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A B S T R A C T   

Bone-tissue replacement surgeries usually need medication to mitigate implant rejections or prevent local in-
fections. In this study, a modulated and targeted tetracycline (TC) loaded gelatine type A hydrogel is release from 
Ti foams as a proof of concept for an innovative and intelligent drug release system. The drugs are released in a 
localized and controlled manner. The Ti foams fabricated by the space holder technique were surface modified by 
two different techniques of surface modification, i.e., thermal oxidation and acid etching, to assess their influence 
on TC release. The characterization carried out after the surface modification indicated that samples modified 
with acid etching have produced a rougher surface, increasing the diameter of pores (from 500 μm to 700 μm, 
approximately) due to coalescence of pores. The increase of pore roughness has demonstrated the delaying of the 
TC release due to the greater adhesion between the surface roughness and the hydrogel. In addition, the increase 
of pore size improves the possibility to infiltrate high amount of drug-loaded biocompatible hydrogel. Opposite, 
oxidized surface samples have generated a rutile type TiO2 layer that, because of its hydrophilic nature facilitate 
the degradation of the hydrogel, and consequently, the TC release from the Ti foams. Therefore, both methods 
show opposite behaviour, available to increase (acid etching) or decrease (thermal oxidation) the TC release 
thanks to the different kinetic degradation of hydrogel, as a potential way for drug-release from metallic im-
plants. Thus, while acid-etched samples showed maximum TC release value of 35 wt%, after 120 min, the 
oxidized samples surpassed the 40 % of TC release after same 120 min of release time treatment.   

1. Introduction 

Currently, titanium and its alloys, mainly the Ti6Al4V, have proven 
to be the materials of choice for permanent replacement of bone tissue 
due to their excellent biocompatibility properties, corrosion resistance 
and relative, but not low enough, modulus of elasticity [1], which play a 
key role to restore mechanical function by mimicking the mechanical 
properties of the natural bone tissues [2]. In addition, one of the many 
positive aspects that make the Ti being the best option over the other 
metallic biomaterials is the possibility to decrease its Young’s modulus 
being close to the value of bone, avoiding a decrease in the mechanical 
stress and preventing the stress-shielding effect which causes bone 
resorption and the loose of the implant [3,4] On the contrary, they are 
bioinert material, a property that hinders rapid and optimal osseointe-
gration and, therefore, the fixation of the implant with the surrounding 

bone tissue, which can lead to premature failure due to micromove-
ments [5]. 

However, Ti and its alloys, analogous to other biomaterials, are 
usually recognized as foreign materials for the human body and cause an 
initial response of the host that is currently combated by the adminis-
tration of drugs such as antibiotics and/or anti-inflammatories [6]. 
Unfortunately, this type of administration is not efficient due to its un-
desired side effects, such as toxicity or suboptimal delivery [7]. 

At present, a tendency to achieve proper administration is to obtain 
long-acting drug delivery systems, which are able of providing sustained 
and/or local drug delivery, thus contributing to improve the success of 
the bone replacement and patient compliance [8–10]. In this sense, 
hydrogels are three-dimensional crosslinked hydrophilic polymeric 
networks that are capable of absorbing and retaining significant 
amounts of water or biological fluids without being dissolved 
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themselves [11,12]. Thus, due to the high-water content and the phys-
iochemical similarity to the native extracellular matrix, hydrogels can be 
used to dissolve and to sustain drug delivery. Considering their high 
biocompatibility and biocompatibility, these materials can be very 
valuable also as drug delivery platform [13–16]. In a previous work, 
Mehdi-Sefiani et al. [17] infiltrated Ti foams with a drug-loaded 
biocompatible hydrogel achieving controllable drug release. 

In this sense, we must be able to improve the local immune envi-
ronment and promote angiogenesis and osteogenesis that take advan-
tage of osteointegration [18]. For this purpose, a gradual and sustained 
drug release method must be modulated to solve two aspects: a) the 
initial acute inflammatory process just after surgery caused by the 
implant and bone manipulation and the presence of bacteria and b) the 
persistent inflammation process due to the release of ions, the lack of 
osteointegration and biocompatibility which may induce periprosthetic 
osteolysis, loss of bony support subsequent loosening, and failure of the 
implant [6,19]. 

The development of osteoimmunology gives us an inspiration that 
we can properly modify the implants and modulate the local excessive 
inflammatory response to avoid undesirable lack of osseointegration and 
improve the patients’ quality of life after surgery [18]. Several surface 
modification techniques have been studied with the aim of altering, in a 
controlled manner, the topography, surface energy, wettability, as well 
as biological properties [5,20,21] of Ti foams. Conventional surface 
treatment methods include thermal oxidation and acid etching. Thermal 
oxidation consists of generating an oxide film (TiO2) that has good 
biocompatibility and stable chemical properties thus optimizing bioac-
tivity, corrosion resistance and osteointegration behaviour of titanium 
implants [22–24]. On the other hand, acid etching creates a surface of 
greater roughness that improves cell proliferation and differentiation, in 
addition to providing a relatively greater bone-implant contact, 
improved bone growth and improved osseointegration of experimental 
titanium orthopedic implants [25]. 

In this work we show an approach to adapt the novel targeted release 
of drug-loaded biocompatible hydrogel to different drug release kinetic 
by physical and chemical surface modification on Ti foams generated by 
space holder technique. Concretely, we present the fundamentals for 
two surface modification treatments, i.e., conventional thermal oxida-
tion in static air and acid etching with sulfuric acid in Ti foams to 
modulate and target the release of drug (tetracycline, TC)-loaded 
biocompatible hydrogel, previously infiltrated in the Ti foams. 

2. Materials and methods 

2.1. Fabrication and characterization of the Ti foams 

Six samples of Ti foams (cylinders with 15 mm height and 12 mm 
diameter) were prepared with 60 vol% of nominal porosity by space- 
holder technique to infiltrate type-A gelatin-based hydrogels. This 
study has used elemental titanium (99% purity, <325 mesh, Strem 
Chemicals, Newburyport, MA, USA) as metallic material and sodium 
chloride, NaCl (99.9% purity, <35 mesh, 500 micros, Panreac Química 
S.L.U., Barcelona, Spain), as the space holder particles. The 
manufacturing process of Ti foams is described in more detail by Mehdi- 
Sefiani et al. [17]. In brief, the elemental titanium and sodium chloride 
NaCl, as the space holders, were mixed in the corresponding volumetric 
percentage (60 vol% NaCl-40 vol% Ti). The mixture of powders was 
homogenized and subsequently compacted by uniaxial pressing at 400 
MPa. The green compacted cylinders obtained were immersed in hot 
distilled water to promote the dissolution of the NaCl space-holder. 
Finally, these developed green Ti foams were then sintered at 1300 ◦C 
during 1 h. 

The absolute density, open and closed porosities of the samples was 
calculated by the Archimedes method for porous metallic materials 
(ASTM B962-17). On the other hand, X-ray diffraction (XRD) patterns 
were collected for the superficially modified and the non-modified 

(known as Ti60) samples by thermal oxidation technique to elucidate 
the nature of the TiO2 film generated. An image analysis was carried out 
to determine the morphology, the distribution of pore size and the pore 
size average by the determination of the circular equivalent diameter of 
pores (Deq). Cross-section and longitudinal images were obtained using 
a Nikon Eclipse MA100 N optical microscope. In turn, Image J software 
was used to analyze these images. 

2.2. Surface modification of Ti foams by thermal oxidation 

The thermal oxidation procedure was performed in an atmosphere of 
static air using a CARBOLYTE STF 15/75/450 tubular furnace. The 
temperature at which the oven was maintained to generate the desired 
TiO2 layer in the sample was determined by two previous studies: 1) 
Hanaor et al. [26] reported that temperatures close to 600 ◦C, two 
mechanisms intervene: the diffusion of oxygen in the titanium subnet 
through the free surface and thorough the grain limits, thereby 
increasing the volume of TiO2 and the anatase-rutile transformation 
takes place; 2) Ma et al. [23] reported that when the temperature is 
between 675 ◦C and 750 ◦C, a rapid oxidation rate and a porous TiO2 
layer are obtained. For all those reasons abovementioned, the temper-
atures selected were 600 ◦C, for a total of 25 h and 750 ◦C, for 2 h 
(samples labelled as 3MOX600/25 and MOX750/2, respectively). To 
calculate the oxidation rate obtained after thermal oxidation, the weight 
gain, and the different molecular weight between Ti and TiO2 were used. 

2.3. Surface modification of Ti foams by acid etching 

The procedure to modify the Ti foams by acid etching involved 
immersing the foams in H2SO4 sulfuric acid solutions at room temper-
ature. The samples were then rinsed completely with stirred distilled 
water to remove any possible sulphates formed after etching. Finally, the 
samples were dried at 150 ◦C in an oven. Two different etching studies 
were carried out: 1) immersion in sulfuric acid 5 M for 10 h, and 2) 
immersion in sulfuric acid 5 M for 23 h (samples labelled as MC/10 and 
MC/23, respectively). 

2.4. Synthesis of the type-A gelatin-based hydrogel 

To synthesize the hydrogel, type-A gelatin (Bloom 300, protein 
content >85 wt%) was used as the raw material because of its great 
biocompatibility and ability to form hydrogels [27]. It was supplied by 
Sigma Aldrich S.A. (Germany). Specifically, the synthesis of type A 
gelatin-based hydrogel (3 wt%) consisted of dissolving a type-A gelatin 
in 30 ml of 0.05 M acetic acid. The solution was then centrifuged at 12, 
000 rpm for 7 min at 4 ◦C [28]. Once the solution was centrifugated, 
62.5 mg of tetracycline was added to each 25 ml of supernatant 
hydrogel. Finally, a gelation process was carried out by keeping the 
hydrogel infiltrated into the pores of Ti foams in a refrigerator at 4 ◦C for 
2 h. 

2.5. Infiltration and release for the drug-loaded type-A gelatin-based 
hydrogels into the Ti foams 

After the surface modifications, the infiltration and subsequent 
release of the tetracycline by relaxation of protein chains of hydrogel in 
the open porosity of the six Ti foams was carried out. Then, variations in 
the infiltration and degradation process due to the presence of surface 
modifications were studied. 

The infiltration process was carried out by capillarity with the im-
mersion of each foam in 25 ml of hydrogel for 30 min at room tem-
perature. Subsequently, the samples were placed into a refrigerator at 
4 ◦C for 24 h to allow the gelation of the tetracycline-loaded hydrogel 
within the pores of Ti foams while it was still infiltrating. The hydrogel 
was infiltrated in the volume of the open porosity of each sample. The 
volume of infiltrated hydrogel was calculated by the weight gain of the 
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Ti foam before and after the infiltration. Once the volume of infiltrated 
hydrogel was known, the amount of tetracycline release was studied. 

To perform the release study, a calibration line was previously 
established. In particular, the study consisted in immersed each sample 
in 25 ml of PBS (Phosphate Buffer Solution) and the absorbance was 
measured with a wavelength of 356 nm. Measurements were taken 
every 5 min up to 2 h. 

In addition, the mechanism of the drug release was modelled 
following the equation for polymeric systems defined by Korsmeyer 
et al. [29] (Equation (1)): 

L= k • tn (1)  

where L is the degradation’s system and t the duration of the degrada-
tion. From this equation, two important parameters have been obtained: 
the degradation mechanism that was taking place (n) and its kinetics 
(k)) 

3. Results and discussion 

3.1. Characterization of the Ti foams as fabricated 

The density and porosity characterization of the six Ti foams, 
determined by geometry and Archimedes methods are displayed in 
Table 1. The theoretical density of full dense Ti equal to 4.5 (g cm− 3) was 
used for the relative densification and porosity. Particularly, the per-
centage of total open and closed porosities, as key parameter for later 
infiltration and release of TC loaded hydrogel were determined using the 
Archimedes method, are also displayed in Table 1. 

It can be observed how the absolute density on both methods is lower 
than the density of titanium at room temperature (4.5 g cm − 3). This fact 
is due to the presence of high porosity in Ti foams. Specifically, the 
percentage of total porosity obtained in both processing conditions is 
close to the nominal designed (60 vol %). The slight reduction of the 
total porosity in comparison with the 60 vol% of nominal porosity is 
caused by the shrinkage during the sintering step. It is noteworthy, as 
the most important key parameter, the high open porosity in Ti foams 
(48.4 ± 3.1 vol%), due to this, the 3% hydrogel will be infiltrated, and 
the tetracycline released by the hydrogel degradation. On the other 
hand, it can be noted that the values of the relative densification ob-
tained of each sample are within the appropriate range for porous tita-
nium implants (30%–85%) [30]. 

3.2. Characterization of the Ti foams after surface modification 

The oxidation rate for the thermal oxidation was determined ac-
cording to the weight gain of the two samples, labelled as MOX600/25 
and MOX750/2, attending to the oxidation temperature (600 ◦C and 
700 ◦C) and the oxidation time (25 h and 2 h) applied. As can be 
highlighted in Fig. 1, the oxidation rate of the Ti foams follows a linear 
behaviour for the MOX750/2 and a logarithmic growth for the 
MOX600/25 specimens, respectively, suggesting a non-passivation of 
the Ti foams. This unusual aspect for Ti, is a consequence of the high 

specific surface of the Ti foams and the inherent generated micropo-
rosity for powder metallurgy materials synthesized and sintered at 
relative low sintering temperature (1300 ◦C) that assist the diffusion of 
oxygen into the Ti foams. This aspect is interesting for this surface 
modification because of the great control of the oxidation progress. 
Furthermore, this observation suggests that the TiO2 layer generated is, 
in fact, a porous layer. Also, this could be interesting attending to the 
bioactivity of TiO2, because the greater the surface area of TiO2 gener-
ated, the more bioactive the surface-modified Ti foam will become. In 
addition, it is clearly observed that the oxidized sample at 750 ◦C for 2 h 
(MOX750/2) reached an oxidation percentage higher than the oxidized 
sample at 600 ◦C for 25 h (MOX600/25 h) at lower oxidation time. This 
indicated that the temperature is the parameter which had the biggest 
impact on the growth rate of the TiO2 layer. 

Once the oxidation percentage of each sample was known, the ab-
solute density and porosity of the samples were determined again using 
the Archimedes method (Table 1). The results shown that the porosity 
values, mainly the open porosity, of Ti foams before and after thermal 
oxidation (specimens MOX600/25, MOX750/2 and Ti60 in Table 1) are 
similar, within the standard deviation (48.4 ± 3.1 for Ti60 sample 
before oxidation vs 52.7% and 46.5% for MOX600/25 and MOX750/2 
after oxidation tests). Note that we are focusing the comparison on the 
open porosity because is the key porosity for the infiltration and 
releasing process of the drug-loaded hydrogel. 

On the other hand, analyzing the results of the samples before and 
after acid etching, also displayed in Tables 1 and it can be noted that the 
MC/10 sample had not undergone significant changes in the percentage 
of total and open porosities after 10 h of acid etching, in comparison 
with the unmodified sample (51.7 vol % vs 50.5 vol% for total porosity 
and 49.3 vol% vs 48.4 vol% for open porosity) suggesting a low effect on 
the percentage of the designed porosity. However, it can be highlighted 

Table 1 
Density and porosity characterization of as fabricated and surface modified Ti foams determined by geometry and Archimedes method.  

System Absolute density Relative densificationa Total porosity (%) Open porosity Closed porosity 

(g⋅cm− 3) (%) (%) (%) 

Ti60 (Geometry) 1.9 ± 0.1 41.7 ± 2.3 58.3 ± 2.3 NDb NDb 

Ti60 (Archimedes) 2.3 ± 0.3 50.1 ± 3.9 50.5 ± 3.9 48.4 ± 3.1 1.5 ± 0.5 
MOX600/25 2.1 46.5 53.5 52.7 0.8 
MOX750/2 2.3 50.9 49.1 46.5 2.6 
MC/10 2.2 48.3 51.7 49.3 2.4 
MC/23 1.9 35.1 64.9 63.0 1.9  

a Relative densification %: Percentage of the porous foam density related to bulk titanium’s density. 
b ND: Not Determined. 

Fig. 1. Oxidation rate of MOX600 and MOX750 samples.  
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an increase of open porosity after acid etching for the MC/23 sample. 
Concretely, from 48.4 ± 3.1 for Ti60 to 63.0 for MC/23 sample. This 
observation suggests an excessive corrosion on Ti foams, that indicates 
that if it is necessary to control the increased open porosity of the 
sample, it is required to control the time when the sample is exposed to 
sulfuric acid [31]. 

Subsequently, an XRD analysis was carried out throughout in a radial 
and longitudinal internal section of the most oxidized sample (MOX750/ 
2) before and after the surface modification to corroborate the suc-
cessfully formation of the TiO2 layer and its nature (Fig. 2). It is possible 
to verify the presence of the allotropic rutile phase (titanium oxide, r- 
TiO2, ref. no. 00-021-1276 in the PDF4+-ICDD database, with tetragonal 
structure) only after surface modification. For both, the unmodified 
sample (Ti60) and MOX750/2, the majority phase corresponds to the 
expected elemental hexagonal close-packed Ti (ref. no. 00-044-1294 in 
the PDF4+ ICDD database). This fact suggest that thermal oxidation 
method is able to generate a titanium oxide layer at the surface of the 
pore’s channels of the Ti foams. 

To determine the extension of the rutile type titanium oxide layer 
thickness generated in the MOX600/25 and MOX750/2 samples, an 
optical microscope image analysis was performed. The optical micro-
graphs shown in Fig. 3 revealed that MOX75O/2 sample had a greater 
thickness of r-TiO2 compared to the thickness of the MOX600/25 sam-
ple. Average values of 8.7 ± 1.8 μm and 16.8 ± 8.1 μm were determined 
for a high number of measurements in at least 10 micrographs for the 
MOX600/25 and MOX750/2, respectively. 

The pore size distribution was determined using image software and 
by the determination of the equivalent diameter, defined as the diameter 
of a circle with an equal area than the pore channel, which is calculated 
by: 

d = 2
̅̅̅̅̅̅̅̅̅̅̅̅̅
Area/π

√

Where “d” is the equivalent diameter (μm) and “Area” is the surface of 
the pore. 

The results of the equivalent diameter show that the pore size of the 
higher oxidized MOX750/2 sample in comparison with the lower 
oxidized MOX600/25 and with the non-oxidized experiment are similar, 
between 426 and 457 μm (see Table 2). This fact suggests low influence 
of the micrometric thickness of the r-TiO2 layers on the submillimetric 
equivalent diameter of pore size after oxidation stage. On the other 
hand, analyzing the acid etched samples it can be noted that there has 
been an increase in the average pore size, more pronounced for high 
corrosion level (MC/23). This observation in the pore size of the MC/23 
can be attributed to the pore coalescence due to the removal of Ti walls 

that separates the pores, by corrosion [32]. This aspect is demonstrated 
by the optical micrographs shown in Fig. 4, where the coalescence of 
pores is exposed (marked with white squares) and, consequently, the 
increase of pores size for the specimens modified by acid etching in 
comparison with the not modified Ti60 sample. 

Thus, from a surface modified Ti foam design point of view, the space 
holder selected to generate the porosity could be selected according to 
the desired final pore size, similar space holder size for oxidized surface 
modification method and lower space holder size when acid etching is 
used to modify the surface. 

Finally, to determine de effect of the acid etching on the roughness of 
the walls of the porosity channels generated, a relationship has been 
obtained between the perimeter of these pores and their surfaces. Higher 
perimeter/surface relationship is an indirect measurement of higher 
roughness. Thus, for the Ti60, MC/10 and MC/23 de results obtained are 
shown in Table 2. Those results indicate that sample MC/10 has the 
highest roughness due to the higher perimeter-surface ratio. In addition, 
the sample MC/23 has lower value than the MC/10, probably due to the 
increase of pore size because of the high corrosion surface treatment 
time. This aspect can be observed also qualitatively attending to Fig. 5, 
where it is clearly observed a higher roughness for the MC/10 specimen. 

Analogously, the perimeter/surface ratio of pores was determined 
for the oxidized specimens to corroborate the assertion. In this case, the 
values obtained are close to the non-modified Ti60 specimens, sug-
gesting no effect of roughness on the behaviour of MOX600/25 and 
MOX750/2 in comparison with the Ti60 (See Table 2). 

Finally, it is important to note that the external morphology and size 
of all specimens remained invariant after both thermal oxidation and 
acid etching surface modifications. 

3.3. Infiltration-degradation for the gelatin-based hydrogel into the Ti 
foams 

Once the hydrogel was manufactured, it was infiltrated into Ti 
foams. It is important to note that the percentage of the infiltrated 
hydrogel was lower than 100% in all the samples (Table 2). This aspect 
suggests a requirement to use an assisted way to infiltrate all the 
porosity. As a possibility, the pressure infiltration assisted has been 
proposed and it will be applied in the following works. After the infil-
tration process, the tetracycline release was analyzed for all the speci-
mens, i.e., the unmodified sample and the surface modified specimens 
by both oxidation and corrosion treatments. The release of TC is exposed 
in Fig. 6 related to the maximum infiltrated hydrogel for each specimen. 

Related to the TC release, it is observed as a general trend that, after 
120 min, the TC release was incomplete in all cases, i.e., for the as- 
developed Ti60 specimen and the acid etching and oxidized surface 
modification specimens. The maximum TC release from the total infil-
trated was around 60% for the oxidized MOX750/2 specimen. This 
aspect suggests that for the purpose to reach the total TC release in a 
shorter time it should be necessary to address new systems modification. 

By other hand, by comparison of the Ti60 and the surface modified 
specimens by the two ways, i.e., oxidation and acid etching, it is 
observed how both samples performed by acid etching surface modifi-
cation exhibited a more sustained release than the rest of the samples. 
Particularly marked the difference and sustained release for the MC/10 
specimen. Not in vain, the maximum TC release for this specimen after 
120 min was 25% of TC. The increase on the roughness, indirectly 
measured by the relationship between the perimeters and the area of 
pores, determined by Image Analysis, was obtained for this MC/10 
specimen (0.045 mm− 1) in comparison with the MC/23 (0.040 mm− 1) 
and the non-modified Ti60 (0.033 mm− 1). This observation can be 
attributable to a higher roughness, a higher surface for physical adhe-
sion between hydrogel and Ti foam. Thus, this increase in the surface by 
roughness improves the bioactivity of Ti foams [32,33], resulting in an 
increase of hydrogel-Ti interaction and, consequently, delaying and 
controlling the hydrogel degradation and the subsequent TC releasing. Fig. 2. X-Ray Diffraction patterns for Ti60 and MOX750/2.  
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In addition, the presence of the roughness produced slower kinetics and 
lower amounts of drug because, in the infiltration process, the roughness 
blocked the hydrogel at the beginning of the pore channel, complicating 
further infiltration. In the degradation process, the roughness prevented 
a quick interaction between the hydrogel and the PBS, so the degrada-
tion of hydrogel and, consequently, the release of TC became slower. On 
the contrary, an opposite effect can be detected when the surface 
modification was carried out by static air oxidation. In this case, the 
presence of the rutile layer formed after oxidation produced an increase 
in the kinetic degradation of the hydrogel and the TC release, more 
abruptly when higher thickness of the rutile layer was formed. The hy-
drophilic nature of the rutile TiO2 layer [34] could assist the degradation 
of the hydrogel and, consequently, the interaction between the PBS 
solution and the hydrogel, achieving faster degradation of hydrogel and, 
consequently, the increase of release of TC from the Ti foams. Thus, 
although the presence of both surface modification (acid etching and 
oxidation) is reported to increase the necessary bioactivity of titanium 
[23] for the use of Ti foams as bone replacement implants, if they are 
using also as localized drug delivery system, both surface modification 
showed opposites behaviour. 

Fig. 3. Comparison of TiO2 layer thickness of MOX600/25 and MOX750/2 samples.  

Table 2 
Pore equivalent diameter (Deq) distribution, average perimeter/area ratio of 
porosity, volume of open porosity, volume of infiltrated hydrogel and percent-
age of infiltrated hydrogel on the pores for all specimens.  

System Deq 

[μm] 
Perimeter/ 
Area ratio 
(mm− 1) 

Volume of 
open 
porosity 
(mL) 

Volume 
infiltrated 
hydrogel 
(mL) 

Infiltrated 
hydrogel 
(%) 

Ti60 423 
± 41 

0.033 0.688 0.410 59.7 

MOX600/ 
25 

457 
± 30 

0.035 0.759 0.546 71.9 

MOX750/ 
2 

426 
± 43 

0.032 0.611 0.418 68.4 

MC/10 667 
± 6 

0.045 0.658 0.494 75.1 

MC/23 730 
± 42 

0.040 0.591 0.391 66.1  

Fig. 4. Optical Micrographs for Ti60 and surface modified MC/10 and MC/23 specimens. Marked by white squares the coalescence of pores.  

Fig. 5. Pore roughness of acid-etched samples. For comparison purposes, Ti60 it is also showed.  

H. Mehdi-Sefiani et al.                                                                                                                                                                                                                         



Journal of Drug Delivery Science and Technology 95 (2024) 105608

6

The kinetic data obtained from the potential allometric equation 
(Table 3), gives “n” exponent similar for the oxidized surface specimens 
(MOX600/25 and MOX750/2), close to n = 0.40. According to Kors-
meyer et al. [29] and Lee [35], this value of n < 0.5 correspond to a 
typical Fickian diffusion law mechanism caused by the concentration 
gradient of TC. As opposite, for the acid etching surface modified 
specimens, the n exponent gives values between 0.5 and 1. In that case, 
as it was reported by Lee and Korsmeyer [29,35], the mechanism of drug 
release is an anomalous mechanism, combination of the usual Fickian 
diffusion mechanism and the swelling process mechanism, based the last 
one on the relaxation of hydrogel chains due to the water, expansion of 
chains and, consequently, diffusion of TC and, finally, the total degra-
dation of hydrogel. This observation is in concordance with the higher 
percentage of TC release level for the oxidize surface specimens. Thus, it 
is suggested that the hydrophilic nature of the rutile TiO2 assists the 
interaction of hydrogel-PBS solution and, consequently, the diffusion of 
TC from the hydrogel to the PBS solution is caused by a concentration 
gradient. For this reason, for the thermally oxidized samples, the 
diffusion mechanism is the clear predominant kinetic mechanism. 
Opposite, the presence of the roughness in the acid etched surface 
specimens produced certain degradation of the hydrogel, which induced 
the release of TC to be carried out by both the degradation of the 
hydrogel and the diffusion of TC, corroborating the combined mecha-
nism of TC release. 

It is important to note that for the non-surface modified specimen 
(Ti60) the release mechanism for TC release is also the Fickian diffusion 
mechanism. This fact can be explain considering that, during sintering 
step, always a nano Ti60 layer is created for Ti, more similar to the 
oxidized than the acid etched specimens. 

Finally, the kinetic constant is an order of magnitude larger for the 
oxidized surface samples in comparison with the acid etched surface 
samples, corroborating the higher oxidation rate for the first one as 
could be abovementioned. 

4. Conclusions 

In this study two surface functionalization of Ti foams have been 
successfully implemented, concretely, static air oxidation at high tem-
perature and acid etching. This process has been carried out to under-
stand how to modulate and targeted release of drug-loaded 
biocompatible hydrogel from the pore channels of modified Ti foams as 
a vehicle for a controlled and localized release of the drugs required after 
bone replacement surgery. Thus, the thermal oxidation method has 
produced a rutile titanium oxide layer that increase the kinetic release of 

the tetracycline thanks to the analogous hydrophilic nature of rutile 
TiO2 layer and the hydrogel as vehicle for the drug-load. 

On the other hand, using the acid etching method allow to get a 
slower tetracycline release from the Ti foams the hydrogel. In fact, the 
samples’ kinetic release profiles showed that due to the presence of 
roughness, the interaction of the pore surface with the hydrogel in-
creases and therefore, the release of the drug slows down. 

Finally, it is important to highlight that this study is a proof of 
concept so it can be noted some improvements. For example, the per-
centage of the hydrogel infiltrated was lower than 100% in all the 
samples so, for future studies related to this work could be important the 
use of pressure to allow a completed infiltration. On the other hand, 
related to the time of drug release, it could be necessary to modify the 
hydrogel to provide it with optimal rheological properties that could 
allow to achieve an extending longer release over time. 
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Fig. 6. Kinetic for the TC release from the Ti foams by the hydrogel 
degradation. 

Table 3 
Fitting of TC release data from the hydrogel infiltrated in the Ti foam systems.  

System Kinetic constant, k (min-n) Exponent, n R 

Ti60 4.7 0.48 0.980 
MOX600/25 6.3 0.42 0.993 
MOX750/2 9.6 0.39 0.993 
MC/10 0.7 0.76 0.993 
MC/23 0.9 0.80 0.996  
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polymeric drug delivery devices: classification, manufacture, materials, and 
clinical applications, Polymers 10 (2018) 1379, https://doi.org/10.3390/ 
POLYM10121379, 10 (2018) 1379. 

[10] J. Domínguez-Robles, E. Utomo, V.A. Cornelius, Q.K. Anjani, A. Korelidou, 
Z. Gonzalez, R.F. Donnelly, A. Margariti, M. Delgado-Aguilar, Q. Tarrés, 
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