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Gelatin crosslinking using conventional methods is usually associated with some toxic side effects. In this research, therefore, the
vacuum heating method at 10 Pascal and 140°C under different times of 8, 16, and 32 h was used to cross-link strontium-loaded
gelatin microparticles with varying degrees obtained by the oil/water mixing method on titanium scaffolds by the dip-coating
method to avoid toxicity and also to control the strontium release rate to the surrounding tissue. The possible phases formed
on the surface of the porous titanium scaffolds, the gelatin microparticle distribution, gelatin strontium loading, and strontium
release were characterized using thin film X-ray diffraction, Fourier transform infrared spectroscopy, scanning electron
microscopy (SEM), and inductively coupled plasma-mass spectrometer (ICP-MS) machines, respectively. The results indicated
that at 600°C, the rutile phase was formed on the surface of the heat-treated titanium scaffolds. Furthermore, strontium was
successfully loaded in the spherical gelatin microparticles, and the strontium-loaded gelatin microparticles were distributed
uniformly on the surface of the titanium scaffolds, while the rate of the in vitro strontium release decreased by increasing the
time of the gelatin microparticle vacuum-heat crosslinking, whereas at the burst release step, the in vitro strontium release
rates were around 5, 4.4, and 2.5 ppm/h, for the 8, 16, and 32 h vacuum-heat cross-linked gelatin microparticles, respectively.

1. Introduction

One of themost effective methods in hard tissue engineering is
the development of a biocompatible scaffold with intercon-
nected porosity which can provide suitable mechanical prop-
erties, nutrient delivery, waste removal, cell attachment/
viability, osteoconductivity, and bone ingrowth ability [1–5].

As a bioinert material, titanium is one of the most widely
used metals in dental/bone implantation due to its high
strength/weight ratio, good biocompatibility, and nonaller-
gic effect [6–9]. Many surface treatment methods have been
introduced by researchers to alleviate the bioinertness of
titanium, including direct oxidation which is an effective
method for improving the bonding ability of titanium
implant to the surrounding bone [3]. In this method due
to the high temperature, titanium reacts with the oxygen

present in the surrounding air resulting in the formation of
titanium oxide (rutile) at the surface [10–13].

Apart from the surface-modified and bioactivated tita-
nium, localized drug or ion release is also advantageous,
and its controlled release can catalyze bone healing or inhibit
infection or disease after implantation [14–16]. Since the
surface of the titanium cannot release drug/ion, a well-
designed combination of a metal-biodegradable ceramic or
metal-biodegradable polymer must be used for tooth-/
bone-healing purposes.

Superior properties of gelatin such as rapid and control-
lable biodegradability, biocompatibility, and ease of process-
ing have resulted in the immense use of gelatin in medical
applications and drug delivery systems [17]. By crosslinking
the gelatin, its degradation rate reduces and can be matched
to the requirements of the surrounding tissue [18].
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Glutaraldehyde solution is a well-known agent for gelatin
crosslinking. While glutaraldehyde residue is toxic to the
alive surrounding tissues, vacuum heating as a clean method
can be used for gelatin crosslinking [19]. However, the
decomposition or deterioration of drugs at high tempera-
tures has restricted this method for crosslinking drug-
loaded gelatin.

One of the most important ions for bone healing is
strontium. The dual action of strontium ion makes it a ben-
eficial drug for bone treatment, and it is a useful agent for
osteoporosis [20]. The simultaneous dual action of stron-
tium includes increasing bone formation rate by the positive
stimulation of osteoblast cells and also reducing bone
resorption rate by the negative stimulation of osteoclast cells
[20]. Regarding the side effects of strontium [21], localized
strontium release with a controlled rate could improve bone
formation and mineral density (BMD) in patients.

Systematic or uncontrolled drug or ion release with
disconformity to the surrounding tissue requirements is
still controversial [22]. Biodegradable ceramics or poly-
mers are widely suggested candidates for load-bearing
scaffolds which have a drug-release ability. However, the
higher mechanical properties of metals compared to poly-
mers and ceramics make them a more reliable choice for
hard tissue implantations exposed to mechanical loading
[23]. Therefore, a novel design of metal-biopolymer seems
to be necessary for optimized and accelerated bone healing
using scaffold implantation.

The novelty of this study is attributed to the use of gela-
tin microparticles as a controlled release system for stron-
tium ions on the surface of porous Ti scaffolds. The study
presents a new model for the controlled release of strontium
ions, which has not been reported before. Additionally, the
effects of different vacuum heating times on the degree of
crosslinking and the strontium release rate were investi-
gated, which provides new insights into the optimization of
strontium ion release from gelatin microparticles on Ti scaf-
folds. Therefore, the study contributes to the development of
more effective and controlled release systems for strontium
ions for potential use in orthopedic implant applications.

2. Materials and Methods

2.1. Fabrication of Surface Bioactivated Titanium Scaffolds.
The powder metallurgy-space holder method was utilized
to prepare disc-shaped porous titanium scaffolds with a
nominal porosity of 70 vol.% (diameter of 13mm and height
of 2mm), as previously described [24]. Subsequently, tita-
nium scaffolds were heated at 600°C for 240min in an atmo-
spheric furnace using a heating/cooling rate of 5°C/min [13].

2.2. Fabrication of Strontium Ion-Loaded Gelatin
Microparticles. The oil/water mixing method was used to
synthesize gelatin microparticles containing strontium ion
(Sr(OH)2), as previously described [25]. For crosslinking gel-
atin at different degrees, the coated titanium scaffolds with
strontium-loaded gelatin microparticles were heated at
140°C, at a vacuum level of 10 Pascal for 8, 16, and 32h.

2.3. Microscopic Observation. Scanning electron microscopy
(SEM: JCM-6000 Plus, JEOL, Japan) was used for surface
morphology observation of the surface-treated titanium
scaffolds and the distribution of gelatin microparticles on
the titanium scaffolds. To inhibit electron discharge during
SEM observation, a thin layer of gold was deposited on the
surface of the samples using a sputtering system.

2.4. Phase Identification. A thin film X-ray diffraction (TF-
XRD) system was utilized for possible phase formation on
the surface of the bioactivated porous titanium scaffolds.
The TF-XRD measurements were done using a Cu-Kα X-
ray lamp at 40 kV and 40mA and a glancing angle of 1°

against the incident beam.

2.5. Structural Analysis. The chemical structures of gelatin
microparticles, strontium hydroxide, and strontium-loaded
gelatin microparticles were studied using Fourier transform
infrared spectroscopy (FTIR: SHIMADZU, 8400S, Japan)
in a KBr matrix.

2.6. In Vitro Strontium Release Assessment. Each of the
microparticle-deposited titanium scaffolds was soaked in
15ml of phosphate-buffered solution (PBS) at 37°C for des-
ignated time points of 1, 2, 4, 8, 16, 32, and 64 h. The PBS
was poured out from the test tube at each time point, and
the concentration of the released strontium ion in the PBS
was measured using an inductively coupled plasma-mass
spectrometer (ICP-MS: HITACHI, PS7800). The test and
measurement process was repeated three times for each
sample, after which 15ml of fresh PBS was added to the test
tube. The resulting cumulative strontium ion concentrations
were then plotted versus the soaking time.

3. Results and Discussion

3.1. Surface Morphology. The SEM micrographs of the tita-
nium scaffold and microparticle-deposited titanium scaf-
folds are presented in Figure 1. According to Figure 1(a),
both micropores (smaller than 10μm) and macrointercon-
nected pores (the size of about 350μm) exist in the matrix
of the titanium scaffold which can facilitate nutrition and
drug delivery around the titanium implant. Regarding the
mean diameter of the microparticles (smaller than 20 micro-
meters) and the interconnectivity of the macropores of the
titanium scaffolds [25], microparticles could diffuse into
the inner macropores of the titanium scaffold. According
to Figure 1(b), gelatin microparticles were successfully and
homogenously deposited on the whole surface of the tita-
nium scaffold struts.

The good distribution of strontium-loaded gelatin
microparticles on all the titanium scaffold surfaces could
inhibit localized or concentrated strontium release to the
surrounding tissue.

3.2. Phase Identification. The phase formation due to the
surface treatment of titanium scaffolds was investigated
using thin film X-ray diffraction. Figure 2 presents the X-
ray diffraction pattern of the as-sintered and surface-
treated titanium scaffolds. The as-sintered titanium scaffolds
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showed peaks related to pure titanium, while the surface-
treated sample presented peaks related to pure titanium
and rutile phase. Therefore, it seems that the titanium scaf-
fold has been covered by a thin layer of rutile titania
(TiO2) due to the surface treatment. Both anatase and rutile
(two different crystal structures of titania) phases are bioac-
tive and can improve the bone-bonding ability of the tita-
nium scaffolds [26].

3.3. Structural Properties. FTIR spectra of the gelatin micro-
particles, strontium hydroxide, and strontium-loaded gelatin
microparticles are shown in Figure 3. According to
Figure 3(a), the FTIR spectrum of the cross-linked gelatin
microparticles without strontium loading exhibited major
peaks at 1645, 1542, and 1238 cm-1 correspondence to amide
I, amide II, and amide III groups, respectively. According to
Figures 3(a) and 3(b), a peak at 3490 cm-1 is replicated on
the spectrum of the strontium-loaded gelatin microparticles,
indicating that the strontium was successfully loaded on the
gelatin microparticles. According to Figure 3(c), the FTIR
spectrum of the strontium hydroxide exhibited a peak at

3490 cm-1 which is in correspondence to the OH- stretching
mode of strontium hydroxide [25].

3.4. In Vitro Strontium Release. To adjust the strontium
release rate, different degrees of gelatin crosslinking were
used. The strontium release profile was obtained by measur-
ing its soaking concentration in PBS vs. time. The cumula-
tive concentration of the released strontium to the
surrounding PBS is presented in Figure 4. According to the
strontium release profile, by increasing the time of the
vacuum-heat crosslinking of the gelatin microparticles, the
release rate of strontium decreased. Therefore, it seems that
the strontium release rate could be adjusted according to the
requirements of the surrounding tissues by controlling the
time of the gelatin vacuum-heat crosslinking. According to
Figure 4, the curve of the ion release consists of two steps:
the burst release of strontium at the initial times of soaking
and subsequently the slow release of strontium to the sur-
rounding PBS. The slope of the diagram indicates that with
the increase in the time of the vacuum-heat crosslinking of
gelatin, the degradation rate of gelatin and the rate of stron-
tium release decreased.

According to Figure 4, the burst release of strontium was
prolonged for about 30 hours, and after that, its release sig-
nificantly decreased. At the burst release step, the in vitro
strontium release rates were about 5, 4.4, and 2.5 ppm/h,
for the 8, 16, and 32h vacuum-heat cross-linked gelatin
microparticles, respectively.

The drug release profile (shown in Figure 4) was similar
to the findings reported by Mosallanezhad et al. [27]. There-
fore, the Peppas model (Mt/M∞ = Ktn) was employed for
curve fitting and to investigate the kinetics of drug release
[27]. The results obtained from the Peppas model are pre-
sented in Figure 4 using dashed lines. It can be observed that
the Peppas model provided a good fit to the experimental
data, particularly for the 32-hour cross-linked sample. The
correlation coefficients (R2) for the Peppas model were
0.87, 0.96, and 0.98 for the 8-hour, 16-hour, and 32-hour
cross-linked samples, respectively. Moreover, the exponent
(n) values for the Peppas model were 0.496, 0.577, and
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Figure 1: SEM images of the titanium scaffold: (a) before microparticle deposition and (b) after microparticle deposition.
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Figure 2: X-ray diffraction pattern of the: (a) as-sintered and (b)
surface-treated titanium scaffolds after heat treatment at 600°C.

3Material Design & Processing Communications



0.989 for the 8-hour, 16-hour, and 32-hour cross-linked
samples, respectively, indicating that all samples had a
non-Fickian profile of strontium release.

As described by Ozeki and Tabata, there was a good cor-
relation between the degradation rate of gelatin and its num-
ber of cross-links, and the degradability of gelatin is
controlled by the number of cross-links [28]. The ratio of
cross-links/gelatin molecule increased with increasing the
time of the vacuum-heat crosslinking. Furthermore, vacuum
heating generated the chemical bonding between the car-
boxyl groups and amino groups of gelatin molecules due to
dehydration [28].

Comparing the results of this study to those obtained in
other research using bioceramics for targeted or controlled

drug release indicated that the degradation rate of biocera-
mics is slower than biopolymers [29]. According to the clin-
ical requirements, biodegradable polymers and ceramics
could be used for short-term and long-term drug release,
respectively.

4. Conclusion

To improve the biofunctionalization of titanium scaffolds, two
different surface treatments were used: (a) air heating of tita-
nium and (b) deposition of strontium ion-loaded gelatin
microparticles. The air heating of titanium will result in rutile
formation at the surface of titanium, while the deposition of
strontium ion-loaded gelatin microparticles was used with dif-
ferent degrees of crosslinking on the surface of the treated tita-
nium scaffolds for the controlled release rate of strontium and
improvement of the bone formation rate around the
implanted scaffolds. At the burst release step, by increasing
the time of the vacuum-heat crosslinking of gelatin micropar-
ticles from 8 to 32h, the in vitro strontium release rate
decreased from about 5 to 2.5ppm/h, respectively. Further-
more, the Peppas model (Mt/M∞ = Ktn) was used for curve
fitting and to investigate the kinetics of drug release which
showed good fitting with the experimental results and also that
all the samples had the non-Fickian profile of strontium
release.

Data Availability

The data that support the findings of this study are not
openly available due to the university laws but are available
from the corresponding author upon reasonable request.
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Figure 3: FTIR spectra of (a) gelatin microparticles, (b) strontium-loaded gelatin microparticles, and (c) strontium hydroxide.

0

50

100

150

Time (h)

C
um

ul
at

iv
e 

Sr
 re

le
as

e 
(p

pm
)

0 20 40 60 80

32 h
16 h
8 h

Figure 4: Profile of in vitro strontium release from vacuum-heated
strontium-loaded gelatin into the PBS, dash lines present the fitted
models.

4 Material Design & Processing Communications



Acknowledgments

The authors would like to thank Prof. Ikuya Watanabe and
the Nagasaki University.

References

[1] X. Zhao, D. A. Hu, D. Wu et al., “Applications of biocompati-
ble scaffold materials in stem cell-based cartilage tissue engi-
neering,” Frontiers in Bioengineering and Biotechnology,
vol. 9, article 603444, 2021.

[2] A. Farzadi, F. Bakhshi, M. Solati-Hashjin, M. Asadi-Eydivand,
and N. A. A. Osman, “Magnesium incorporated hydroxyapa-
tite: synthesis and structural properties characterization,”
Ceramics International, vol. 40, no. 4, pp. 6021–6029, 2014.

[3] K. Mensah-Darkwa, R. K. Gupta, and D. Kumar, “Mechanical
and corrosion properties of magnesium-hydroxyapatite (Mg-
HA) composite thin films,” Journal of Materials Science &
Technology, vol. 29, no. 9, pp. 788–794, 2013.

[4] L. Stipniece, K. Salma-Ancane, N. Borodajenko, M. Sokolova,
D. Jakovlevs, and L. Berzina-Cimdina, “Characterization of
Mg-substituted hydroxyapatite synthesized by wet chemical
method,” Ceramics International, vol. 40, no. 2, pp. 3261–
3267, 2014.

[5] M. Riaz, R. Zia, A. Ijaz, T. Hussain, M. Mohsin, and A. Malik,
“Synthesis of monophasic Ag doped hydroxyapatite and eval-
uation of antibacterial activity,” Materials Science and Engi-
neering, vol. 90, pp. 308–313, 2018.

[6] S. Kim, C. Park, K. H. Cheon et al., “Antibacterial and bioac-
tive properties of stabilized silver on titanium with a nano-
structured surface for dental applications,” Applied Surface
Science, vol. 451, pp. 232–240, 2018.

[7] M. Boutinguiza, M. Fernández-Arias, J. del Val et al., “Synthe-
sis and deposition of silver nanoparticles on cp Ti by laser abla-
tion in open air for antibacterial effect in dental implants,”
Materials Letters, vol. 231, pp. 126–129, 2018.

[8] A. Meysami, A. Golestani, A. H. Khangah, and M. Meysami,
“Experimental investigation of Tio2 pigment production by
electrodialysis process from ilmenite concentrate,” SSRN Elec-
tronic Journal.

[9] T. Hanawa, “Biofunctionalization of titanium for dental
implant,” Japanese Dental Science Review, vol. 46, no. 2,
pp. 93–101, 2010.

[10] X. Liu, P. K. Chu, and C. Ding, “Surface modification of tita-
nium, titanium alloys, and related materials for biomedical
applications,” Materials Science and Engineering: R: Reports,
vol. 47, no. 3-4, pp. 49–121, 2004.

[11] S. Spriano, S. Yamaguchi, F. Baino, and S. Ferraris, “A critical
review of multifunctional titanium surfaces: new frontiers for
improving osseointegration and host response, avoiding bacte-
ria contamination,” Acta Biomaterialia, vol. 79, pp. 1–22, 2018.

[12] Y. Wang, H. Yu, C. Chen, and Z. Zhao, “Review of the biocom-
patibility of micro-arc oxidation coated titanium alloys,”
Materials & Design, vol. 85, pp. 640–652, 2015.

[13] M. Khodaei, A. Valanezhad, I. Watanabe, and R. Yousefi, “Sur-
face and mechanical properties of modified porous titanium scaf-
fold,” Surface and Coatings Technology, vol. 315, pp. 61–66, 2017.

[14] J. Quinn, R. McFadden, C.-W. Chan, and L. Carson, “Tita-
nium for orthopedic applications: an overview of surface mod-
ification to improve biocompatibility and prevent bacterial
biofilm formation,” iScience, vol. 23, no. 11, article 101745,
2020.

[15] J. Amirian, N. T. B. Linh, Y. K. Min, and B.-T. Lee, “Bone for-
mation of a porous gelatin-pectin-biphasic calcium phosphate
composite in presence of BMP-2 and VEGF,” International
Journal of Biological Macromolecules, vol. 76, pp. 10–24, 2015.

[16] M. Li, Y. Wang, L. Gao et al., “Porous titanium scaffold sur-
faces modified with silver loaded gelatin microspheres and
their antibacterial behavior,” Surface and Coatings Technology,
vol. 286, pp. 140–147, 2016.

[17] S. K. Bhatia, Biomaterials for Clinical Applications, Springer
Science & Business Media, 2010.

[18] Y.-T. Fu, S.-Y. Sheu, Y.-S. Chen, K.-Y. Chen, and C.-H. Yao,
“Porous gelatin/tricalcium phosphate/genipin composites
containing lumbrokinase for bone repair,” Bone, vol. 78,
pp. 15–22, 2015.

[19] S. Bagheri-Khoulenjani, H. Mirzadeh, M. Etrati-Khosroshahi,
and M. A. Shokrgozar, “Development of a method for measur-
ing and modeling the NH2 content and crosslinking density of
chitosan/gelatin/nanohydroxyapatite based microspheres,”
Polymer Testing, vol. 51, pp. 20–28, 2016.

[20] X. Jia, Q. Long, R. J. Miron et al., “Setd2 is associated with
strontium-induced bone regeneration,” Acta Biomaterialia,
vol. 53, pp. 495–505, 2017.

[21] S. Yamaguchi, S. Nath, T. Matsushita, and T. Kokubo, “Con-
trolled release of strontium ions from a bioactive Ti metal with
a Ca- enriched surface layer,” Acta Biomaterialia, vol. 10, no. 5,
pp. 2282–2289, 2014.

[22] Q.-B. Chen, Z.-Y. Ji, J. Liu, Y.-Y. Zhao, S.-Z. Wang, and J.-
S. Yuan, “Development of recovering lithium from brines by
selective-electrodialysis: effect of coexisting cations on the
migration of lithium,” Journal of Membrane Science, vol. 548,
pp. 408–420, 2018.

[23] G. Thrivikraman, A. Athirasala, C. Twohig, S. K. Boda, and
L. E. Bertassoni, “Biomaterials for craniofacial bone regenera-
tion,” Dental Clinics of North America, vol. 61, no. 4, pp. 835–
856, 2017.

[24] M. Khodaei, M. Meratian, and O. Savabi, “Effect of spacer type
and cold compaction pressure on structural and mechanical
properties of porous titanium scaffold,” Powder Metallurgy,
vol. 58, no. 2, pp. 152–160, 2015.

[25] M. Khodaei, A. Valanezhad, and I. Watanabe, “Controlled
gentamicin- strontium release as a dual action bone agent:
combination of the porous titanium scaffold and biodegrad-
able polymers,” Journal of Alloys and Compounds, vol. 720,
pp. 22–28, 2017.

[26] M. Khodaei, M. Meratian, O. Savabi, and M. Fathi, “Compara-
tive evaluation of the effect of different types of surfacemodifiers
on bioactivity of porous titanium implants,” Russian Journal of
Non-Ferrous Metals, vol. 56, no. 4, pp. 469–476, 2015.

[27] P. Mosallanezhad, H. Nazockdast, Z. Ahmadi, and A. Rostami,
“Fabrication and characterization of polycaprolactone/chito-
san nanofibers containing antibacterial agents of curcumin
and ZnO nanoparticles for use as wound dressing,” Frontiers
in Bioengineering and Biotechnology, vol. 10, article 1027351,
2022.

[28] M. Ozeki and Y. Tabata, “In vivo degradability of hydrogels
prepared from different gelatins by various cross-linking
methods,” Journal of Biomaterials Science, Polymer Edition,
vol. 16, no. 5, pp. 549–561, 2005.

[29] L. Tan, X. Yu, P. Wan, and K. Yang, “Biodegradable materials
for bone repairs: a review,” Journal of Materials Science &
Technology, vol. 29, no. 6, pp. 503–513, 2013.

5Material Design & Processing Communications


	Porous Titanium Scaffold: A New Design for Controlled Drug Delivery
	1. Introduction
	2. Materials and Methods
	2.1. Fabrication of Surface Bioactivated Titanium Scaffolds
	2.2. Fabrication of Strontium Ion-Loaded Gelatin Microparticles
	2.3. Microscopic Observation
	2.4. Phase Identification
	2.5. Structural Analysis
	2.6. In Vitro Strontium Release Assessment

	3. Results and Discussion
	3.1. Surface Morphology
	3.2. Phase Identification
	3.3. Structural Properties
	3.4. In Vitro Strontium Release

	4. Conclusion
	Data Availability
	Conflicts of Interest
	Acknowledgments



