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Abstract: A gelatin-based hydrogel was infiltrated and degraded-released in two different titanium
foams with porosities of 30 and 60 vol.% (Ti30 and Ti60 foams) and fabricated by the space holder
technique to evaluate its potential to act as an innovative, alternative, and localised method to intro-
duce both active pharmaceutical ingredients, such as antibiotics and non-steroidal anti-inflammatory
drugs, and growth factors, such as morphogens, required after bone-tissue replacement surgeries. In
addition, the kinetic behaviour was studied for both infiltration and degradation-release processes.
A higher infiltration rate was observed in the Ti60 foam. The maximum infiltration hydrogel was
achieved for the Ti30 and Ti60 foams after 120 min and 75 min, respectively. Further, both processes
followed a Lucas-Washburn theoretical behaviour, typical for the infiltration of a fluid by capillarity
in porous channels. Regarding the subsequent degradation-release process, both systems showed
similar exponential degradation performance, with the full release from Ti60 foam (80 min), versus
45 min for Ti30, due to the greater interconnected porosity open to the surface of the Ti60 foam
in comparison with the Ti30 foam. In addition, the optimal biocompatibility of the hydrogel was
confirmed, with the total absence of cytotoxicity and the promotion of cell growth in the fibroblast
cells evaluated.

Keywords: gelatin; hydrogel; solid foams; porous titanium; infiltration; degradation rate

1. Introduction

All materials employed in the manufacture of orthopaedic implants must comply with
the major characteristics related to stress-loading and long-term clinical success, such as
chemical inertia, high strength under monotonic and cyclic loads (fatigue strength), low
elastic modulus to prevent stress shielding [1], high corrosion resistance under body flu-
ids [2], ease in shaping and non-toxicity, osseointegration, and excellent biocompatibility [3].
Specifically, for osseointegration, a great influence is exerted by the chemical nature, the
topography, and the roughness of the surface [4]. In turn, for the biocompatibility, the size,
shape, and composition of the materials, together with the chemical stability, roughness,
and wettability of the surfaces, are the main factors [5,6].

The materials most widely utilised to fabricate the orthopaedic implants for bone
replacements include: surgical-grade stainless steel 316 L; pure titanium (cpTi); certain Ti
alloys, such as Ti6Al4V and Ti6Al7Nb (recently developed to replace the Ti6Al4V due to the
toxicity of V); and Roxolid® (83–87%Ti-13–17%Zr) [7,8]. The types of stainless steel are used
for temporary orthopaedic implants as internal fixation devices [9], while for permanent
orthopaedic implants, cpTi and Ti6Al4V are the most commonly employed [10].

Polymers 2023, 15, 275. https://doi.org/10.3390/polym15020275 https://www.mdpi.com/journal/polymers

https://doi.org/10.3390/polym15020275
https://doi.org/10.3390/polym15020275
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/polymers
https://www.mdpi.com
https://orcid.org/0000-0001-9409-7197
https://orcid.org/0000-0001-5309-9647
https://orcid.org/0000-0001-6583-6974
https://orcid.org/0000-0002-7195-8131
https://orcid.org/0000-0002-6323-9938
https://orcid.org/0000-0002-6481-0438
https://doi.org/10.3390/polym15020275
https://www.mdpi.com/journal/polymers
https://www.mdpi.com/article/10.3390/polym15020275?type=check_update&version=1


Polymers 2023, 15, 275 2 of 17

Regarding cpTi and Ti6Al4V, commercially pure Ti is referred to as a non-cytotoxic
material [11], while Ti6Al4V shows cytotoxicity due to the presence of V [12]. In addition,
although their osseointegration and biocompatibility are appropriate, both still need to
be improved. The implant failures are often related to the bioinert nature of the Ti which
hinders its rapid osseointegration into the surrounding bone tissue and delays the implant
attachment, causing premature failure due to micromovements [13]. Furthermore, surgical
traumas can produce inflammation and, consequently, a lack of osseointegration [14]. The
inflammation healing response involves the adhesion of serum proteins to the implant,
which promotes bacterial attachment to the biomaterial surface, thereby producing hyper-
plastic soft tissues, suppuration, colour changes of the marginal peri-implant tissues, and
gradual bone loss [15].

Furthermore, the functionalization and modification of the implant surface are the
strategies applied to enhance the osseointegration of the implants. For example, an increase
of the implant roughness [16] is applied, as is a modification of the chemical nature of the
surface (deposition of a protein or peptide coating [17], while anodizing to increase the
bioactive oxide layers [13]), the modification of the morphology characteristics (presence of
nano, micro, or macrostructures), and the presence of residual stress, impurities, etc. [18].

On the other hand, all biomaterials are recognised as foreign materials for the human
body and cause an initial host response, usually in the form of a short-term inflammatory
process together with bacteria and infectious processes, but also a long-term implant
rejection [19]. In general, although Ti and Ti6Al4V show excellent biocompatibility due to
the formation of the protective oxide layer, this layer is sometimes damaged by wear, and
the ions of the metals are then released and interchanged with the tissues or body fluids [20].
Consequently, this release can cause inflammatory processes and negative effects in the
body, particularly due to the presence of V [21].

In order to counteract these short- and long-term deficiencies in biocompatibility,
antibiotics (such as vancomycin and tobramycin) and/or non-steroidal anti-inflammatory
drugs (NSAID), such as indomethacin, ibuprofen, ketorolac, and celecoxib, and growth
factors and morphogens (recombinant human osteogenic protein-1 (rhOP-1), bone morpho-
genetic protein 2, rhBMP-2), are orally or parenterally supplied. However, these types of
administrations can cause further health problems due to their generalised effects across
the entire human body [22].

A new way to improve the osseointegration and the biocompatibility is proposed
herein: the infiltration of a biodegradable and biocompatible hydrogel material [23] into the
porous implants to act as a localised and controlled means of transport for drug delivery.
Although the controlled release of therapeutic agents has been studied in the last few years
from different materials, such as nanoparticles for intravenous administration [24], electro-
spun nanofibers [25], or hydrogels for localized delivery [26], it has not been specifically
approached for other different biomedical applications, such as metallic implants. The
hydrogels have gained special attention for drug delivery due to their low toxicity [27].
Thus, the inclusion of hydrogels in metallic implants can improve implant success by
avoiding inflammation and, therefore, implant rejection. Regarding the inflammation path-
ways produced by implants, the main function of mitochondria is to maintain intracellular
redox homeostasis in normal conditions. The mitochondria are one of the major sources
of intracellular reactive oxygen species (ROS) and mitochondria-produced ROS (mtROS)
and play a key role in inflammation processes. It is also worth mentioning that nuclear
factor-κB (NF-κB) also exists in mitochondria [28] and is a crucial regulator of the immune
response, inflammation, cell growth, and survival. In particular, the suppression of the
NF-κB pathway is considered a promising therapeutic approach for regenerative medicine.
In these senses, numerous systems based on hydrogels have been successfully developed
for targeting mtROS and inhibiting of NF-κB activity for regenerative medicine [29–31].
In addition, the abovementioned drugs (antibiotics, NSADs, growth factors, and mor-
phogens) can be included directly in the hydrogel. Moreover, the biocompatible nature of
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the hydrogel can increase the bioactivity of the implant surface and, consequently, can also
increase osseointegration.

A hydrogel is a hydrophilic network that absorbs up to 1000 times its dry weight
in water. It can be chemically stable or degradable until its dissolution [32]. Regarding
its biological behaviour, a hydrogel can minimise possible mechanical irritation between
the implant and the surrounding tissue due to its ability to release stress thanks to its
mechanical elasticity, and it can enhance the exchange of oxygen and nutrients with human
fluids because of its high permeability. The use of polymers as raw materials is highly
recommended [33]. Therefore, the use of biopolymers, such as proteins, as raw materials in
the biomedical field is highly recommended due to their biocompatibility, biodegradability,
and stability up to 37 ◦C, which mimics the temperature of the human body. As a result of
these properties, hydrogels are useful for numerous applications [34], such as as carriers
for the release of drugs, enzymes, or growth factors [35,36]. Nevertheless, it is important to
develop a suitable technique to encapsulate the drug molecules on the materials to favour
an adequate release [37]. For this purpose, the hydrogels must be progressively degraded,
thereby allowing the release of the factor introduced therein. Among the factors that can
influence the degradation are the temperature, the raw material used for its manufacture,
and the concentration used [38].

Therefore, to study the abovementioned suitability of a hydrogel as a vehicular means
of localised drug transport in titanium implants, a type-A gelatin-based hydrogel was
developed and was microstructurally, rheologically, and biologically characterized. This
type-A gelatin protein was selected for its great biocompatibility and ability to form
hydrogels [39]. Subsequently, its infiltration and degradation behaviour were evaluated
in titanium foam specimens with different porosities that had been manufactured via the
space-holder technique. The main novelty of this work is the combination of the fabrication
and rheological and microstructural characterization of hydrogels with their infiltration
and release in Ti foams previously characterized.

2. Materials and Methods
2.1. Synthesis and Characterization of the Type-A Gelatin-Based Hydrogel

A type-A gelatin (Bloom 300) with a protein content higher than 85 wt.% was used as
the raw material for the development of various hydrogels. It was purchased from Sigma
Aldrich S.A. (Darmstadt, Germany). Acetic acid 0.05 M (pH 3.2), supplied by Panreac
Química S.A. (Barcelona, Spain), was used as the solvent.

The formation of gelatin-based hydrogels was carried out following the same protocol
previously defined by Perez-Puyana et al. [40] Briefly, polymeric solutions were prepared
at 1, 2, and 3 wt.% (named 1, 2, and 3%, respectively) and centrifuged at 12,000 rpm for
7 min, while maintaining the temperature of the solution at 4 ◦C. The gelation process was
then carried out by keeping the solutions in a fridge at 4 ◦C for 2 h.

Subsequently, the rheological characterization of the developed gelatin-based hydro-
gels was carried out to evaluate their physical and mechanical properties. The strain sweep
tests were performed to evaluate the linear viscoelastic range (LVR) and the critical strain
(the last strain value in the linear viscoelastic region). These tests were carried out between
0.1 and 100% of strain at a constant frequency of 1 Hz and at 4 ◦C. Furthermore, frequency
sweep tests between 0.02 and 10 Hz were also performed at constant strain (within the
LVR). The elastic modulus (G′) and loss tangent (tan δ = G”/G′) at 1 Hz (G′1 and tan δ1,
respectively) were analysed to improve the comparison between the systems. Moreover,
flow curves between 0.02 and 200 s−1 were carried out to evaluate the evolution of the
viscosity with the shear rate. The viscosity values at 100 s−1 (η100) were selected for the
comparison of the systems. All the measurements were performed in a controlled-stress
rheometer AR2000 (TA Instruments, New Castle, DE, USA) using a plate-to-plate serrated
aluminium geometry of 40 mm in diameter. The rheological tests were carried out in
triplicate (n = 3).
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The analysis of the degradation of hydrogels was carried out by modifying a protocol
previously described by Essawy et al. [41]. In addition, the gelatin-based hydrogels were
prepared with 5 wt.% (with respect to the protein content) of zinc sulphate (ZnSO4) in their
initial formulation (Sigma Aldrich, Darmstadt, Germany). Further, once formed, they were
immersed in MiliQ water, and the conductivity of the solution was measured over time
with a conductivity meter, the EC-Meter BASIC 30 model from Crison Instruments, Spain.
The degradation of the hydrogels was related to the liberation of zinc sulphate into the
medium and the subsequent increase in conductivity until a plateau was reached.

The degradation behaviour of the gelatin hydrogels was modelled following the
equation defined by Korsmeyer et al. [42] for polymeric systems (Equation (1)):

L = k·tn (1)

where L is the degradation of the system and t is the elapsed time. The parameters obtained
from this equation enable the degradation mechanism that was taking place (n) to be
ascertained, as well as its kinetics (k).

The microstructural characterization was conducted using a Zeiss EVO scanning electron
microscope. A pre-treatment of the samples was carried out before their observation under the
microscope, which consisted of fixing the system with glutaraldehyde and osmium, followed
by chemical drying based on acetone solutions. After the samples were stabilised, they were
coated with a thin layer of Au/Pd to improve their conductivity, and their visualisation in the
microscope was then carried out at 10 kV using secondary electrons. From the microscopy
examination, the mean pore size of the hydrogels was obtained.

Finally, the cytotoxicity of the three hydrogels (1 wt.%, 2 wt.%, and 3 wt.% of gelatin)
was estimated in vitro using the CyQUANT™ LDH cytotoxicity assay [43]. Several cell
lines from ATCC® (Manassas, Virginia, USA) were utilised: Vero E6 (normal monkey
kidney epithelial cells), HeLa (human cervical carcinoma epithelial cells), U937 (human
leukaemia monocytic cells), THP-1 (human leukaemia monocytic cells), and Jurkat, Clone
E6-1 (human T leukaemia cells). Each cell line was seeded at 10 × 104 cells/well into
Nunc flat-bottomed 96-well plates (ThermoFisher Scientific) using complete D-10 or R-10
Dulbecco’s modified Eagle medium (DMEM) or Roswell Park Memorial Institute medium
(RPMI) supplemented with 10% foetal bovine serum (FBS) and penicillin, incubated at
37 ◦C in 5% CO2, and used the following day (75 to 90% confluence). The FBS used in all
experiments was heat-inactivated (56 ◦C, 30 min) prior to use to eliminate complement
activity. Hydrogel solutions at various concentrations (wt.%) were added to each well, and
the plates were incubated for 48 h at 37 ◦C in 5% CO2. Controls D-10 or R-10 medium alone
were used as the negative control. Subsequently, 10 µL of 10X Lysis Buffer and 10 µL of
sterile ultrapure water were added to each set of triplicate wells and used as the maximum
lactate dehydrogenase (LDH) activity and spontaneous LDH activity, respectively. The
medium from each well was later collected by means of centrifugation of the plate and
was used to test the cytotoxicity of the hydrogel solutions using the CyQUANT™ LDH
Cytotoxicity Assay Kit (Invitrogen™, Thermo Fisher Scientific, Waltham, MA, USA). The
cytotoxicity was measured by fluorescence in a CLARIOstar® (BMG LABTECH, Allmend-
grün, Ortenberg, Germany). Each hydrogel concentration was measured in triplicate. The
cell viability was calculated using Equation (2):

% Cell viability = 100−
([

Compound − treated LDH activity − Spontaneous LDH activity
Maximum LDH activity − Spontaneous LDH activity

]
·100

)
(2)

Cell viability values were also verified by the trypan blue method [44], and no signifi-
cant differences were observed.

2.2. Fabrication and Characterization of the Titanium Foams

The two titanium foam specimens (cylinders 15 mm in height and 12 mm in diameter)
with 30 vol.% and 60 vol.% of nominal porosity (known as Ti30 and Ti60, respectively) were
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manufactured through the space-holder technique to infiltrate with the type-A gelatin-based
hydrogels. This accepted method to obtain metallic foams is based on the use of removable
particles as pore formers, mixed with the metallic materials. When the space holder is removed,
the volume initially occupied by the space holder is transformed into porosity. An in-depth
description of this method is given by Rodriguez-Contreras, A. et al. [45].

The elemental titanium (99% purity, <325 mesh, Strem Chemicals, Newburyport, MA,
USA) and sodium chloride, NaCl (99.9% purity, <35 mesh, 500 micros, Panreac Química
S.L.U., Barcelona, Spain), as the space holders, were employed for the development of
the titanium foam specimens. Both phases were mixed in the corresponding volumet-
ric percentages, that is, 30 vol.% NaCl-70 vol.% Ti for the Ti30 specimen and 60 vol.%
NaCl-40 vol.% Ti for the Ti60 specimen, respectively. These mixtures of powders were ho-
mogenised in a TURBULA® 3D shaker mixer, model T2F (GlenMills, New Jersey, NJ, USA),
at a frequency of 101 min−1 for 1 h. Subsequently, the mixed powders were compacted by
uniaxial pressing in a universal testing machine (MALICET ET BLIN U-30, Aubervilliers,
Paris, France) at 400 MPa. The green compacted cylinders obtained were immersed in
hot distilled water (1 L, 60 ◦C) and stirred at 100 rpm to promote the dissolution of the
NaCl space-holder. These developed green titanium foams were then sintered in a tubular
furnace (CARBOLITE ZTF 15, Sheffield, United Kingdom) at 1200 ◦C for 2 h, at 10 ◦C·m−1

of heating rate, free cooling, and under a high vacuum atmosphere (10−4 mbar).
The fabricated specimens of sintered Ti30 and Ti60 were deeply characterized. Thus,

their absolute density and the total, open, and closed porosities were calculated by the
Archimedes method for porous metallic materials (ASTM B962-17). On the other hand,
X-ray diffraction (XRD) was performed to elucidate the phases existing in both the Ti30
and Ti60 specimens. The diffractograms were collected on the fully-polished surfaces of
the radial cross-section of the Ti foams by a PANalytical X’Pert Pro instrument (Malvern
Panalytical Ltd., Malvern, UK) with Bragg-Brentano θ/θ geometry, a Cu-Kα radiation
source (45 kV, 40 mA), a secondary Kb filter, and a X’Celerator detector, by scanning
between 30◦ and 80◦, with a step size of 0.03◦ and an 800 s·step−1.The Crystallography
Open Database (COD) was employed to elucidate the crystalline phases.

In the determination of the morphology, pore-size distribution, and circular equivalent
diameter of the pores (Deq), defined as the diameter of a circle with the same area as the
pore, an image analysis was carried out on those fully polished surfaces of the Ti30 and
Ti60 foams. Specifically, the radial cross-section images were collected with a Nikon Eclipse
MA100N optical microscope. In turn, the image analysis was carried out using the Image
Pro Plus® software. Three images at different heights were studied for each of the Ti30 and
Ti60 specimens.

Finally, a strain-stress curve for the Ti60 specimen was obtained by compression
testing in a universal Instron mechanical testing machine (model no. 6025). The tests
were carried out according to the ASTM E9-09 standard, with a constant strain rate of
0.05 mm/min and a maximum application load of 100 kN, the maximum value available
for the machine. Thus, three cylindrical specimens with a diameter of 12 mm and a height
of 15 mm (diameter/height rate equal to 0.8), as recommended for “short solid cylindrical
specimens” in ASTM E9-09, were tested.

2.3. Infiltration-Degradation for the Gelatin-Based Hydrogels into the Ti30 and Ti60 Foams

The Ti30 and Ti60 foams were used to infiltrate, subsequently degrade, and release the
3% hydrogel into the open porosities of both specimens. In particular, the Ti30 and Ti60
specimens were submerged in the 3% hydrogel, and the infiltration process was performed
at room temperature. The infiltration of the hydrogel was carried out by capillarity with the
immersion of the Ti foam in the hydrogel. The penetration process was monitored by the
measurement of the weight increase associated with the infiltration during the immersion
time. The infiltration processes were stopped when the total open porosity was infiltrated
by the hydrogel and/or a stationary stage was reached. Subsequently, this process was
replicated with the 3% hydrogel synthesised in the presence of zinc sulphate, ZnSO4
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(5 wt.% with respect to the protein content in the 3% hydrogel), to study the release of the
3% hydrogel by the conductivity technique under the same aforementioned conditions.

3. Results
3.1. Synthesis and Characterization of the Gelatin-Based Hydrogels

The rheological characterization of the hydrogels started with the strain sweep tests
to obtain the linear viscoelastic range and the critical strain of each system. According
to the results (Table 1), as a general trend, there is an increase in the critical strain by
increasing the biopolymer concentration, reaching the maximum for the 2% hydrogel.
Similar results were found by Sánchez-Cid et al. [46], who demonstrated that a higher raw
material concentration led to systems with improved mechanical properties.

Table 1. Critical strain, G′, tan δ at 1 Hz (G′1 and tan δ1, respectively), viscosity (η) at 100 s−1 (η100),
kinetic constant (k) and degradation mechanism (n) obtained for the hydrogels as a function of the
biopolymer concentration (1, 2, and 3 wt.%).

Systems
Critical
Strain

(%)

G′1
(Pa) tan δ1 (-) η100

(Pa·s)
k

(min−n) n

1% hydrogel 0.5 ± 0.2 17.9 ± 4.1 0.26 ± 0.03 0.06 ± 0.05 51.9 0.19
2% hydrogel 20.6 ± 6.6 18.3 ± 3.7 0.19 ± 0.02 0.63 ± 0.04 17.3 0.51
3% hydrogel 14.8 ± 0.3 1983 ± 75.5 0.04 ± 0.01 3.69 ± 0.21 8.6 0.64

The frequency sweep tests were also carried out, and the results obtained are shown
in Figure 1a. According to the profiles obtained for the three systems, G′ values are always
higher than G” values, thus showing a predominantly elastic behavior. Furthermore, the
three systems showed a constant profile in the frequency range studied, thereby corrobo-
rating their stability. In comparing the elastic modulus and loss tangent at 1 Hz included
in Table 1, it can be observed how the G′ values of the systems increased with increasing
concentration, thereby highlighting the 3% hydrogel. The increase in concentration led
first to an increase in the critical strain and then to an increase in elastic behaviour. The
differences shown in Table 1 may be due to the presence of numerous protein chains, which
would lead to better interaction and structuring of the system and, therefore, a significant
increase in its elastic modulus. In fact, the tan δ values shown in Table 1 evidenced how
a higher concentration increased the solid character of the hydrogels since the lower the
tan δ, the greater the difference between G′ and G” values. This difference highlights the
better mechanical resistance of the 3% hydrogel, which can provide benefits from its use as
a biodegradable biomaterial because it can withstand greater mechanical stress during the
cell-growth and proliferation stage.

On the other hand, flow curves were also carried out to analyse the viscosity of the
systems and their evolution with the shear rate. As can be observed in Figure 1b, all systems
presented pseudoplastic behaviour since viscosity decreases as shear rate increases, thereby
rendering hydrogels more fluid. This behaviour is more evident in the system at 3%, since
the hydrogels prepared at a lower concentration showed a slight decrease followed by a
plateau at higher shear stresses, for which the viscosity remained constant. A comparison
of the systems revealed that the higher the amount of gelatin, the higher the viscosity of
the hydrogel. This higher viscosity is caused by a greater reinforcement of the hydrogel,
probably due to greater structuration of the internal network [47].

Therefore, after the rheological evaluation of the hydrogels, 2% and 3% hydrogels can
be presented as those with the best properties to be used as biodegradable biomaterials,
due to their higher viscosity and critical strain.
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A microstructural evaluation of the gelatin-based hydrogels developed has been carried
out by SEM imaging. Figure 2 shows the microstructures of the hydrogel at 2% and 3%
and at 2000× and 4000×. On comparing the two systems, the 3% hydrogel presented a
large structure that generated a less compact structure and, consequently, higher pore-size
values. The largest long-range structure explains the greater solid character of the 3% hydrogel
system determined from the rheological tests. The pore size of both systems was calculated,
revealing that the 3% hydrogel presented a mean pore size ca. 3 times higher than that of
the 2% (0.46 ± 0.15 and 0.16 ± 0.04 um, respectively). The SEM images obtained revealed a
similar microstructure as previously shown by Sanchez-Cid et al. with the development of
collagen-based hydrogels [48] or by George et al. with gelatin-based hydrogels [49].
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In addition to the rheological behaviour of the hydrogels, their degradation was also
analyzed. Figure 3a shows the degradation profiles of the different hydrogels as a function
of the gelatin concentration. According to the results obtained, the hydrogels with a higher
protein concentration presented a slow liberation and, therefore, required a longer time to
be completely degraded, specifically 30 min for the 1% and 2% hydrogels and 45 min for
the 3% hydrogel.
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Figure 3. (a) Degradation behaviour and (b) cell viability values for the gelatin-based hydrogels
fabricated at different concentrations. The average values of a triplicate (n = 3) were included.

The results for the fitting of the degradation curves are also summarised in Table 1.
The 1% hydrogel had a greater kinetic constant (k) than the 3% hydrogel, and hence the
hydrogel prepared with a lower protein concentration showed a faster release, thereby
correlating with the assertion observed in Figure 3a. In addition, according to the values
of n defined by Korsmeyer et al. [42], 1% of the hydrogels did not have a specific release
mechanism, 2% presented a diffusion release process, and the degradation of the remaining
3% was mainly due to the relaxation of protein chains.

In order to investigate the cytotoxicity of the gelatin-based hydrogel, an LDH assay was
used. Figure 3b shows the results obtained in different cell lines after 48 h. The gelatin-based
hydrogels do not show any cytotoxicity in the different hydrogel concentrations employed,
showing a different behaviour than the studies Ahmadian et al. conducted that revealed
that the viability of biopolymer-based systems decreased with concentration [50]. It should
be borne in mind that the hydrogel promotes cell growth in the fibroblast cells evaluated
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due to the presence of amino acids with numerous biological functions in their structure [51].
Therefore, these results are in agreement with those found by other authors [51–54].

According to the characterization of the different hydrogels fabricated, the system at
3% presented the most suitable properties for the infiltration of Ti foams, due to its greater
solid character and the larger pore sizes found in its network.

3.2. Fabrication and Characterization of the Titanium Foams

In the manufacture of the Ti30 and Ti60 foams, the first monitored step involved
the evolution of NaCl removal (Figure 4a). Specifically, the maximum NaCl elimination,
determined by the weight loss of the foams, was reached after 16 h and 6.5 h for the Ti30
and Ti60 foams, respectively. Regarding the slope of the lineal fitting, the removal rate was
approximately 6.2 wt.% and 15.7 wt.% of the total NaCl per hour. Additionally, for the Ti60
foam, a slightly higher NaCl removal percentage than 100% was determined: 104%. This
can be explained by the small amount of Ti that comes off the surface of the green body
of the Ti60 specimen due to the handling during the sample extraction and submersion in
the distilled water. In contrast, for the Ti30 specimen, the maximum NaCl removal was
96.1 ± 2.1%. In this case, small amounts of NaCl can be encapsulated by Ti particles that
block the penetration of the distilled water and the full NaCl dissolution.
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Figure 4. (a) Evolution of the NaCl removal with the immersion time for the set of Ti30 and Ti60
specimens. Continuous lines showed the linear fitting for these NaCl removal processes. The fitting
equations of the linear fitting are displayed on the right-hand side of each line. (b) The corresponding
X-ray diffraction patterns for both Ti30 and Ti60 specimens. Between brackets are the crystallographic
planes for the hexagonal Ti (P63/mmc) found in both specimens. (•) Unindexed, slight peaks were
observed in the Ti60 specimens, probably corresponding to titanium oxide (TiO2).
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Subsequently, after the NaCl removal and the sintering step, the absolute density,
relative densification, and open and closed porosities of the Ti30 and Ti60 foams were
determined by the Archimedes method (Table 2).

Table 2. Density and porosity characterisation of Ti30 and Ti60 foams by the Archimedes method.
The theoretical density used for Ti (20 ◦C) = 4.5 g·cm−3.

Specimen
Absolute
Density
(g·cm−3)

Relative
Densification

(%)

Total
Porosity

(%)

Open
Porosity

(%)

Closed
Porosity

(%)

Ti30 2.8 ± 0.2 61.0 ± 2.7 39.0 ± 2.7 34.3 ± 2.1 4.7 ± 2.5
Ti60 1.8 ± 0.1 39.6 ± 0.1 60.4 ± 0.1 43.8 ± 3.3 16.6 ± 6.3

It is first observed that the absolute densities determined for both sets of Ti30 and
Ti60 specimens are lower than the theoretical density for Ti at 20 ◦C, 4.5 g·cm−3. This
aspect suggests high porosity in both cases: 61.0 ± 2.7 vol.% and 39.6 ± 0.1 vol.% for
Ti30 and Ti60, respectively. In other words, the total average porosity calculated for these
foams was 39.0 ± 2.7 vol.% for Ti30 and 60.4 ± 0.1 vol.% for Ti60. These values are close
to the nominal percentage porosities for Ti30 and Ti60, which suggests that this powder
metallurgy process is valid for the manufacture of the Ti foams. The slightly higher total
porosity measured can be attributed to the inherent porosity that remained between the
Ti particles after the sintering process. The higher the Ti amount for Ti30, the higher the
inherent residual porosity and, consequently, the higher the deviation from the nominal
porosity. On the other hand, the most important aspect is the presence of a high level of
open porosity, that is, the porosity required for the subsequent 3% hydrogel infiltration
and degradation-release, for which 34.3 ± 2.1 and 43.8 ± 3.3 vol.% of open porosity for
Ti30 and Ti60 were determined. In turn, the closed porosity, not available for the hydrogel
infiltration, was 4.7± 2.5 and 16.6± 6.3 vol.% for Ti30 and Ti60, respectively. The high level
of closed porosity for Ti60 can be attributed to the closure process of the interconnected
porosity initially existing in the green specimens after NaCl removal. This effect is less
noticeable for Ti30 due to the initially lower interconnected porosity as a direct consequence
of the lower NaCl amount. The final open porosities obtained for both the Ti30 and Ti60
sets of specimens were enough to study the influence on the infiltration and degradation
processes of the gelatin-based hydrogel.

Subsequently, an XRD analysis was carried out throughout the sample height over
several radial polished cross-sections for the Ti30 and Ti60 specimens. The X-ray diffraction
patterns for Ti30 and Ti60 foams (Figure 4b) showed practically a single phase across the
entire sample, corresponding to the hexagonal elemental titanium, P63/mmc (identity code
no. 1532765 in the Crystallography Open Database, COD), which suggested a practically
total dissolution of NaCl during the space-holder removal step and the absence of titanium
oxide after the sintering step. In addition, the Ti60 specimen could show two slight peaks,
although they could not be indexed due to their low intensity. This minor phase can be
attributed to the TiO2 phase due to the typical passivation phenomenon for titanium.

The optical micrographs of these radial polished cross-sections are shown in Figure 5,
where the higher amount of total porosity for Ti60 can be clearly observed in comparison
with that of Ti30, thereby correlating the values determined by the Archimedes method.
In addition, for both specimens, Ti30 and Ti60, a homogeneous distribution of pores can
be observed. This porosity showed an equiaxed morphology for closed pores (marked
by dotted squares in Figure 5) and elongated channel pores produced by the joining of
different NaCl particles initially in contact (marked by dotted ellipses in Figure 5). Most of
the elongated pores are in contact with the surface of the specimens, thereby creating the
necessary open porosity for the hydrogel infiltration. This last assertion can be explained
by considering the NaCl removal step. The dissolution itself and the release of NaCl from
the Ti matrix were generated due to the elongated channel porosity open to the surface.
It should be borne in mind that although certain internal pores appear to be closed pores,
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they can, in fact, have open channel porosity in a longitudinal or crosswise direction that
differs from the radial cross-section of the images in Figure 5.
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Figure 5. Cross-section optical micrographs (upper images) and pore equivalent diameter (Deq)
distribution (lower images) for Ti30 and Ti60 foams. Dotted squares: Closed porosities; dashed
ellipses: interconnected porosities.

The pore size distribution, which combines equiaxed and elongated channel pores, was
determined by image analysis and is also presented in Figure 5. The equivalent pore diameter
was determined as the maximum fitting sphere. Firstly, as a general trend, the pore size
distribution is wider for Ti60, which suggests a higher coalescence and interconnection of
porosity in comparison with Ti30. At the same time, the percentile 50 (d50) was similar for
both Ti30 and Ti60 foams, at 400 and 490 µm, respectively. These values, which are close to
the initial space-holder size (500 µm), suggest that practically half of the number of pores
correspond to the breaking of NaCl particles during foam fabrication. However, although
this determination seems to be initially inconsistent with the lower level of closed porosity
determined by the Archimedes method (see Table 2), it is necessary to highlight that the image
analysis determination has been obtained from polished radial cross-sections and, obviously,
the different porosities can be interconnected in other different random directions. In this
respect, a small interconnect area between these sub-millimetric pores can be detected by the
oils used in Archimedes, but this remains difficult to detect by image analysis.

The percentiles 95 and 99 (d95 and d99) showed higher values for Ti60 (1.37 mm and
2.48 mm) than for Ti30 (0.82 mm and 1.18 mm). Therefore, it can be assumed that the
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higher the percentile, the higher the equivalent diameter, and the higher the pore size.
This is a clear assertion regarding the higher interconnect porosity in the Ti60 specimens
in comparison with that of Ti30. Finally, most of the porosity lies within the range of
200–600 µm of the diameter equivalent. This combination of high distribution of pore
size and an average pore size of 500 µm is reported by Torres-Sánchez et al. [55] to be the
optimal range of porosities for the osteoblastic cellular in-growth in porous Ti implants.

Finally, the mechanical behaviour of the Ti60 specimen was carried out by compression
testing (Figure 6) to determine its fit with the mechanical performance of the bone tissue.
Thus, the elastic modulus determined was around 11.3 GPa, higher than trabecular bone
(around 1 GPa), and close to cortical bone (15–25 GP) [56]. In addition, the determined yield
strength and maximum strength reached 600 and 685 MPa, higher than the healthy cortical
bone tissue (200 MPa) measured in the same compression conditions [57]. In addition, the
elastic strain (ε) measured for the Ti60 specimen was around 8%, higher than the 1% for
cortical bone, but already similar (2.5%) at the maximum stress supported for the cortical
bone tissue. Thus, this mechanical behaviour seems adequate to be employed with this
material and bone replacement tissue in terms of mechanical performance. Finally, it is
important to know at this moment that the presence of the hydrogel does not affect the
mechanical behaviour of the Ti60 materials and vice versa, since the critical stress for the
3% hydrogel is 0.50 ± 0.14 MPa, three orders of magnitude lower than the Ti60 specimen.
In addition, the critical strain for the same 3% hydrogel is much lower (0.09 ± 0.03%) than
the Ti60, indicating that the mechanical performance of the system Ti foam-hydrogel is
mainly affected by the first one.

Polymers 2023, 15, x FOR PEER REVIEW 13 of 18 
 

 

in comparison with that of Ti30. Finally, most of the porosity lies within the range of 200–
600 µm of the diameter equivalent. This combination of high distribution of pore size and 
an average pore size of 500 µm is reported by Torres-Sánchez et al. [55] to be the optimal 
range of porosities for the osteoblastic cellular in-growth in porous Ti implants. 

Finally, the mechanical behaviour of the Ti60 specimen was carried out by compres-
sion testing (Figure 6) to determine its fit with the mechanical performance of the bone 
tissue. Thus, the elastic modulus determined was around 11.3 GPa, higher than trabecular 
bone (around 1 GPa), and close to cortical bone (15–25 GP) [56]. In addition, the deter-
mined yield strength and maximum strength reached 600 and 685 MPa, higher than the 
healthy cortical bone tissue (200 MPa) measured in the same compression conditions [57]. 
In addition, the elastic strain (ε) measured for the Ti60 specimen was around 8%, higher 
than the 1% for cortical bone, but already similar (2.5%) at the maximum stress supported 
for the cortical bone tissue. Thus, this mechanical behaviour seems adequate to be em-
ployed with this material and bone replacement tissue in terms of mechanical perfor-
mance. Finally, it is important to know at this moment that the presence of the hydrogel 
does not affect the mechanical behaviour of the Ti60 materials and vice versa, since the 
critical stress for the 3% hydrogel is 0.50 ± 0.14 MPa, three orders of magnitude lower than 
the Ti60 specimen. In addition, the critical strain for the same 3% hydrogel is much lower 
(0.09 ± 0.03%) than the Ti60, indicating that the mechanical performance of the system Ti 
foam-hydrogel is mainly affected by the first one. 

 
Figure 6. Strain-stress curve for the Ti60 specimen determined by compression testing. Inside: me-
chanical properties determined from the strain-stress curve and a picture of the Ti60 specimen. 

3.3. Infiltration-Degradation for the Gelatin-Based Hydrogels into the Titanium Foams 
Once the gelatin-based hydrogels have been characterised and the Ti30 and Ti60 

foams fabricated, and the optimal 3% hydrogel has been selected in terms of its properties 
for biomedical applications, this hydrogel is then infiltrated into both Ti foams. The results 
of the infiltration process are shown in Figure 7a, where a power-law curve was observed 
in both Ti30 and Ti60 foams, with a generally higher infiltration rate for the 3% hydrogel 
in the Ti60 foam. The maximum infiltration percentage of the total interconnected porosity 
was therefore reached for Ti30 (88 vol.% of hydrogel 3 infiltration) after 120 min, while for 
the Ti60 foams, a higher value of 90.1 vol.% was reached after 75 min. In making use of 

Figure 6. Strain-stress curve for the Ti60 specimen determined by compression testing. Inside:
mechanical properties determined from the strain-stress curve and a picture of the Ti60 specimen.

3.3. Infiltration-Degradation for the Gelatin-Based Hydrogels into the Titanium Foams

Once the gelatin-based hydrogels have been characterised and the Ti30 and Ti60 foams
fabricated, and the optimal 3% hydrogel has been selected in terms of its properties for
biomedical applications, this hydrogel is then infiltrated into both Ti foams. The results of
the infiltration process are shown in Figure 7a, where a power-law curve was observed in
both Ti30 and Ti60 foams, with a generally higher infiltration rate for the 3% hydrogel in
the Ti60 foam. The maximum infiltration percentage of the total interconnected porosity
was therefore reached for Ti30 (88 vol.% of hydrogel 3 infiltration) after 120 min, while for
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the Ti60 foams, a higher value of 90.1 vol.% was reached after 75 min. In making use of
the hydrogel properties determined, it was possible to simulate the theoretical curves for
both infiltration processes according to the Lucas-Washburn equation [58]. These curves
are also shown in hollow symbols in Figure 7a. Thus, this fitting, together with the absence
of pressure or other external force and the immersion of the Ti specimens in the hydrogel,
can be used to corroborate that this hydrogel is infiltrated into the narrow porous channels
by capillary motion. This well-known phenomenon is based on the introduction of a fluid
(hydrogel in this case) into a narrow space (Ti pores) without the assistance of any external
forces, due to the intermolecular interaction between the fluid and the surrounding solid
surface as a consequence of the combination of surface tension (cohesion within the liquid)
and adhesive forces between the hydrogel and the Ti pore surface.
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On the other hand, it can be observed that, for the Ti30 foams, the experimental and
theoretical behaviours diverge with the infiltration time. However, for the Ti60 foams, both
experimental and theoretical curves are similar at shorter infiltration times (up to 5 min,
80 vol.% of infiltration) and start to diverge at a later milling time. This general difference
in the infiltration process for the experimental curves can be attributed to the characteristics
of the interconnected porosity. While the Lucas-Washburn equation is described by a
cylindrical, straight pore channel with no influence from the roughness of the surface, for
the experimental Ti30 and Ti60 foams, the pore channels showed changes in radial section,
tortuosity, and certain surface roughness that hinder the overall infiltration processes.
Another aspect that may increase the divergence between theoretical and experimental
behaviour is the presence of air trapped in the pores during the infiltration process that
must diffuse from the internal interconnected porosity to the surface of the Ti foams.

Furthermore, the similar behaviour found for Ti60 foam after a short infiltration time
can be explained by addressing the high number of interconnected porosities open to the
specimen surface instead of a single pore as described by the Lucas-Washburn equation,
which produced the absence of any hindrance to the hydrogel infiltration for Ti60 at the
shortest time. This aspect is less acute for Ti30 due to the lower level of open porosity at
the surface, which can be corroborated in Figure 5.

Finally, for both Ti30 and Ti60 specimens, it was not possible to reach the 100 vol.%
3% hydrogel infiltration. The presence of small-size open porosity, corroborated by the pore
size equivalent distribution (Figure 5), hinders the infiltration process therein. In order to
solve this handicap and reach the purpose of full hydrogel saturation of the interconnected
porosity, a pressure-assisted infiltration process could be implemented.

Once the hydrogels were infiltrated into the Ti30 and Ti60 foams, their degradation
was also analyzed. The results are plotted in Figure 7b. Both systems show a similar
profile, with exponential growth until a plateau is reached. The modelling of the profiles
reveals a similar degradation mechanism due to the similar values obtained for parameter n,
without any predominant degradation mechanism as demonstrated by Korsmeyer et al. [42].
Furthermore, the degradation kinetics are revealed to be slightly faster for the Ti60 foam
(higher k value), probably due to the greater interconnected porosity open to the surface in
comparison with that of the Ti30 foam. In addition, by comparing the degradation-release of
the hydrogel in the Ti30 and Ti60 specimens with the isolated hydrogel, it can be observed
a little faster degradation in the last one. This aspect can be attributed to the bioinert
nature of the Ti pore surface in the foams, which decreases the adhesion of the hydrogel
molecules. Thus, to reduce the faster degradation of the hydrogel inside the Ti pores,
the suitability of the Ti surface functionalization to increase the hydrogel’s adhesion is
described. Furthermore, it should be noted that the practically total degradation of hydrogel
in the three cases is not pronounced. As an example, more than 90% of degradation is
reached in the three cases after 40 min, specifically, 95% of degradation for an isolated
3 wt.% hydrogel, 95% for Ti30, and 90% for Ti60.

4. Conclusions

In this work, a type-A gelatin-based hydrogel has been successfully infiltrated and
degraded-released in two titanium foams. This process has been carried out experimentally
to establish the ability of the hydrogel to be used as a vehicle for active pharmaceutical
substances required after bone-tissue replacement surgeries.

The titanium foams were suitably developed with 30 vol.% (Ti30) and 60 vol.% (Ti60)
of nominal porosity by the space-holder technique using sodium chloride as the spacer.
The porosity characterization showed high values of open, interconnected porosity (34.3
for Ti30 and 43.8 for Ti60), which is the required porosity for the hydrogel infiltration. In
addition, the range for the porosity size between 200–600 is reported to be close to the
optimal range of porosities for the osteoblastic cellular in-growth in porous Ti implants,
which presents an interesting aspect when the hydrogel is infiltrated with dispersed cell
growth factors.
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In turn, the type-A gelatin-based hydrogel was developed and studied with 1, 2,
and 3 wt.% of gelatin to determine the optimal hydrogel for the infiltration process. It
was observed that the higher the concentration of the raw material, the greater the solid
character. Furthermore, the system at 3% presented a more homogeneous microstructure
compared to that obtained at a lower concentration. The system with 3% gelatin hydrogel
was selected over the other 2 hydrogels with 1 and 2 wt.% of gelatin in terms of its solid
character and greater pore size in the hydrogel network.

The kinetic behaviour of infiltration and degradation-release processes for the 3% hy-
drogel showed a higher infiltration rate in the Ti60 than in the Ti30 foams. The maximum
infiltration value reached was 88 vol.% in the Ti30 foam after 120 min and 90.1 vol.% in the
Ti60 foam after 75 min. Additionally, both processes follow an approximate Lucas-Washburn
behaviour, typical for the infiltration of a fluid by capillarity in interconnected porosity.
The subsequent degradation-release process showed exponential degradation mechanisms,
slightly faster for Ti60 (80 min) than for Ti30 (45 min). This aspect is attributable to the greater
interconnected porosity open to the surface in Ti60. Finally, the optimal biocompatibility of
both gelatine-based hydrogels and Ti foams has also been corroborated.

Future studies related to this work may relate to a major biological characterization of
the complete hydrogel-Ti foam system through in vitro and in vivo analyses.
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