract: This study states the preparation of novel ink with potential use for bone and cartilage tissue
restoration. 3Dprint manufacturing allows customizing prostheses and complex morphologies of
any traumatism. The quest for bioinks that increase the restoration rate based on printable polymers
is a need. This study is focused on main steps, the synthesis of two bioceramic materials as WO3 and
Na2Ti6O13, its integration into a biopolymeric-base matrix of Alginate and Gelatin to support the
particles in a complete scaffold to trigger the potential nucleation of crystals of calcium phosphates,
and its comparative study with independent systems of formulations with bioceramic particles
as Al2O3, TiO2, and ZrO2. FT-IR and SEM studies result in hydroxyapatite’s potential nucleation,
which can generate bone or cartilage tissue regeneration systems with low or null cytotoxicity.
These composites were tested by cell culture techniques to assess their biocompatibility. Moreover,
the reinforcement was compared individually by mechanical tests with higher results on synthesized
materials Na2Ti6O13 with 35 kPa and WO3 with 63 kPa. Finally, the integration of these composite
materials formulated by Alginate/Gelatin and bioceramic has been characterized as functional for
further manufacturing with the aid of novel biofabrication techniques such as 3D printing.

Keywords: biomaterials; biopolymer; bioceramics; bone; cartilage; restoration

1. Introduction

Actual technologies allow intricate and customizable designs for implants. Biofabrica-
tion coming from state-of-the-art additive manufacturing techniques such as 3D printing
are novel technologies that offer reproducibility, easy printer handling, evade conventional
molds, avoid raw material waste, and can be operated remotely [1,2]. Hydrogels have
demonstrated to be an excellent alternative for tissue replacement; therefore, several natural
polymers such as collagen, chitosan, gelatin, silk are under development for many biomed-
ical applications in the tissue engineering domain [3,4]. Additionally, its physicalchemical
properties such as viscosity, pH, cross-linking, and concentration will allow these systems
to be manufactured in 2D and 3D structures, especially in extrusion-based 3D printers,
allowing them to pass the formulated inks through extrusion channels as needles or tips [5].
Respecting biocompatibility and interaction with the patient requires appropriate mechan-
ical properties, accurate degradation time in the in vivo host’s function, and biomimetic
ability depending on the specific cell population and tissue under study [6–8].

The benefits of these hydrogels-based inks are the possibility of generating complex
structures that mimic specific parts of the human body according to patients’ particular
needs. These materials allow the unique designs of complex systems and appropriate
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mechanical properties, measured by its elasticity module or intrinsic strength depend-
ing on the tissue that needs to be addressed [9–11]. The purpose of tissue regeneration
is to produce specific biological substitutes for patients to counteract the limitations in
treating damaged tissues, such as the scarcity of replacement, chronic rejection, cytotox-
icity, or cellular non-proliferation [12]. The hydrogel interaction in the targeted tissue
requires appropriate mechanical properties, accurate time of degradation, and biomimetic
properties depending on the specific tissue in which it is working [13–15]. Alginates are
naturally derived linear copolymers of 1,4-linked ß-D-mannuronic acid and a-L- guluronic
acid residues that form crosslinked structures in the presence of divalent cations. Their
hydrogels are soft, dissipative materials and are mainly studied for biomedical and phar-
maceutical applications [16]. One of the blends that have caught the attention of studies in
drug delivery and tissue engineering effects is alginate/gelatin to enhance the properties
of the synthesized hydrogel. On the other hand, gelatin is used widely in biomedical
applications; this is a thermoresponsive polymer that undergoes reversible sol-gel transi-
tion, which depends not only on temperature but also on the concentration of the gelatin
solution [17]. In previous works, alginate/gelatin systems showed excellent performance
during the extrusion process, presenting porous polymeric nets combined with bioactive
fillers or bioceramics, which can stimulate apatite nucleation for tissue regeneration [17,18].
According to Urruelas et al., viscoelastic studies showed a higher storage modulus than
the loss modulus at low shear rates in the Alginate-Gelatin system (3.5:0.8% w/v) with
a 0.2 w/v% CaCl2—in this case, when G’ > G” avoids the collapse of the materials once
printed. Furthermore, adding 1% nanoparticles does not seem to affect the solution be-
havior [19]. Therefore, bioceramics as Titanium hexatitanate (Na2Ti6O13), Zirconium oxide
(ZrO2), Aluminum oxide (Al2O3,), and Titanium oxide (TiO2) and Tungsten oxide (WO3)
particles can potentially promote the hydroxyapatite nucleation, and enhance its mechani-
cal properties depending on the desired targeted tissue [17,20–22]. In this study, the stated
Al2O3, Na2Ti6O13, TiO2, ZrO2 and WO3 bioceramics were embedded in an alginate-gelatin
matrix and characterized physicochemically. Bioactivity evaluation is a crucial opportunity
to scale the system to its implementation to have a specific alternative to the lack of tissue
donors and at the same time counteract diseases of a bone nature such as osteoporosis [23].
The bioceramics particles are expected to reduce toxicity and optimize cellular proliferation
in time and quantity by generating hydroxyapatite [24–26].

2. Methodology

The following materials and reactants were used to formulate the polymer base and
the necessary particles for the reinforcement and subsequently realize the fundamen-
tal characterizations. Titanium (IV) propoxide (97%, Sigma-Aldrich, Saint Louis, MO,
USA), tert-butanol (>99%, Sigma-Aldrich, Saint Louis, MO, USA), Gelatin (cold water
fish skin, Sigma-Aldrich, Saint Louis, MO, USA), hydrochloric acid, (37%, Sigma-Aldrich,
Saint Louis, MO, USA), sodium tungstate dihydrate (99%, Sigma-Aldrich, Saint Louis, MO,
USA) titanium dioxide(20 nm, Sigma-Aldrich, Saint Louis, MO, USA), dialuminum trioxide
(21 nm., Sigma-Aldrich, Saint Louis, MO, USA) and zirconium (IV) dioxide (Sigma-Aldrich,
Saint Louis, MO, USA), sodium acetate, (99%, Sigma-Aldrich, Saint Louis, MO, USA),
sodium nitrate (>99%, Sigma-Aldrich, Saint Louis, MO, USA), potassium chloride (99–105%,
Vetec, Saint Louis, MO, USA) anhydrous sodium sulfate (>99%, Sigma-Aldrich, Saint Louis,
MO, USA), trizma base (>99.9%, Sigma Aldrich, Saint Louis, MO, USA), dibasic potassium
phosphate (>98%, Sigma-Aldrich), sodium bicarbonate (100188, CTR Scientific, Monterrey,
Mx), magnesium chloride hexahydrate (99–102%, Sigma-Aldrich, CTR Scientific, Monterrey,
Mexico), potassium chlorate (99–100.5%, Vetec, Saint Louis, MO, USA), sodium chloride
(99%, Vetec, Saint Louis, MO, USA), magnesium chloride (99–102%, Monterrey Chemi-
cals), phosphate buffered saline (Sigma-Aldrich, Saint Louis, MO, USA), deionized water,
and milliQ water(Filters from FEMSA biotechnology center)
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2.1. Particles Synthesis

This synthesis method with disodium hexatitanate uses tert-butanol (>99%, Aldrich),
sodium acetate (99.99%, Aldrich), and the precursor of inorganic ion is titanium isopropox-
ide (IV) (97%, Aldrich). It is added until it dissolves in a 10:1 volume relation with the
solvent and 2:1 with deionized water. After obtaining the homogenous and crystalline
solution, it is added to the titanium precursor dropwise. It is necessary to declare that this
step must be made in an environment far from the light because titanium isopropoxide (IV)
is photosensitive and reacts with light interaction. A thermic treatment is applied in an oil
bath for 24 ◦C at 70 ◦C with constant stirring. Once treated, the solvent is evaporated at a
temperature of approximately 40 ◦C, the wet gel is dried at 80 ◦C by 48 h and proceeds to
spray the sample in a crucible, taking portions of the sample and calcining at 200 ◦C, 400 ◦C,
600 ◦C, 800 ◦C, 1000 ◦C, and 1200 ◦C, to be previously characterized and used in future
protocols, presented in Figure S1 (XRD), Figure S2 (TGA), and Figure S3 (FT-IR) [27,28].

Tungstate oxide was obtained by precipitation, followed by a thermal treatment in an
oil bath. Every 5 g sodium tungstate dihydrate a WO4*2(H2O) (99%, Sigma-Aldrich) as a
precursor of the tungsten ion, dissolving in 150 mL of water free of salts, either deionized
or milliQ to form a transparent solution. Hydrochloric acid (37%) is added dropwise until
it becomes crystalline yellow. The above solution is treated at a constant temperature
of 95 ◦C for 24 h until a white-yellow precipitate of sodium tungsten oxide hydrates
((Na0.17WO3.085)(H2O)0.17). The remaining powder WO3 powder was obtained by drying
the precipitate at 110 ◦C and then calcined at 500 ◦C for five hours (the heating speed at
approximately 5 ◦C min−1), with a speed of cooling speed of about 2 ◦C min−1) in a flask,
characterization at Figure S4 (XRD), Figure S5 (TGA), and Figure S6 (FT-IR) [29].

2.2. Hydrogels Preparation

The preparation method integrates the biopolymers Alginate 3.5% and Gelatin 0.88% (w/w)
into milliQ water, after stirring at 45 ◦C/2 h constantly. The pre-crosslinked solution
(0.2% w/v of calcium chloride) is extruded into specific morphology and then laid down
into a 6% w/v calcium chloride solution for hardening the material. However, ionic
crosslinking acts immediately. It is recommended to leave the material in the solution for
more extended periods, depending on the sample’s morphology and size, which could go
from minutes to hours [19,30].

The Alginate/Gelatin polymer-based is stirred as a pre-crosslinked polymer at 45 ◦C/2 h;
1% of bioceramics was added to the alginate/gelatin and stirred for an hour, and the mix
was ultrasonicated to obtain a homogeneous solution [31]. The composition of hydrogel-
bioceramics systems is presented in Table 1.

Table 1. Label samples by their composition.

%Alginate Hydrogels % Gelatin 1% Bioceramic Filler Label

3.5 0.88 - AG1
3.5 0.88 Al2O3 * AG2
3.5 0.88 Na2Ti6O13 AG3
3.5 0.88 TiO2 * AG4
3.5 0.88 ZrO2 * AG5
3.5 0.88 WO3 AG6

* commercial.

2.3. Instrumentation for Chemical and Mechanical Characterization

X-ray diffraction powder. XRD analyses of biocomposites were assessed in a PANalyt-
ical Empyrean diffractometer (PANalytical, Almelo, The Netherlands) with a 2θ between
10–80◦ with CuKα radiation with a 45 kVA and a current of 40 mA. Mechanical Proper-
ties. The Instron 3360 universal machine analyzes cross-linked reinforced hydrogels at
1 mm/min to obtain the average modulus of elasticity measurement. Fourier-transform
infrared spectroscopy. Perkin Elmer Spectrum 400 spectroscope equipment was used
for FT-IR (Waltham, MA, USA) recorded in the wavelength range between 400 cm−1 to
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4000 cm−1 at room conditions. Thermogravimetric analysis. TGA was performed in a
Perkin–Elmer Pyris 8000 equipment (Monterrey, México) with a heating rate of 10 C/min
from 50–700 ◦C. Microscopy analysis was observed in an EVO MA25 Zeiss Scanning elec-
tron microscope (Zeiss, Jena, Germany). The conditions were an accelerating voltage of
20 kV, and high vacuum samples were previously coated with carbon. Dynamic light scat-
tering (Malvern Panalytical–Zetasizer), sometimes called photon correlation spectroscopy
or near-elastic light scattering, is a technique for measuring particle size, measuring Brow-
nian motion; this phenomenon corresponds to the random movement of the particles due
to the bombardment of the molecules in the solvent that surrounds them.

2.4. 3D Printing

The additive manufacturing technique of 3D extrusion-based printing was used for
the composites of Alginate/Gelatin hydrogels with nanoparticles with the assistance of
custom-designed bioprinter with double extrusion processes (1) thermoplastic extrusion
and (2) piston mechanical motor extrusion (3D Biofactory, 3D FACTORY MX, Monterrey,
México). The mechanical piston motor was used for the process due to the materials’ shear-
thinning properties [32]. A cylinder of 20 mm in diameter and 3 mm in height was designed
in Solidworks 2021 and introduced to Cura (Ultimaker, The Netherlands) to generate the
g-code. A syringe of 10 mL was mounted in the extrusion system with a cylindrical needle
of 0.43 mm. Printing parameters were a layer height of 0.1 mm, a dispensing speed of
0.4 mm/s, an infill line distance of 5 mm; extrusion flow was varied from 40%, with no
addition of heat during the extrusion process [33–35].

2.5. Cell Culture and Cell Viability Assay

Endothelial cells C166 line (ATCC® CRL-2581TM) were cultured using DMEM (Dul-
becco’s Modified Eagle’s Medium, Sigma, D7777, Saint Louis, MO, USA ) as culture
medium, supplemented with 10% FBS (Fetal Bovine Serum, Biowest, S1650) and strep-
tomycin (100mg/mL; GIBCO, 15140, Inc. Grand Island, NY, USA). Cells were incubated
in 95% air-5% CO2 at 37 ◦C. Cell culture passages were performed when they reached
80% confluence. To determine the toxicity of the selected materials composite of Alg/Gel
and bioceramic in endothelial cells, C166 cells were cultured at 1 × 103 cell/mL in 96-well
plates and incubated for 24 h with different experimental conditions. Control (incubated
only with DMEM) and different concentrations of the selected composites or free Al2O3
were resuspended, sonicated, and incubated within the cells with DMEM. As an initial
test, the toxicity of the different composites and particles were studied at concentrations
of 100, 500, and 1000 µg/mL. Triplicates of each of these experiments were generated for
statistical analysis of the results. To determine cell viability after the time of treatment with
the experimental groups (after 24 h exposure with composite of Alg/Gel and bioceramic),
the cells were incubated with Alamar blue (Sigma-Aldrich, Saint Louis, MO, USA) (1:10)
for 3 h at 37 ◦C. This procedure measures the metabolic activity of cells through their ability
to reduce resazurin (Alamar blue) to resorufin (its fluorescent form) by oxide reductases
that are mainly found in the mitochondria of living cells, which can be quantified through
spectrophotometry at wavelengths of 560 and 590 nm for excitation and emission, respec-
tively. Cell viability assay: ANOVA data were analyzed, followed by Dunnett’s multiple
comparisons tests using Graph Pad InStat (Graph Pad Software, San Diego, CA, USA). Data
were expressed as means ± SD. A p-value of <0.05 was considered statistically significant.

3. Results and Discussion

X-ray diffraction. XRD studies were assessed on samples previously dried. In Figure 1I,
diffractograms of alginate/gelatin with 1% bioceramics added are observed (Figure 1 (IA–IF)).
A semicrystalline curve is observed in 1IA, the mixture of porcine gelatin and sodium
alginate presents typical noise in the curves, and prominent peaks are observed at 23 and
26◦ [36]. The Figure 1(IB) curve shows principal peaks due to the presence of crystalline
corundum, also called sapphire M = 101.96 g/mol and ρ = 3.98 g/cm3 (JCPDS: 01-076-7774;



Gels 2021, 7, 184 5 of 12

35.35, 43.46, 57.65◦; Al2O3) [37]. The 1IC curve shows the highest representative intensities
related to sodium hexatitanate, M = 301.58 g/mol, ρ = 2.484 g/cm3. overlapped with algi-
nate and gelatin signals, (JCPDS: 01-081-9759; 17.37, 31.06, 32.62, 36.07◦; Na2Ti6O13). Curve
1ID displays peaks of composite particles of titanium dioxide, anatase (JCPDS; 01-075-8897;
38.34, 48.23, 63.02◦; anatase TiO2) and rutile (JCPDS; 01-079-6029; 54.67, 41.43◦; rutile TiO2)
M = 79.866 g/mol, ρ = 4.23 g/cm3. Curve 1IE shows that, besides the alginate-gelatin
matrix, the highest intensities of zirconia are presented (JCPDS: 31.67, 34.41; 50.37◦ cubic
ZrO2): M = 123.218 g/mol, ρ = 5.68 g/cm3 for some intensities for tetragonal zirconia.
Finally, diffractogram 1IF of particles embedded in the alginate-gelatin matrix confirmed
the presence of tungstate oxide particles (JCPDS: 00-024-9747; 23.98, 22.67, 33.46◦; tetrag-
onal WO3), M = 231.84 g/mol, ρ = 7.16 g/cm3. This study served to present an accurate
definition of all the compounds of the different bioinks at crystalline point of view, in order
to provide an accurate state from the bioceramic compounds used for our formulations.
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Mechanical properties. Samples were rehydrated, and mechanical assessment is
observed in Figure 1II. Control behavior (AG1) in (IIA), the lowest of the set. In general,
samples reinforced with 1% of particles exhibit better performance than non-reinforced
hydrogel. The samples IID and IIE present a good deformation and increase the strength
to 16 and 18 kPa. The sample reinforced with alumina (IIB) shows a higher strength and
similar performance than IIA without any reinforcement. A strengthening is observed of
composites (IIC) and (IIF) (sodium hexatitanate and tungstate oxide), and 35 and 63 kPa
results agreed with previous studies [19]. Therefore, our synthesized particles that have the
highest molecular weights provide a higher mechanical strength, which could be applied
for rigid-living systems such as cartilage, parts of bone tissues, or even from other rigid
biological entities [38].

Infrared spectroscopy. In Figure 2, the apatite nucleation is observed in samples
soaked for three weeks in simulated body fluids. All samples showed main characteristic
bands, at low wavenumbers 430, 462 cm−1 [PO4

3−] υ2 vibration. At 548, 644, and 658 cm−1

[PO4
3−], υ4 vibration types occur and 937 cm−1 vibration type [PO4

3−] υ1 [39]. A large
band is observed in all samples at 1033 cm−1, a bending mode of PO4 [39,40]. At 882,
a band related to HPO4

2− appears, usually characterizes Hap with calcium deficiency.
1452, 1530, and 1622 cm−1 are located bands due to CO3

2− in Hap type B [41]. Type B-
apatite substitution is a replacement in phosphate groups that promotes bone regeneration
and a higher solubility [42]. Infrared analysis as a semiquantitative technique reflected that
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some samples observed larger transmittance apatite bands as follows: AG2 > AG3 > AG4
> AG6 > AG5 > AG1. EDS analysis confirmed the presence of compounds rich in calcium
and phosphorus in Table 2. However, Ca/P ratios are far from bone ratio at 21 days
soaked in simulated body fluids (1.67). Therefore, the interaction of the formulations
after three weeks in a simulated physiological fluid arrows and important insight of a
potential nucleation of apatite-like crystals, which is crucial for bone-tissue engineering
methodologies. On the other hand, FTIR studies were used to corroborate the correct
synthesis of Na2Ti6O13 and WO3; therefore, different measurements were temperatures of
calcination presented in the Supplementary Information (Figures S1–S6), which states that
Na2Ti6O13 and WO3 must be calcined at 1200 ◦C and 500 ◦C, respectively.
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SEM studies. All samples were crosslinked in calcium chloride soliton and soaked for
21 days in simulated physiological fluids as in the methodology, as referenced. In Figure 3A,
hydrogel AG1 shows a discrete hole (~15 µm) and a smooth surface. Figure 3B photomi-
crography shows a rough surface, particles of 5–10 µm over the surface. In Figure 3C,
white round particles are deposited with a size of 2–3 µm. In Figure 3D, a semi-rough
surface is observed; Figure 3E shows that few particles on an uneven surface are observed.
However, in Figure 3F, a rough layer is deposited over the substrate and a layer with high
calcium and phosphate concentration content is exhibited, extracted by EDS. The analysis
of energy-discursiveness of AG2, AG3, AG4, AG5, and AG6 substrates shows contents of
elemental calcium and phosphorus; the Ca/P are higher than those expected for hydrox-
yapatite (1.67). This study can also be observed in Table 2. In addition, sodium chloride
content is still observed from physiologic fluids. For comparative evaluation of substrates,
AG3 and AG6 presents larger particles and a cover, respectively, in the surface.
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Table 2. Size from bioceramics used for this comparative study and EDAX data.

Sample AG1 AG2 AG3 AG4 AG5 AG6

Bioceramic Filler Al2O3 Na2Ti6O13 TiO2 ZrO2 WO3

Particle Size (nm) - 516.2 200.5 652.2 459.2 210.2

Oxygen (%) 57.13 77.64 65.65 71.28 77.83
Calcium (%) 14.4 9.38 - 11.66 10.56
Sodium (%) 12.63 6.04 8.88 6.89 6.14
Chlorine (%) 14.83 4.18 - 4.61 2.88
Phosphorus (%) 2.80 0.99 - 3.38 2.13
Potassium (%) 0.46 - - 1.4 -
Titanium (%) - 0.43 23.69 - -
Aluminum (%) - 0.57 1.78 - -
Silicon (%) - 0.34 - - -

Ca/P (%) - 5.14 9.47 - 3.45 4.9

Dynamic light scattering. An analysis of size particles was observed, and data are
collected in Table 2. Suppliers’ sizes are smaller than those measured; this effect could be
due to an electrostatic agglomeration; in contrast, particles synthesized are the smallest.
AG3 was synthesized by the sol-gel method and calcined at 1250 ◦C, and values are
approximately 200.5 nm in size. In AG6, the powder was obtained by the precipitation
technique and calcined at 500 ◦C, and the size is approximately 210.2 nm. A former study
from Urruelas et al. analyzed the effect of different filler concentrations (0.0, 0.05, and 0.1).
A non-effect in the viscosity of the solution was observed. Furthermore, good viscoelastic
modulus performance was observed with the addition of 0.02 w/v CaCl2 for extrusion
purposes [19]. For instance, higher concentrations of crosslinking agents resulted in higher
viscoelastic modulus, as is desired [43].

Extrusion-based printing. For extrusion purposes, a 12% CaCl2 pre-crosslinked so-
lution was used. Figure 4 shows six different samples with the same concentrations of
particles that were successfully fabricated with a custom-designed 3D printer. 3D printing
of all the hydrogel structures used a flow rate of 40% over a 76 × 25 × 1.02 mm coverslip.
In addition, CaCl2 was added in small amounts before extrusion to activate the hydrogel’s
cross-linking partially. As mentioned earlier, the viscosity plays an essential role in the
stability of the hydrogels during the extrusion process, since the more layers that overlap,
the greater the pressure exerted on the hydrogel, so, in some cases, part of the first layer
printed could begin to expand slightly on the coverslip as can be seen in practically all the
sections of Figure 4. Regardless, none of the structures entirely collapsed during the extru-
sion process. Further increasing the percentage of cross-linking of the hydrogels before its
extrusion to increase the hydrogel’s stability during extrusion turns out to be practically
impossible because this would cause clogging in the extruder needle. In addition, it is
important to mention that 3D printing is crucial to develop a layer-by-layer system that
can be used as a method of biofabrication, as cells could potentially could be extruded for
2D and 3D culture systems, in comparison with less robust methodologies as molding that
lacks the complexity for crucial biomedical applications.

Due to the deposition onto the substrate, a decrease in the shear rate caused a sharp
increase in viscosity resulting in thinning materials and shape fidelity [44], as is shown in
Figure 4C,E,H). In addition, some structures collapsed during the additive process due
to the low viscosity of the hydrogel solution (Figure 4F,G). Measurements of the top and
bottom layers of the hydrogels were taken and compared to the theoretical area from the
3D model (cross-section area in mm2) to understand the impact of the settlement of the
printed hydrogels (see Figure 5). Considering these measurements, AG3 presented the most
accurate structure due to the smallest particle size of the Na2Ti6O13, where surface areas
on the top (135.06 mm2) and the bottom (214.28 mm2) were the closest to the theoretical
surface area. On the other hand, AG6 presented the highest surface area difference between
the top (173.72 mm2) and the bottom (270.97 mm2) due to the weight of the previous layers
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and the low viscosity of the hydrogel solution [44,45]. Consistency obtained in all samples
was achieved by using optimal processing parameters and a pre-cross-linking solution
where a mean of 36% and standard deviation of 6.57% in the difference of top and bottom
surface areas were obtained.
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Cell viability. To assess the effect of the selected materials composite of Alg/Gel and
bioceramic on endothelial cells viability, we cultured C166 cells with different concentra-
tions of composites (0–500 and 1000 µg/mL). We examined cell death after 24 h treatment
using Alamar blue. As shown in Figure 6A, only concentrations as high as 1000 µg/mL
induced significant cytotoxic effects in vitro, with an approximately 10% viability reduc-
tion, indicating tolerance and reduced toxicity of composites below that concentration
(Figure 6). The use of Al2O3, Na2Ti6O13, TiO2, ZrO2, and WO3 particles embedded in an
alginate-gelatin matrix showed that these composites could be initially used as a scaffold to
promote the hydroxyapatite nucleation, without the side effects of the free ceramics, which
has been well characterized for its toxicity properties in different cells and tissues, even at
low concentrations of nano and microparticles of TiO2 or SiO2, or free Al2O3 as we tested
(Figure 6B). To assess the effect of a free bioceramic on cell viability, we cultured C166 cells
with different concentrations of Al2O3 (100, 500, and 1000 µg/mL). We examined cell death
after 24 h of treatment using Alamar blue, and a cytotoxic effect was observed at initial
concentrations of 100 µg/mL, indicating a reduced metabolic activity at those conditions.
As different groups have shown, free ceramics exerts higher side effects, such as nano or
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microparticles, e.g., SiO2 [46,47] in different cells and tissues, even at low concentrations,
as we tested with free Al2O3 (Figure 6B).
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4. Conclusions

In summary, we explored a novel synthesis by the sol-gel technique for Na2Ti6O13
and WO3 studied in our research group and pre-synthesized bioceramics such as Al2O3,
TiO2, and ZrO2. These bioactive particles were integrated into a biopolymer base of Algi-
nate/Gelatin as a scaffold. This study relied on characterization techniques XRD, FT-IR,
TGA, DLS, SEM, mechanical properties, and biological assessments. Moreover, we com-
pare the reinforcement between all composites of polymer-bioceramic without particles.
Therefore, one of the first findings was that the higher the molecular weight of the sys-
tem, the stronger mechanical strength was observed, as seen with our synthesized sol-gel
particles Na2Ti6O13, and WO3. At the same time, these were the smallest particles during
the DLS evaluation, causing a more efficient dispersion of the particles, as they had lower
particle diameter than the pre-synthetized particles. XRD studies and FTIR analysis con-
firmed the chemical nature of the alginate-gelatin matrix reinforced with different particles;
principal intensities are observed in Figure 1. The infrared analysis confirmed the presence
of typical bands in those biopolymers with phosphate carbonated bands. Mechanical
properties were performed; all reinforced samples showed an enhanced strength compared
to control AG1, 20–60 kPa. Although all the constructs were 3D printable, Na2Ti6O13
presented the best accuracy to the shape. Consequently, once the samples were soaked in
simulated body fluids for 21 days, the systems presented calcium, phosphate, chloride,
and sodium content, corroborated with EDAX analysis. Finally, this hydrogel system
generates a polymeric-bioceramic scaffold that could be implanted in damaged tissues for
bone defects resulting from chronic infections such as periodontal diseases and congenital
disabilities. For future works, further characterizations are needed to understand its biolog-
ical behavior and printability under more complex conditions will be performed. Therefore,
with all these efforts, we could be one step closer to one of the current alternatives that can
solve the current issues needed in the biomedical engineering field.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/gels7040184/s1, Information related to the characterization of Na2Ti6O13 and WO3 is presented
in the supplementary document.

https://www.mdpi.com/article/10.3390/gels7040184/s1
https://www.mdpi.com/article/10.3390/gels7040184/s1


Gels 2021, 7, 184 11 of 12

Author Contributions: W.O.-L. supervision and guidance; W.O.-L. and A.A.-R. conceptualization,
writing and original draft preparation. W.O.-L., A.A.-R. and E.R.-C. experimental procedures. A.A.-R.,
K.C.-R., C.E.G.-B., E.R.-C. and W.O.-L. conducted experiments and contributed intellectually to the scien-
tific design of the project. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Tecnologico de Monterrey through the Research Group
of Nano-technology for Devices Design and the Research Group of Cardiovascular Medicine and
Metabolomics (in vitro experiments). This research received no external funding.

Acknowledgments: This work was financially supported by Tecnologico de Monterrey. The graphi-
cal abstract was designed with technical assistance from the biotech artist Alma R. García-Roche. We
wish to thank King Abdullah University of Science and Technology for sponsoring Alan Avila’s study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Murphy, S.V.; Atala, A. 3D Bioprinting of Tissues and Organs. Nat. Biotechnol. 2014, 32, 773–785. [CrossRef]
2. Moiduddin, K.; Mian, S.H.; Umer, U.; Alkhalefah, H. Fabrication and Analysis of a Ti6Al4V Implant for Cranial Restoration.

NATO Adv. Sci. Inst. Ser. E Appl. Sci. 2019, 9, 2513. [CrossRef]
3. Norioka, C.; Inamoto, Y.; Hajime, C.; Kawamura, A.; Miyata, T. A Universal Method to Easily Design Tough and Stretchable

Hydrogels. NPG Asia Mater. 2021, 13, 1–10. [CrossRef]
4. Chyzy, A.; Plonska-Brzezinska, M.E. Hydrogel Properties and Their Impact on Regenerative Medicine and Tissue Engineering.

Molecules 2020, 25, 5795. [CrossRef]
5. Huang, J.; Xiong, J.; Wang, D.; Zhang, J.; Yang, L.; Sun, S.; Liang, Y. 3D Bioprinting of Hydrogels for Cartilage Tissue Engineering.

Gels 2021, 7, 144. [CrossRef]
6. Łabowska, M.B.; Cierluk, K.; Jankowska, A.M.; Kulbacka, J.; Detyna, J.; Michalak, I. A Review on the Adaption of Alginate-Gelatin

Hydrogels for 3D Cultures and Bioprinting. Materials 2021, 14, 858. [CrossRef]
7. Chen, C.-Y.; Shie, M.-Y.; Lee, A.K.-X.; Chou, Y.-T.; Chiang, C.; Lin, C.-P. 3D-Printed Ginsenoside Rb1-Loaded Mesoporous Calcium

Silicate/Calcium Sulfate Scaffolds for Inflammation Inhibition and Bone Regeneration. Biomedcines 2021, 9, 907. [CrossRef]
8. Gomez-Florit, M.; Pardo, A.; Domingues, R.M.A.; Graça, A.L.; Babo, P.S.; Reis, R.L.; Gomes, M.E. Natural-Based Hydrogels for

Tissue Engineering Applications. Molecules 2020, 25, 5858. [CrossRef]
9. Daly, A.C.; Riley, L.; Segura, T.; Burdick, J.A. Hydrogel Microparticles for Biomedical Applications. Nat. Rev. Mater. 2019, 5, 20–43.

[CrossRef]
10. Lynch, C.R.; Kondiah, P.P.D.; Choonara, Y.E. Advanced Strategies for Tissue Engineering in Regenerative Medicine: A Biofabrica-

tion and Biopolymer Perspective. Molecules 2021, 26, 2518. [CrossRef]
11. Pérez-Pedroza, R.; Ávila-Ramírez, A.; Khan, Z.; Moretti, M.; Hauser, C.A.E. Supramolecular Biopolymers for Tissue Engineering.

Adv. Polym. Technol. 2021, 2021, 1–23. [CrossRef]
12. Rapid Prototyping in Tissue Engineering: Challenges and Potential. Trends Biotechnol. 2004, 22, 643–652. [CrossRef]
13. Zhai, X.; Ma, Y.; Hou, C.; Gao, F.; Zhang, Y.; Ruan, C.; Pan, H.; Lu, W.W.; Liu, W. 3D-Printed High Strength Bioactive

Supramolecular Polymer/Clay Nanocomposite Hydrogel Scaffold for Bone Regeneration. ACS Biomater. Sci. Eng. 2017, 3,
1109–1118. [CrossRef]

14. Rentería-Zamarrón, D.; Cortés-Hernández, D.A.; Bretado-Aragón, L.; Ortega-Lara, W. Mechanical Properties and Apatite-Forming
Ability of PMMA Bone Cements. Mater. Des. 2009, 30, 3318–3324. [CrossRef]

15. Greer, A.I.M.; Goriainov, V.; Kanczler, J.; Black, C.R.M.; Turner, L.-A.; Meek, R.M.D.; Burgess, K.; MacLaren, I.; Dalby, M.J.;
Oreffo, R.O.C.; et al. Nanopatterned Titanium Implants Accelerate Bone Formation In Vivo. ACS Appl. Mater. Inter-faces 2020, 12,
33541–33549. [CrossRef]

16. Webber, R.E.; Shull, K.R. Strain Dependence of the Viscoelastic Properties of Alginate Hydrogels. Macromolecules 2004, 37,
6153–6160. [CrossRef]

17. Lou, X.; Chirila, T.V. Swelling Behavior and Mechanical Properties of Chemically Cross-Linked Gelatin Gels for Biomedical Use.
J. Biomater. Appl. 1999, 14, 184–191. [CrossRef]

18. Urruela-Barrios, R.; Ramírez-Cedillo, E.; de León, A.D.; Alvarez, A.; Ortega-Lara, W. Alginate/Gelatin Hydrogels Reinforced
with TiO2 and β-TCP Fabricated by Microextrusion-Based Printing for Tissue Regeneration. Polymers 2019, 11, 457. [CrossRef]

19. Urruela Barrios, R.A. Technological Development of Alginate/Gelatin Composite Hydrogel Fabricated by Microextrusion Based
Printing for Tissue Regeneration. Repos TEC 2018. Available online: https://repositorio.tec.mx/handle/11285/629912 (accessed
on 28 September 2021).

20. Qi, X.; Pei, P.; Zhu, M.; Du, X.; Xin, C.; Zhao, S.; Li, X.; Zhu, Y. Three Dimensional Printing of Calcium Sulfate and Mesopo-rous
Bioactive Glass Scaffolds for Improving Bone Regeneration in Vitro and in Vivo. Sci. Rep. 2017, 7, 1–12. [CrossRef]

21. Luo, Y.; Zhai, D.; Huan, Z.; Zhu, H.; Xia, L.; Chang, J.; Wu, C. Three-Dimensional Printing of Hollow-Struts-Packed Bioceram-ic
Scaffolds for Bone Regeneration. ACS Appl. Mater. Interfaces 2015, 7, 24377–24383. [CrossRef]

http://doi.org/10.1038/nbt.2958
http://doi.org/10.3390/app9122513
http://doi.org/10.1038/s41427-021-00302-2
http://doi.org/10.3390/molecules25245795
http://doi.org/10.3390/gels7030144
http://doi.org/10.3390/ma14040858
http://doi.org/10.3390/biomedicines9080907
http://doi.org/10.3390/molecules25245858
http://doi.org/10.1038/s41578-019-0148-6
http://doi.org/10.3390/molecules26092518
http://doi.org/10.1155/2021/8815006
http://doi.org/10.1016/j.tibtech.2004.10.004
http://doi.org/10.1021/acsbiomaterials.7b00224
http://doi.org/10.1016/j.matdes.2008.11.024
http://doi.org/10.1021/acsami.0c10273
http://doi.org/10.1021/ma049274n
http://doi.org/10.1177/088532829901400204
http://doi.org/10.3390/polym11030457
https://repositorio.tec.mx/handle/11285/629912
http://doi.org/10.1038/srep42556
http://doi.org/10.1021/acsami.5b08911


Gels 2021, 7, 184 12 of 12

22. Abbas, S.; Maleksaeedi, S.; Kolos, E.; Ruys, A.J. Processing and Properties of Zirconia-Toughened Alumina Prepared by Gelcasting.
Materials 2015, 8, 4344–4362. [CrossRef] [PubMed]

23. Bone Tissue Engineering in Osteoporosis. Maturitas 2013, 75, 118–124. [CrossRef]
24. Safari, B.; Aghanejad, A.; Roshangar, L.; Davaran, S. Osteogenic Effects of the Bioactive Small Molecules and Minerals in the

Scaffold-Based Bone Tissue Engineering. Colloids Surf. B Biointerfaces 2021, 198, 111462. [CrossRef] [PubMed]
25. Baino, F.; Novajra, G.; Vitale-Brovarone, C. Bioceramics and Scaffolds: A Winning Combination for Tissue Engineering. Front.

Bioeng. Biotechnol. 2015, 3, 202. [CrossRef] [PubMed]
26. Design and Characterization of Gelatin/PVA Hydrogels Reinforced with Ceramics for 3D Printed Prosthesis. Mater. Today Proc.

2019, 13, 324–331. [CrossRef]
27. Ortega-Lara, W.; Cortés-Hernández, D.A.; Best, S.; Brooks, R.; Bretado-Aragón, L.; Rentería-Zamarrón, D. In Vitro Bioactivity

of Wollastonite–titania Materials Obtained by Sol–gel Method or Solid State Reaction. J. Sol-Gel Sci. Technol. 2008, 48, 362–368.
[CrossRef]

28. Lara, O.; de Lourdes, W. Síntesis, Caracterización y Aplicación de Compuestos Cerámicos del tipo M2Ti6O13(M=Li+, Na+ K+)
Como Agentes Fotocatalíticos. Master’s Thesis, Universidad Autónoma de Nuevo León, San Nicolás de los Garza, Mexico, 2003.

29. Vamvasakis, I.; Georgaki, I.; Vernardou, D.; Kenanakis, G.; Katsarakis, N. Synthesis of WO3 Catalytic Powders: Evaluation of
Photocatalytic Activity under NUV/visible Light Irradiation and Alkaline Reaction pH. J. Sol-Gel Sci. Technol. 2015, 1, 120–128.
[CrossRef]

30. Li, Z.; Huang, S.; Liu, Y.; Yao, B.; Hu, T.; Shi, H.; Xie, J.; Fu, X. Tuning Alginate-Gelatin Bioink Properties by Varying Solvent and
Their Impact on Stem Cell Behavior. Sci. Rep. 2018, 8, 1–8. [CrossRef]

31. New Gel-Casting Process for Alumina Ceramics Based on Gelation of Alginate. J. Eur. Ceram. Soc. 2002, 22, 1911–1916. [CrossRef]
32. Wang, S.; Lee, J.M.; Yeong, W.Y. Smart Hydrogels for 3D Bioprinting. Int. J. Bioprinting 2015, 1. [CrossRef]
33. Mechanical Behaviour of Alginate-Gelatin Hydrogels for 3D Bioprinting. J. Mech. Behav. Biomed. Mater. 2018, 79, 150–157.

[CrossRef]
34. Mondal, A.; Gebeyehu, A.; Miranda, M.; Bahadur, D.; Patel, N.; Ramakrishnan, S.; Rishi, A.K.; Singh, M. Characterization and

Printability of Sodium Alginate -Gelatin Hydrogel for Bioprinting NSCLC Co-Culture. Sci. Rep. 2019, 9, 1–12. [CrossRef]
35. 3D Printing of Hydrogels: Rational Design Strategies and Emerging Biomedical Applications. Mater. Sci. Eng. R Rep. 2020,

140, 100543. [CrossRef]
36. Pour, M.M.; Saberi-Riseh, R.; Mohammadinejad, R.; Hosseini, A. Investigating the Formulation of Alginate- Gelatin Encapsu-lated

Pseudomonas Fluorescens (VUPF5 and T17-4 Strains) for Controlling Fusarium Solani on Potato. Int. J. Biol. Macromol. 2019,
133, 603–613. [CrossRef]

37. Functional Crystals. In Modern Inorganic Synthetic Chemistry; Elsevier: Amsterdam, The Netherlands, 2017; pp. 575–611. [CrossRef]
38. Avila-Ramírez, A.; Valle-Perez, A.; Susapto, H.; Perez-Pedroza, R.; RBriola, G.; Alrashoudi, A.; Khan, Z.; Bilalis, P.; Hauser, C.

Ecologically Friendly Biofunctional Ink for Reconstruction of Rigid Living Systems Under Wet Conditions. Int. J. Bioprinting
2021, 7. [CrossRef]

39. Sofronia, A.M.; Baies, R.; Anghel, E.M.; Marinescu, C.A.; Tanasescu, S. Thermal and Structural Characterization of Synthetic and
Natural Nanocrystalline Hydroxyapatite. Mater. Sci. Eng. C Mater. Biol. Appl. 2014, 43, 153–163. [CrossRef]

40. Antonakos, A.; Liarokapis, E.; Leventouri, T. Micro-Raman and FTIR Studies of Synthetic and Natural Apatites. Biomaterials 2007,
28, 3043–3054. [CrossRef]

41. Berzina-Cimdina, L.; Borodajenko, N. Research of Calcium Phosphates Using Fourier Transform Infrared Spectroscopy. Infrared
Spectrosc.-Mater. Sci. Eng. Technol. 2012, 12, 251–263. [CrossRef]
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