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Abstract: A hybrid implant with a structure mimicking that of natural bone was developed.
Titanium alloy Ti-6Al-4V prepared with three-dimensional (3D)-printing technology was used to
simulate the cortical-bone layer. The mismatch in the mechanical properties of bone and titanium
alloy was solved by creating special perforations in the titanium’s surface. Porous ultra-high
molecular weight polyethylene (UHMWPE) with high osteogenous properties was used to simulate
the cancellous-bone tissue. A method for creating a porous UHMWPE structure inside the titanium
reinforcement is proposed. The porous UHMWPE was studied with scanning electron microscope
(SEM) to confirm that the pores that formed were open, interconnected, and between 50 and 850 um
in size. Mechanical-compression tests done on the obtained UHMWPE/titanium-hybrid-implant
samples showed that their mechanical properties simulated those of natural bone.
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1. Introduction

Reconstructing the structural integrity of damaged bone-tissue sections is currently considered
a major problem. Commonly used materials for making bone implants are metals and their alloys,
ceramics, and various kinds of polymers; each has its pros and cons. Metals and their alloys have
good strength, excellent resistance to fatigue, and high ductility, which allow them to be used as a
replacement for highly loaded bone tissue. However, their high elastic modulus may lead to stress
shielding as a result of bone-tissue resorption [1]. Additionally, the metals” tendency to significantly
corrode reduces their biocompatibility, and corrosion products can poison the surrounding tissue [2,3].

Ceramic materials have high biocompatibility and bioactive properties, high strength, and high
resistance to corrosion and wear [4]. However, ceramics have low resistance to fatigue, which makes
these materials rather brittle [5]. Because of this, ceramic implants are considered to have a high risk of
damage caused by impact stress. Moreover, as with metallic materials, ceramics” high elastic modulus
can lead to stress shielding.

Polymers have high biocompatibility, excellent resistance to corrosion, high ductility, and a
modulus similar to that of natural bone [6,7]. They have great potential to be prepared
as three-dimensional (3D) scaffolds that provide support for bone-cell and tissue growth [8-10].
However, most polymeric materials do not have sufficient strength and tend to creep. Additionally,
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they may degrade over time. Therefore, polymer implants cannot be used to replace large and highly
loaded areas of bone tissue.

Successful bone-defect repair means that an implant should have a structure that mimics that
of the bone being restored. Bone consists of two basic layers: cortical and cancellous tissue [11].
Cortical tissue contributes to reinforcing a bone’s mechanical characteristics. Cancellous tissue
has osteogenic and osteoinductive properties that support cells and create optimal conditions for
their growth.

Ultra-high molecular weight polyethylene (UHMWPE) is a widely used polymer in medical applications
because of its high chemical resistance, biocompatibility, and mechanical and tribological properties.
UHMWEE is used in implants for hip and shoulder arthroplasties, knee-joint replacements [12,13],
and in spinal-disk prostheses [14]. Porous UHMWPE has good potential for use as a 3D porous scaffold
in bone-defect replacement applications. A porous UHMWPE scaffold has a structure mimicking that
of cancellous tissue, as shown in Figure 1, and it provides an ideal environment for cell growth [15,16].
The average pore size in porous UHMWPE corresponds to that of the cancellous tissue (100-600 microns [17,18]).
The porous UHMWPE has open and interconnected pores, and its total porosity is close to 80%. Creating
the porous UHMWPE scaffold using the salt-leaching method allows pore size to be easily changed to match
that of the replaced bone area.

Figure 1. (a) Porous ultra-high molecular weight polyethylene (UHMWPE) scaffold; (b) SEM images of
porous UHMWPE scaffold and (c) natural cancellous tissue.

In medical applications, titanium alloys are commonly used in orthopedic and dental-implant
products because of their reliable mechanical performance that allows them to replace hard bone
tissue [19]. A lack of osseointegration into the bone is the main reason for the failure of titanium
implants [20]. In 60% to 70% of clinical cases, titanium implants are revised because of aseptic
loosening [20]. Strong fixation is necessary to guarantee the successful use of titanium implants.

Many investigations were carried out with the aim of reducing the elastic modulus of titanium-alloy
implants. It is well known that the modulus of second-generation -Ti alloys (80 GPa) is lower than
that of first-generation orthopedic o+ p-titanium alloys Ti-6Al-4V (110 GPa) and SUS 316L stainless
steel (200 GPa) [21,22]. In addition, by changing the composition and preparation conditions of 3-Ti
alloys, the elastic modulus can be reduced to about 40 GPa [23-25]. However, 3-Ti alloys may release
some elements (e.g., Nb, Ta, and Zr) that can affect the surrounding tissue, and this may lead to a
decrease in their biocompatibility compared to that of pure Ti and «+p-Ti alloys [26]. Another way to
obtain a low modulus is by preparing a porous metal implant by using 3D-printing technology [27].
Depending on the type of used rapid-prototyping techniques and the process parameters, the obtained
samples have a low elastic modulus ranging from 0.86 to 60 GPa [28,29].

In this study, a UHMWPE/titanium-hybrid implant with a structure mimicking that of natural
bone was developed and explored.

2. Materials and Methods

2.1. Description of UHMWPE/Titanium-Hybrid Model

Figure 2 shows the model of the hybrid implant. The hybrid implant consisted of two main layers.
One mimicked the cancellous tissue, as shown in Figure 2(1), and the other mimicked the cortical
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tissue of natural bone, as seen in Figure 2(2). To simulate the cancellous tissue, a porous UHMWPE
scaffold was chosen to support bone-cell and tissue growth [15,16].

Figure 2. Hybrid-implant model with structure mimicking that of natural bone. (1) Porous UHMWPE
with high osteoconductive properties (cancellous-tissue simulation); (2) titanium reinforcement with
mechanical properties that were sufficiently close to those of natural bone (cortical-tissue simulation);
(3) thin solid UHMWPE layer that created a smooth surface.

Titanium was chosen to simulate cortical tissue. The mismatch in the mechanical properties of
bone and titanium was solved by creating special perforations in the titanium reinforcement’s surface.
In the proposed hybrid-implant model, the main role of the metal part was to ensure that the implant
had the optimal mechanical properties that it needed, while the polymer part provided the needed
environment for new bone-cell growth.

The cortical tissue of natural bone has a smooth solid surface. This smooth surface is needed to
prevent damage to the adjacent tissue (i.e., muscles) during movement. In order to create this smooth
surface on the hybrid implant, a thin solid UHMWPE layer is proposed, as shown in Figure 2(3).

2.2. Three-Dimensional Printing of Titanium Reinforcement

Commercial spherical Ti-6Al-4V powder with a normal distribution size ranging from 20 to 63 pm
was selected to manufacture titanium-reinforcement samples; average particle size was 48 microns.

Titanium reinforcements were obtained using selective-laser-melting (SLM) equipment (SLM
280 2.0, SLM Solutions Group AG, Liibeck, Germany) in an argon atmosphere to avoid any possible
oxygen contamination. Deposition was performed at a laser power of 275 W, and scanning velocity
was 1100 mm/s. Layer thickness was set to 30 um, and track distance was 0.12 mm. Solid-titanium
samples in the form of cylindrical tubes with a diameter of 10 mm, a height of 20 mm, and a wall
thickness of 1 mm were obtained using SLM technology. The compressive mechanical properties of
these types of titanium samples were used to construct a material model in SOLIDWORKS Simulation
2018 SP3 (Dassault Systemes, Vélizy-Villacoublay, France).

2.3. Three-Dimensional Structural Model of Titanium Reinforcement with Reduced Elastic Modulus

The solid-titanium samples prepared by 3D printing had a rather high elastic modulus (116 GPa),
as can be seen in Table 1. The elastic modulus of natural bone was in the range of 7-30 GPa [30-32].
This large difference between the elastic moduli of the artificial implant and natural bone could create
stress shielding. This problem could be solved by creating special perforations in the surface of
the titanium sample. This would decrease the effective cross-section and, consequently, the elastic
modulus. However, sample strength could decrease as a result of using this technology. Therefore,
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topological optimization of the number, size, shape, and location of these perforations on the sample
surface was required. A structural model of the titanium reinforcement with the optimal number,
size, shape, and location of perforations was built in SOLIDWORKS Simulation 2018 SP3. The results
of the mechanical-compression test on the solid-titanium samples were used to construct a material
model in SOLIDWORKS Simulation 2018 SP3. The boundary conditions and loads were set; the model
was under 250 MPa of uniaxial compression, a number corresponding to the maximal compressive
strength of natural bone. In each iteration and during the calculations (topology optimization),
the relative densities of the elements, calculated on the basis of the stress level of each element,
were obtained. If the density value of the element were lower than the preset value, the element would
be excluded from the finite-element model.

Table 1. Mechanical properties of solid titanium, hybrid implant, and natural bone.

Material Compressive Strength, MPa  Elastic Modulus, GPa Deformation, %
Solid titanium without 835 + 41 116 + 4 11401
perforations
Hybrid implant 256 + 10 32.6 +4.5 12+0.1
Natural bone [30-32] 130-230 7-30 1-6

The developed model of the titanium-reinforcement structure with a reduced elastic modulus
is shown in Figure 3a. The model consisted of 1.5 X 10° elements and 7.8 x 10° nodes. During
the simulation, all of the nodes on the lower face of the cylinder were limited in all degrees of
freedom. Convergence criteria were used for displacement and force. Tolerance was set at 1 x 107>,
and convergence-criteria values were set to 0.05 for both force and displacement. Stress distribution
in the developed model at 250 MPa of compressive stress is shown in Figure 3b. According to the tests
in SOLIDWORKS Simulation 2018 SP3, the titanium-reinforcement structure had an elastic modulus
of about 30 GPa. Figure 3c shows a photo of a titanium-reinforcement sample with a reduced elastic
modulus prepared using SLM technology.

a)

Figure 3. (a) Structural model of titanium reinforcement with reduced elastic modulus; (b) simulation
of stress distribution in titanium-reinforcement structure with reduced elastic modulus under 250 MPa
of stress; (c) photo of titanium sample with reduced elastic modulus prepared using three-dimensional
(3D)-printing technology.
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2.4. UHMWPE/Titanium-Hybrid Implant Molding

GUR 1020 UHMWPE was used to prepare a porous scaffold according to the salt-leaching method
described by Maksimkin et al. [15,33]. NaCl with a particle size ranging from 80 to 900 pm was used
as soluble material. A UHMWPE/NaCl-composite powder was prepared through a solid-state mixing
method in a planetary ball mill (Pulverisette 5, Fritsch, Idar-Oberstein, Germany) at low-energy
conditions. UHMWPE and NaCl powder were mixed at a ratio of 1:9 by weight.

To create the UHMWPE/titanium-hybrid implant, it was necessary to form a porous UHMWPE
scaffold inside the titanium-reinforcement samples. This porous UHMWPE layer needed to have
the same characteristics as those of the porous UHMWPE scaffold described above; this was considered
an important factor.

A hot-pressing method was used to form the porous UHMWPE layer in the titanium-reinforcement
samples. In the press mold, the UHMWPE/NaCl-composite powder and the titanium-reinforcement
samples were loaded as follows. First, the UHMWPE/NaCl-composite powder was loaded into
the press mold, and compacted at room temperature and 60 MPa of pressure, as this was necessary
to prevent any deformation in the titanium-reinforcement samples. The thickness of the compacted
UHMWPE/NaCl-composite layer was 5 mm. Second, the titanium-reinforcement samples were
placed vertically onto the compacted UHMWPE/NaCl-composite layer, as shown in Figure 4a.
Third, an additional amount of UHMWPE/NaCl-composite powder was loaded into the press mold,
as shown in Figure 4b. The hot-pressing process was carried out at 180 °C and 40 MPa of pressure.

a) packed UHMWPE/NaCl pqwder _

-

Figure 4. Photos showing loading process of UHMWPE/NaCl-composite powders and titanium-reinforcement
samples in press mold. (a) Titanium-reinforcement samples placed vertically on to compacted UHMWPE/NaCl
powder; (b) loading additional amount of UHMWZPE/NaCl-composite powder into press mold.

After the hot-pressing process, the plate consisting of the titanium-reinforcement samples
and the UHMWPE/NaCl composites was taken out and washed in subcritical water at a temperature
of 120 °C and pressure of 250 bar to remove the salt [34]. After removing the salt, the outermost
porous UHMWPE layer around the titanium reinforcement was mechanically removed, so that
the titanium-reinforcement samples filled with porous UHMWPE could be obtained. The adsorbed
water in the UHMWPE pores was removed by drying at 70 °C for 3 h.

The thin solid layer on the surface of the hybrid implant was made from UHMWPE GUR 1020.
UHMWPE cylinders with diameter of 15 mm, height of 22 m, and wall thickness of 0.5 mm were
made using a hot-pressing process. UHMWPE cylinders were radially stretched to a diameter of
25 mm. Afterwards, the prepared titanium-reinforcement sample containing porous UHMWPE
was put into the stretched solid-UHMWPE cylinder, and both were heated to a temperature of
100 °C. Because of the shape-memory effect in UHMWPE [35], the stretched solid-UHMWPE cylinder
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was tightly connected to the prepared titanium-reinforcement sample containing the porous UHMWPE.
Thus, a thin solid layer on the surface of the hybrid implant was created.

3. Results and Discussion

Figure 5a shows a photo of the prepared UHMWPE/titanium-hybrid implant that consisted of
a thin solid UHMWPE layer (giving it a smooth surface), titanium reinforcement (cortical-tissue
simulation), and a porous UHMWPE scaffold (cancellous-tissue simulation). To investigate
the porous UHMPWE scaffold’s structure, the thin solid UHMWPE layer was removed from
the UHMWPE/titanium-hybrid implant (see Figure 5b), and the titanium reinforcement containing
the porous-UHMWPE-scaffold sample was cut in half (see Figure 5c). The SEM image of this porous
UHMWPE scaffold demonstrated that the pores were open and interconnected, as shown in Figure 5d.
The initial individual UHMWPE particles were missing. All polymer particles were sintered. Figure 6
illustrates the distribution of pore sizes in the porous UHMWPE scaffold, which ranged from 50
to 850 pm. Average pore size was 250 um. Volume porosity was 79 + 2%. Adhesion between
titanium and porous UHMWPE was of a physical nature because of the high surface roughness of
the titanium sample.

Figure 5. (a) Photo of prepared UHMWPE/titanium-hybrid implant; (b) titanium reinforcement with
porous UHMWPE scaffold (thin solid UHMWPE layer was removed); (c) halved sample of titanium
reinforcement containing porous UHMWPE scaffold; (d) SEM image of porous UHMWPE scaffold
inside titanium reinforcement.
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Figure 6. Pore-size distribution of porous UHMWPE scaffold inside titanium reinforcement.
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The solid UHMWPE covering the UHMWPE/titanium-hybrid implant could be saturated with
an antibiotic (e.g., amoxicillin) using supercritical-fluid-impregnation technologies, as illustrated
in our previous article [36]. Adding an antibiotic to the solid UHMWPE could solve the problem of
peri-implant inflammation that is often induced by opportunistic microflora.

Results of the mechanical-compression tests on the solid-titanium samples without perforations
in their surface and on the hybrid implants are presented in Table 1. As a control reference, data on
the compressive mechanical properties of natural bone were added to Table 1. The solid-titanium
samples prepared by 3D printing had compressive strength of 835 + 41 MPa, elastic modulus of
116 + 4 GPa, and deformation of 1.1 + 0.1%. The UHMWPE/titanium-hybrid implant had compressive
strength of 256 + 10 MPa, elastic modulus of 32.6 + 4.5 GPa and deformation of 1.5 + 0.1%. Simulated
stress behavior of the titanium-reinforcement-model structure had good agreement with the obtained
mechanical properties (see Figure 3b).

Obtained mechanical results demonstrated an effective decrease in the elastic modulus of the hybrid
implant compared to that of the solid titanium because of the designed perforations in the surface of
the hybrid implant’s titanium reinforcement, which the solid titanium did not have. The compressive
mechanical properties of the UHMWPE/titanium-hybrid implants were very close to those of natural
bone (see Table 1). Such mechanical behavior in the hybrid implants could minimize the occurrence of
stress shielding in the bone.

Figure 7 displays the stress-deformation diagram for the solid titanium without perforations in its
surface, the UHMWPE/titanium-hybrid implant and natural bone. The stress-deformation diagram
shows differences in the elastic modulus and deformation behavior of the hybrid implant and natural
bone. However, these differences were in the range of the bone properties’ statistical scatter, which
depended on bone composition, porosity, age, gender, and functional demands.

—— solid titanium
800 -
—— hybrid implant

natural bone

Stress, MPa

N

o

o
1

9 a ; 3 :
Deformation, %

Figure 7. Stress-deformation diagram for solid titanium without perforations, UHMWPE/titanium-hybrid
implant, and natural bone. Mechanical-compression tests on natural bone performed in similar conditions to
those in place during tests on hybrid implants. Bone size corresponded to that of UHMWPE/titanium-hybrid
implant. Canine elbow bone was used for bone-tissue samples.

4. Conclusions

In our previous work, porous UHMWPE with open and interconnected pores to provide the ideal
environment for cell growth was prepared. However, the problem of the difference in the mechanical
properties of synthetic implants and natural bone needed to be solved to successfully apply
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the developed scaffolds for replacing loaded areas of bone tissue. In this study, this problem was solved
by developing a hybrid implant consisting of two main components: a porous UHMWPE scaffold that
simulated cancellous tissue and titanium alloy Ti-6Al-4V that simulated cortical tissue in natural bone.
An approach was proposed to reduce the elastic modulus of titanium by creating special perforations
in the titanium-sample surface. These perforations could decrease the effective cross-section and,
consequently, the elastic modulus. Topological optimization of the number, size, shape, and location of
these perforations in the sample surface was performed using SOLIDWORKS Simulation.

Titanium samples were manufactured using selective-laser-melting technology. This technology
allowed to manufacture specialized implants depending on the size of the bone-tissue area to
be replaced.

A method for forming the porous UHMWPE scaffold inside the titanium reinforcement
was proposed. SEM images of the porous UHMWPE scaffold demonstrated that pores were open
and interconnected, and that all polymer particles were sintered. Pore size was in the range of
50-850 um, average pore size was 250 pm, and volume porosity was 79 + 2%. Adhesion between
titanium and porous UHMWPE was of a physical nature because of the titanium sample’s high surface
roughness. An examination of the obtained structure of the porous UHMWPE scaffold that formed
inside the titanium reinforcement showed that this structure was similar to that of the porous scaffold
described by Maksimkin et al. [15,33]. It could be suggested that the porous scaffold inside the titanium
reinforcement had high osteogenic properties, as shown by the authors mentioned above [15].

Obtained mechanical results demonstrated an effective decrease in elastic modulus due to
the designed perforations in the surface of the titanium reinforcement. The compressive mechanical
properties of the UHMWPE/titanium-hybrid implants were very close to those of natural bone.
Such mechanical behavior of the hybrid implants could minimize the occurrence of stress shielding
in the bone.

The veterinary medical applications of the developed technology for producing
UHMWPE/titanium-hybrid implants were tested in real clinical cases. Figure 8 shows photos
of the obtained UHMWPE/titanium-hybrid implants used for bone-tissue replacement in a dog and two
cats. These implants were prepared according to the size and shape of the replaced bone-tissue area;
their mechanical properties were similar to those of the replaced bone. Surgical operations to place
the implants were successful.

Figure 8. (a—c) Photos of prepared UHMWPE/titanium-hybrid implants used in real clinical cases.



Materials 2020, 13, 3010 90f 10

Author Contributions: Conceptualization, A.V.M. and FES.S.; methodology A.V.M., ES.S. and S.D.K.; software,
K.N.; validation, A.V.M., ES.S. and S.D.K.; formal analysis, T.D.; investigation, A.V.M., K.N.; data curation,
FS.S. and S.D.K.; writing—original draft preparation, A.V.M; writing—review and editing, FS.S. and T.D.;
visualization, A.V.M. and K.N.; supervision, A.V.M.; funding acquisition, S.D.K. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded with financial support from the Ministry of Science and Higher Education
of the Russian Federation under the framework of the competitiveness-enhancement program at the National
University of Science and Technology (NUST MISiS) (no. K2-2019-008), implemented by governmental decree no.
211, dated 16 March 2013.

Conflicts of Interest: The authors declare no conflict of interest

References

1. Ridzwan, M.I.Z.; Shuib, S.; Hassan, A.; Shokri, A.A.; Ibrahim, M.N.M. Problem of stress shielding
and improvement to the hip implant designs: A review. |. Med. Sci. 2007, 7, 460-467.

2. Kim, K.T;; Eo, M.Y;; Nguyen, T.T.H.; Kim, S.M. General review of titanium toxicity. Int. J. Implant Dent. 2019,
5,10. [CrossRef]

3. Evrard, L. Titanium: A new allergen. In Implant Dentistry—A Rapidly Evolving Practice; Turkyilmaz, 1., Ed.;
IntechOpen: London, UK, 2011; ISBN 978-953-307-658-4. [CrossRef]

4. AyodeOtitoju, T.; UgochukwuOkoye, P.; Chen, G.; Li, Y.; OnyekaOkoye, M.; Li, S. Advanced ceramic
components: Materials, fabrication, and applications. |. Ind. Eng. Chem. 2020, 85, 34—65. [CrossRef]

5. Wiederhorn, S.M. Brittle fracture and toughening mechanisms in ceramics. Annu. Rev. Mater. Sci. 1984, 14,
373-403. [CrossRef]

6.  Asadi, N.; Del Bakhshayesh, A.R.; Davaran, S.; Akbarzadeh, A. Common biocompatible polymeric materials
for tissue engineering and regenerative medicine. Mater. Chem. Phys. 2019, 122528. [CrossRef]

7. Banoriya, D.; Purohit, R.; Dwivedi, R.K. Advanced application of polymer based biomaterials. Mater. Today
Proc. 2017, 4, 3534-3541. [CrossRef]

8.  Radwan-Praglowska, ].; Janus, L.; Piatkowski, M.; Bogdat, D.; Matysek, D. 3D hierarchical, nanostructured
chitosan/PLA/HA scaffolds doped with TiO,/Au/Pt NPs with tunable properties for guided bone tissue
engineering. Polymers 2020, 12, 792. [CrossRef] [PubMed]

9.  Turnbull, G,; Clarke, J.; Picard, F; Riches, P; Jia, L.; Han, F.; Li, B.; Shu, W. 3D bioactive composite scaffolds
for bone tissue engineering. Bioact. Mater. 2018, 3, 278-314. [CrossRef]

10. Haider, A.; Haider, S.; Rao Kummara, M.; Kamal, T.; Alghyamah, A.-A.A.; Jan Iftikhar, F; Bano, B.; Khan, N.;
AmjidAfridi, M.; Soo Han, S.; et al. Advances in the scaffolds fabrication techniques using biocompatible
polymers and their biomedical application: A technical and statistical review. |. Saudi Chem. Soc. 2020, 24,
186-215. [CrossRef]

11. Safadi, EF; Barbe, M.F,; Abdelmagid, S.M.; Rico, M.C.; Aswad, R.A; Litvin, J.; Popoff, S.N. Bone structure,
development and bone biology. In Bone Pathology; Khurana, J.S., Ed.; Humana Press: Totowa, NJ, USA, 2009;
pp. 1-50. ISBN 978-1-59745-347-9.

12.  Wang, A; Yau, S.-S.; Essner, A.; Herrera, L.; Manley, M.; Dumbleton, J. A highly crosslinked UHMWPE for
CR and PS total knee arthroplasties. J. Arthroplast. 2008, 23, 559-566. [CrossRef]

13. Hussain, M.; Naqvi, R.A.; Abbas, N.; Khan, SM.; Nawaz, S.; Hussain, A.; Zahra, N.; Khalid, M.W.
Ultra-high-molecular-weight-polyethylene (UHMWPE) as a promising polymer material for biomedical
applications: A concise review. Polymers 2020, 12, 323. [CrossRef] [PubMed]

14. Kurtz, S.M,; Villarraga, M.L.; Ianuzzi, A. The clinical performance of UHMWPE in the spine. In UHMWPE
Biomaterials Handbook, 2nd ed.; Kurtz, SM., Ed.; Academic Press: Boston, MA, USA, 2009; Chapter 12;
pp. 171-195. ISBN 978-0-12-374721-1.

15. Maksimkin, A.V.; Senatov, ES.; Anisimova, N.Y.; Kiselevskiy, M.V.; Zalepugin, D.Y.; Chernyshova, I.V.;
Tilkunova, N.A.; Kaloshkin, S.D. Multilayer porous UHMWPE scaffolds for bone defects replacement.
Mater. Sci. Eng. C 2017, 73, 366-372. [CrossRef] [PubMed]

16. Senatov, F.; Amanbek, G.; Orlova, P.; Bartov, M.; Grunina, T.; Kolesnikov, E.; Maksimkin, A.; Kaloshkin, S.;
Poponova, M.; Nikitin, K.; et al. Biomimetic UHMWPE/HA scaffolds with hBMP-2 and erythropoietin for
reconstructive surgery. Mater. Sci. Eng. C 2020, 111, 110750. [CrossRef]


http://dx.doi.org/10.1186/s40729-019-0162-x
http://dx.doi.org/10.5772/19931
http://dx.doi.org/10.1016/j.jiec.2020.02.002
http://dx.doi.org/10.1146/annurev.ms.14.080184.002105
http://dx.doi.org/10.1016/j.matchemphys.2019.122528
http://dx.doi.org/10.1016/j.matpr.2017.02.244
http://dx.doi.org/10.3390/polym12040792
http://www.ncbi.nlm.nih.gov/pubmed/32252290
http://dx.doi.org/10.1016/j.bioactmat.2017.10.001
http://dx.doi.org/10.1016/j.jscs.2020.01.002
http://dx.doi.org/10.1016/j.arth.2007.05.007
http://dx.doi.org/10.3390/polym12020323
http://www.ncbi.nlm.nih.gov/pubmed/32033140
http://dx.doi.org/10.1016/j.msec.2016.12.104
http://www.ncbi.nlm.nih.gov/pubmed/28183620
http://dx.doi.org/10.1016/j.msec.2020.110750

Materials 2020, 13, 3010 10 of 10

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Doktor, T. Pore size distribution of human trabecular bone—comparison of intrusion measurements with
image analysis. In Proceedings of the 17th International Conference Engineering Mechanics, Svratka,
Czech Republic, 9-12 May 2011.

Porter, M.M.; McKittrick, J. It's tough to be strong: Advances in bioinspired structural ceramic-based
materials. Am. Ceram. Soc. Bull. 2014, 93, 18-24.

Liu, X.; Chen, S.; Tsoi, ] K.H.; Matinlinna, J.P. Binary titanium alloys as dental implant materials—A review.
Regen. Biomater. 2017, 4, 315-323. [CrossRef] [PubMed]

Wang, W.; Poh, C.K. Titanium Alloys in Orthopedics. Titanium Alloys-Advances in Properties Control; Books on
Demand: Norderstedt, Germany, 2013. [CrossRef]

Niinomi, M. Recent metallic materials for biomedical applications. Metall. Mater. Trans. A 2002, 33, 477.
[CrossRef]

Niinomi, M.; Hattori, T.; Morikawa, K.; Kasuga, T.; Suzuki, A.; Fukui, H.; Niwa, S. Development of low
rigidity 3-type titanium alloy for biomedical applications. Mater. Trans. 2002, 43, 2970-2977. [CrossRef]
Hao, Y.L.; Li, SJ.; Sun, S.Y.; Zheng, C.Y,; Yang, R. Elastic deformation behaviour of Ti-24Nb—4Zr-7.95n for
biomedical applications. Acta Biomater. 2007, 3, 277-286. [CrossRef]

Niinomi, M.; Nakai, M. Titanium-based biomaterials for preventing stress shielding between implant devices
and bone. Int. J. Biomater. 2011, 2011, 1-10. [CrossRef]

Kuroda, D.; Niinomi, M.; Morinaga, M.; Kato, Y.; Yashiro, T. Design and mechanical properties of new 3 type
titanium alloys for implant materials. Mater. Sci. Eng. A 1998, 243, 244-249. [CrossRef]

Eisenbarth, E.; Velten, D.; Miiller, M.; Thull, R.; Breme, J. Biocompatibility of beta-stabilizing elements of
titanium alloys. Biomaterials 2004, 25, 5705-5713. [CrossRef]

Wolfe, R.A.; Merion, R.M.; Roys, E.C.; Port, EK. Trends in organ donation and transplantation in the United
States, 1998-2007. Am. J. Transpl. 2009, 9, 869-878. [CrossRef] [PubMed]

El-Hajje, A.; Kolos, E.C.; Wang, ] K.; Maleksaeedi, S.; He, Z.; Wiria, EE.; Choong, C.; Ruys, A.]J. Physical
and mechanical characterisation of 3D-printed porous titanium for biomedical applications. J. Mater. Sci.
Mater. Med. 2014, 25, 2471-2480. [CrossRef] [PubMed]

Bandyopadhyay, A.; Espana, F; Balla, VK.; Bose, S.; Ohgami, Y.; Davies, N.M. Influence of porosity on
mechanical properties and in vivo response of TigAl4V implants. Acta Biomater. 2010, 6, 1640-1648. [CrossRef]
Teoh, S.H. Engineering Materials for Biomedical Applications; World Scientific: ~Singapore, 2004;
ISBN 978-981-256-222-7.

Rho, J.Y.; Ashman, R.B.; Turner, C.H. Young’s modulus of trabecular and cortical bone material: Ultrasonic
and microtensile measurements. J. Biomech. 1993, 26, 111-119. [CrossRef]

Zioupos, P,; Currey, ].D. Changes in the stiffness, strength, and toughness of human cortical bone with age.
Bone 1998, 22, 57-66. [CrossRef]

Maksimkin, A.V.; Kaloshkin, S.D.; Tcherdyntsev, V.V.; Chukov, D.I; Stepashkin, A.A. Technologies for
manufacturing ultrahigh molecular weight polyethylene-based porous structures for bone implants.
Biomed. Eng. 2013, 47, 73-77. [CrossRef]

Zalepugin, D.Y.; Maksimkin, A.V.; Senatov, ES.; Tilkunova, N.A.; Chernyshova, L.V.; Vlasov, M.I. Formation
of porous ultrahigh molecular weight polyethylene using subcritical water. Mendeleev Commun. 2017, 27,
527-528. [CrossRef]

Maksimkin, A.; Kaloshkin, S.; Zadorozhnyy, M.; Tcherdyntsev, V. Comparison of shape memory effect
in UHMWPE for bulk and fiber state. ]. Alloys Compd. 2014, 586, S214-S217. [CrossRef]

Anisimova, N.Y.; Zalepugin, D.Y.; Chernyshova, I.V.; Maksimkin, A.V.; Kiselevskii, M.V.; Senatov, ES.;
Spirina, T.S.; Sitdikova, S.M.; Karaulov, A.V. Antibacterial activity of hybrid polymeric scaffold for
reconstruction of tubular bone defects. Bull. Exp. Biol. Med. 2019, 168, 58-61. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1093/rb/rbx027
http://www.ncbi.nlm.nih.gov/pubmed/29026646
http://dx.doi.org/10.5772/55353
http://dx.doi.org/10.1007/s11661-002-0109-2
http://dx.doi.org/10.2320/matertrans.43.2970
http://dx.doi.org/10.1016/j.actbio.2006.11.002
http://dx.doi.org/10.1155/2011/836587
http://dx.doi.org/10.1016/S0921-5093(97)00808-3
http://dx.doi.org/10.1016/j.biomaterials.2004.01.021
http://dx.doi.org/10.1111/j.1600-6143.2009.02564.x
http://www.ncbi.nlm.nih.gov/pubmed/19341412
http://dx.doi.org/10.1007/s10856-014-5277-2
http://www.ncbi.nlm.nih.gov/pubmed/25052736
http://dx.doi.org/10.1016/j.actbio.2009.11.011
http://dx.doi.org/10.1016/0021-9290(93)90042-D
http://dx.doi.org/10.1016/S8756-3282(97)00228-7
http://dx.doi.org/10.1007/s10527-013-9338-5
http://dx.doi.org/10.1016/j.mencom.2017.09.033
http://dx.doi.org/10.1016/j.jallcom.2012.12.014
http://dx.doi.org/10.1007/s10517-019-04646-2
http://www.ncbi.nlm.nih.gov/pubmed/31768778
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Description of UHMWPE/Titanium-Hybrid Model 
	Three-Dimensional Printing of Titanium Reinforcement 
	Three-Dimensional Structural Model of Titanium Reinforcement with Reduced Elastic Modulus 
	UHMWPE/Titanium-Hybrid Implant Molding 

	Results and Discussion 
	Conclusions 
	References

