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Abstract: Additively manufactured (AM) porous metallic biomaterials, in general, and AM porous
titanium, in particular, have recently emerged as promising candidates for bone substitution. The
porous design of such materials allows for mimicking the elastic mechanical properties of native bone
tissue and showed to be effective in improving bone regeneration. It is, however, not clear what role
the other mechanical properties of the bulk material such as ductility play in the performance of such
biomaterials. In this study, we compared the bone tissue regeneration performance of AM porous
biomaterials made from the commonly used titanium alloy Ti6Al4V-ELI with that of commercially
pure titanium (CP-Ti). CP-Ti was selected because of its high ductility as compared to Ti6Al4V-ELI.
Critical-sized (6 mm diameter) femoral defects in rats were treated with implants made from both
Ti6Al4V-ELI and CP-Ti. Bone regeneration was assessed up to 11 weeks using micro-CT scanning.
The regenerated bone volume was assessed ex vivo followed by histology and biomechanical testing
to assess osseointegration of the implants. The bony defects treated with AM CP-Ti implants generally
showed higher volumes of regenerated bone as compared to those treated with AM Ti6Al4V-ELI. The
torsional strength of the two titanium groups were similar however, and both considerably lower
than those measured for intact bony tissue. These findings show the importance of material type and
ductility of the bulk material in the ability for bone tissue regeneration of AM porous biomaterials.
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1. Introduction

Treatment of substantial (critical size) bone defects that often result from removal of bone tumors
or trauma is still a major challenge in orthopedic surgery. Multiple treatment strategies including
autografts or allografts are currently being used. However, non-union is observed in 4.9% of the
cases treated for bone fracture [1]. In 23% of ankle arthrodesis cases, for example, non-unions
persist, requiring multiple invasive procedures and causing prolonged immobilization and even
permanent morbidity [2]. It is therefore important to develop bone substitutes that stimulate bone
tissue regeneration and help in overcoming bony non-unions.
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Recent developments in free-form manufacturing techniques, such as advanced additive
manufacturing (AM) technologies, have enabled fabrication of fully porous metallic biomaterials that
could mimic the elastic mechanical properties of bone while offering unusually large surface to volume
ratios [3–7]. In particular, the medical-grade titanium alloy Ti6Al4V-ELI processed with AM techniques
such as direct metal printing has been extensively investigated as a potential bone substituting material
during the last decade [8–10]. Although other materials such as pure titanium, tantalum, nitinol, and
cobalt–chromium have been suggested as alternative materials for fabrication of AM bone substitutes,
it is not clear what effects the material type has on the bone tissue regeneration performance of such
biomaterials [11–15]. More specifically, the effects of the inelastic mechanical properties of the bulk
material such as ductility on the bone tissue regeneration performance have been never studied before.

Commercially pure titanium (CP-Ti) and titanium alloy (Ti6Al4V-ELI) both have a modulus
of elasticity in the range of 100 to 115 GPa, whereas bone has an elastic modulus up to 20 GPa for
cortical bone and as low as < 1 GPa for cancellous bone [16–18]. Using highly porous designs, the
elastic modulus of AM porous titanium (both Ti6Al4V-ELI and CP-Ti) could be reduced to the levels
comparable with those of the native bone tissue [16–19]. There are, however, considerable differences
between the inelastic mechanical properties of Ti6Al4V-ELI and CP-Ti. In particular, CP-Ti is much
more ductile than Ti6Al4V-ELI with an ultimate elongation of ~30% as compared to 14% of elongation
for Ti6Al4V-ELI [14]. Partially due to its higher ductility, AM CP-Ti has a much higher normalized
(with respect to yield stress) fatigue strength as compared to Ti6Al4V-ELI [14]. The higher ductility
of AM CP-Ti may result in more deformation at highly loaded locations and subsequently in a more
uniform load distribution throughout the porous structure. This could, in turn, lead to higher volumes
of de novo bone formation in the porous titanium scaffold.

We therefore hypothesized that that AM porous implants made from CP-Ti outperform their
Ti6Al4V-ELI counterparts in terms of bone regeneration. We assessed the validity of this hypothesis
using an animal model.

2. Materials and Methods

Sixteen male Wistar rats (Charles River, Sulzfeld, Germany) were accommodated in pairs
of two under guidance in the animal facility of the University Medical Center Utrecht,
The Netherlands. The research protocol was accepted by the animal ethics committee of the
institution (105065-1/2014.III.12.105) and was in accordance with the national laws on animal research.
Animals received standard food pellets and water ad libitum and were managed under controlled
conditions (21 ◦C; 12 h light / 12 h darkness). At the age of 16 weeks and after 7 days of adjustment
(weight = 340–370 g), a 6-mm critical size segmental bone defect was established in the right femur
of each rat with a wire saw using a saw guide (RISystem, Davos, Switzerland) [20]. The surgeries
were achieved aseptically under total anesthesia (1–3.5% isoflurane, AST Farma, Oudewater, The
Netherlands). Briefly, the right hind leg was opened by a skin incision and dissection of soft tissue
and division of underlying fascia. Using three proximal and three distal screws, a polyether ether
ketone plate was attached to the femur. Subsequently, an AM implant made from CP-Ti (n = 8) or
Ti6Al4V-ELI (n = 8) was implanted in the gap. The fascia and skin were closed using Vicryl Rapide 5-0
(Ethicon, Dülmen, Germany). Subcutaneous injection of pain medication (buprenorphine, 0.05 mg/kg
body weight, AST Farma, Oudewater, The Netherlands) was given pre-operatively and twice a day
for the following three days. Before the surgeries, the rats were given a single dose of antibiotics
(enrofloxacin; 5 mg/kg body weight, Bayer, Mijdrecht, The Netherlands). The rats were euthanized
after 12 weeks with an overkill of barbiturates (phenobarbital; 200 mg/kg body weight, TEVA
Pharma, Haarlem, The Netherlands) and the femora were analyzed with micro-computed tomography
(micro-CT), histology, and biomechanical testing.

AM porous CP-Ti implants were produced with direct metal printing (DMP, ProX DMP 320, 3D
Systems Layerwise, Leuven, Belgium) using pure titanium powder conforming to ASTM Grade 1, while
the powder used for construction of the AM Ti6Al4V-ELI implants conformed to ASTM B348 [21], grade
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23. The chemical composition of both biomaterials included their typical elements, namely, oxygen,
aluminum, and vanadium in Ti6Al4V-ELI and only oxygen in the case of CP-Ti. File preparation was
done in the Magics software (version 24, Materialise, Leuven, Belgium) and DMP control software
(3D Systems Layerwise, Leuven, Belgium). All implants were cylinders with a height of 6 mm,
an outer diameter of 4 mm, and an inner diameter of 1 mm (leaving a central endosteal channel).
The porous architecture was based on a dodecahedron unit cell [15]. The DMP machine used for
fabrication of the implants enables controlling the oxygen level in the building atmosphere to under
50 ppm and is therefore very suitable for production of Ti alloys. The constructs were made on a
CP-Ti build plate and cut from the plate by wire electrical discharge machining. Both CP-Ti and
Ti6Al4V-ELI implants went through a post-production alkali–acid–heat surface treatment [22]. The
compressive strength, elongation, and Young’s modulus were determined in an earlier study [14,23].
The surface morphologies of treated samples were evaluated with scanning electron microscopy (SEM)
(JEOL, Tokyo, Japan).

For both types of implants, the pore size, strut size, pore volume, and porosity were detected
with micro-CT scanning. To monitor the bone ingrowth, in vivo micro-CT scans of the femora were
determined under general anesthesia (1–3.5% isoflurane) from all animals at 0, 4, 8, and 11 weeks
after the surgery. The hind leg of the rat was fixed in the supine position to enable scanning the
femur (scan time: 3 min; voxel size: 42 µm3; tube voltage: 90 kV; tube current: 180 A, Quantum FX;
PerkinElmer, Waltham, MA, USA). From all datasets, bone volume inside (BVi, Figure 1) and outside
(BVo, Figure 1) the 6-mm defect was determined using ImageJ (NIH, Redwood Shores, CA, USA).
Global threshold values were chosen using visual inspection and were kept constant for all scans.
Bone bridging was assessed on ex vivo scans with ImageJ. Bone bridging was quantified by measuring
the shortest remaining gap size between the bones formed at the proximal and distal sides of the
6 mm defects.
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volumes (total BV after eleven weeks) were the closest to the means of their respective groups. The 
harvested femora chosen for histology were fixed in a 4% neutral formalin buffered solution for 1 
week, dehydrated in ascending ethanol series (70–100%), and embedded in methyl methacrylate. 
Sections in the coronal plane of ~20 μm were obtained using a diamond saw (Leica SP1600, Leica 
Microsystems BV, Son, The Netherlands) and stained with 1% methylene blue (Sigma-Aldrich, 
Zwijndrecht, The Netherlands) and 0.3% basic fuchsin solution (Sigma-Aldrich, Zwijndrecht, The 

Figure 1. Region of interest on micro-CT scanning. Bone volume inside (BVi) and bone volume outside
(BVo) are defined as bone formed inside and outside the porous space and the medullary canal of the
titanium implants. Scale bar indicates 1 µm.

Undecalcified histology was performed on two femora per group whose regenerated bone
volumes (total BV after eleven weeks) were the closest to the means of their respective groups. The
harvested femora chosen for histology were fixed in a 4% neutral formalin buffered solution for 1 week,
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dehydrated in ascending ethanol series (70–100%), and embedded in methyl methacrylate. Sections in
the coronal plane of ~20 µm were obtained using a diamond saw (Leica SP1600, Leica Microsystems
BV, Son, The Netherlands) and stained with 1% methylene blue (Sigma-Aldrich, Zwijndrecht, The
Netherlands) and 0.3% basic fuchsin solution (Sigma-Aldrich, Zwijndrecht, The Netherlands) to stain
bone pink and fibrous tissue blue. Serial sections (across the middle) were then evaluated for bone
formation and bone–implant contact. All sections were visualized using an Olympus BX51 microscope
(Olympus DP70 camera, Olympus, Hamburg, Germany).

The biomechanical stability of the grafted femora was assessed using a torsion test performed on
the remaining six femora of each group to determine the maximum torque to failure and rotation at
maximum torque. Both ends of each femur were fixed in a cold-cured epoxy resin (Technovit 4071,
Heraeus Kulzer, Germany) after taking of the PEEK fixation plate. On the upper clamping side,
a Cardan joint was applied to make sure that the samples were subjected to pure rotation without
bending. The lower sides of the samples were simply secured. The tests were done until failure with
a rotation rate of 0.5 s−1 using an electromechanical testing machine (ElectroPuls E10000, Instron,
Norwood, MA, USA). Seven contralateral femora were added as controls, to compare our developed
implants to native bone tissue. After harvesting the femora, soft tissues and PEEK plates were accurately
removed. The samples were kept inside an in PBS-drowned napkin at −20 ◦C until further processing.

The data are given as means with standard deviation (SD) unless otherwise mentioned. In the
analysis of the results of the micro-CT scanning, mixed-model analysis was used to test for statistical
differences between both groups (i.e., CP-Ti and Ti6Al4V-ELI), with random intercept and correction
for time (SPSS 22.0 software IBM, Armonk, NY, USA). Differences in gap size between both groups
were analyzed with using the Student’s t-test. Assumptions of normal distribution were tested using a
normality test and same variance using the Levene’s test. Differences in maximum torque and rotation
at maximum torque between both groups and control femora were analyzed using one-way analysis
of variation (ANOVA) and subsequent post hoc pairwise comparisons with Bonferroni adjustment.
A p-value < 0.05 was considered statistically significant.

3. Results

All rats were capable of weight-bearing activities directly after surgery. The wounds healed
without complications and all animals stayed healthy during the rest of the study. Animals had an
average weight of 406 ± 33 g at time of implantation, which increased during follow-up with an
average of 66 ± 17 g.

3.1. Porous Titanium Implants

Ti6Al4V-ELI implants had an average strut size of 210.5 ± 0.2 µm, an average pore size of
243.9 ± 0.4 µm, and a porosity of 79% (Table 1).

CP-Ti samples had an average strut size of 210.3 ± 3.8 µm, an average pore size of 244.5 ± 1.0 µm,
and a porosity of 80%. The alkali–acid–heat treatment resulted in a titanium oxide layer with similar
composition in terms of oxide and titanium with irregular nano-scale features (Table 1 and Figure 2) [22].

Macroscopic inspection and SEM analyses verified that CP-Ti looked more corroded and rough
than the Ti6Al4V-ELI (Figure 2). As the elastic bulk mechanical properties were 103 GPa for CP-Ti
vs. 113 GPa for Ti6Al4V-ELI, the apparent elastic properties for the two AM porous biomaterials are
very similar, as was reported earlier [14]. Therefore, the most important difference between the two
implants is a difference in plastic deformation (ductility) properties.

3.2. Micro-CT Analysis

There is a borderline significant difference between the groups (CP-Ti and Ti6Al4V-ELI) over time
with a mean difference over time of 5.58 (CI −0.15–11.3, p = 0.055) for BVi, and no significant difference
for BVo with a mean difference over time of 3.54 (CI −5.18–12.3, p = 0.399). At eleven weeks, CP-Ti
showed more bone formation with BVi = 20.4 ± 7.6 mm3 and BVo = 18.0 ± 11.0 mm3 as compared to
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Ti6Al4V-ELI with BVi = 14.6 ± 7.2 mm3 and BVo = 12.1 ± 13.3 mm3 (Figure 3). There was no statistically
significant (p = 0.369 BVi, p = 0.166 BVo) interaction between the time and material type, meaning that
the effects are consistent over time.

Table 1. Properties of CP-Ti and Ti6Al4V-ELI porous titanium implants.

Parameter CP-Ti Ti6Al4V-ELI

Strut size 210.3 ± 3.8 µm 210.5 ± 0.2 µm

Pore size 244.5 ± 1.0 µm 243.9 ± 0.4 µm

Porosity 80 ± 0.5% 79 ± 0.3%

Pore volume 56.8 ± 0.3 mm3 56.0 ± 0.2 mm3

Surface area/volume 5.9 ± 0.1 µm−1 5.7± 0.0 µm−1

Elongation (emax) ** 5.9%

Young’s modulus (E) 0.58 ± 0.02 GPa 0.55 ± 0.07 GPa

Compressive strength (σmax) ** 19.4 ± 0.3 MPa

Surface composition Oxygen 26.33%
Titanium 73.67%

Oxygen 23.11%
Titanium 69.3%

Vanadium 2.64%
Aluminium 4.95%

** Due to the ductile behavior of the porous CP Ti material, no maximum compressive stress (σmax) and strain at
maximum compressive stress (emax) could be registered.
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Figure 2. SEM images of CP-Ti and Ti6Al4V ELI porous implants. Macroscopic overview (A,B), and
enlarged details (C–F) of the two different porous titanium implants. Panels (E,F) are zoomed in
pictures of panels (C,D).

3.3. Ex Vivo Micro-CT Analysis and Histology

Micro-CT scans over time visually showed that most bone was formed near the proximal sites
of the titanium implants (Figure 4). Clear bone growth was also found inside the scaffold as well
as in the medullary channel and somewhat outside the implants. At eleven weeks, no remodeling
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to the original bone cortical architecture was observed. In Ti6Al4V-ELI implants, there was some
bone resorption at the distal ends. Histology confirmed more bone formation in the CP-Ti implants
as compared to the implants from the Ti6Al4V-ELI group (Figure 5). The remaining gaps in the
defects were filled with fibrous tissue. The architecture of the CP-Ti implants looked distorted with
the implants somewhat broken into smaller pieces (Figure 5A), while the cellular structure of the
Ti6Al4V-ELI implants remained intact until the endpoint (Figure 5C). None of the implants fractured.
The bone formed around CP-Ti implants showed bigger lacunes filled with osteocytes (Figure 5B),
whereas bone formed around the Ti6Al4V-ELI implants looked more compact (Figure 5D). In both
groups, the newly formed bone was in close contact with the implant.Materials 2020, 13, x FOR PEER REVIEW 6 of 12 
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Figure 3. Longitudinal quantification of bone regeneration. In vivo µCT scans after zero, four, eight,
and eleven weeks; BVi and BVo: defined as bone formed inside and outside the porous space and in
the medullary canal of the titanium implants. Values are expressed as mean and SD (n = 8 for CP-Ti
and n = 8 for Ti6Al4V-ELI). * Indicates (borderline) significant differences between groups.
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Figure 4. Representative longitudinal micro-CT scans of the femur illustrating the bone regeneration
process. In vivo scans of defects grafted with two different titanium implants (CP-Ti or Ti6Al4V-ELI)
after four, eight, and eleven weeks. In CP-Ti, there was more bone formation inside the canal of the
titanium implants (red arrows), around (solid arrows), and inside (dotted arrows) the titanium implants
compared to Ti6Al4V-ELI. Bone formation is mostly growing from the proximal ends. Distally from the
Ti6Al4V-ELI implants, bone resorption is visualized (asterisk).



Materials 2020, 13, 1992 7 of 11

Materials 2020, 13, x FOR PEER REVIEW 7 of 12 

 

 
Figure 4. Representative longitudinal micro-CT scans of the femur illustrating the bone regeneration 
process. In vivo scans of defects grafted with two different titanium implants (CP-Ti or Ti6Al4V-ELI) 
after four, eight, and eleven weeks. In CP-Ti, there was more bone formation inside the canal of the 
titanium implants (red arrows), around (solid arrows), and inside (dotted arrows) the titanium 
implants compared to Ti6Al4V-ELI. Bone formation is mostly growing from the proximal ends. 
Distally from the Ti6Al4V-ELI implants, bone resorption is visualized (asterisk). 

 
Figure 5. Histological evaluation of bone bridging. Representative transversal sections of femur 
defects eleven weeks after implantation of porous titanium implants; CP-Ti (A) and Ti6Al4V-ELI (C), 

Figure 5. Histological evaluation of bone bridging. Representative transversal sections of femur defects
eleven weeks after implantation of porous titanium implants; CP-Ti (A) and Ti6Al4V-ELI (C), including
detailed view for CP-Ti (B) and Ti6Al4V-ELI (D). Sections are stained with basic fuchsine and methylene
blue. Basic fuchsine stains bone pink, methylene blue stains fibrous tissue blue. B = bone, BM = bone
marrow, F = fibrous tissue, T = titanium.

Complete bone bridging was observed in only in two of the defects treated with CP-Ti implants
(Figure 6A). The average remaining gap size was slightly lower (not significant, p = 0.555) in CP-Ti
implants (0.91 ± 1.70 mm) as compared to the Ti6Al4V-ELI implants (1.28 ± 1.34 mm) (Figure 7).
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showed a significantly higher rotation at the maximum torque for the CP-Ti group (34.4 ± 18.3 
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Figure 7. Illustration of bone bridging. Representative 3D micro-CT images showing the average
extend of bone bridging of the CP-Ti and the Ti6Al4V-ELI titanium implants.

3.4. Biomechanical Testing

In the torsion test, only two Ti6Al4V-ELI specimens were tested as the other four fractured,
indicating that they were very weak. The two samples with Ti6Al4V-ELI had an average maximum
torque of 141 ± 175 N/mm, whereas the five samples with CP-Ti were within a narrower range of
100 ± 80 N/mm. These values were considerably lower than the average maximum torque measured
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for the intact control femora (442 ± 219 N/mm), with a significant difference between CP-Ti grafted
femora and the intact femora (Figure 6B, p = 0.036). This was corroborated by the rotation data that
showed a significantly higher rotation at the maximum torque for the CP-Ti group (34.4 ± 18.3 degrees)
as compared to the intact femora (18.9 ± 6.8 degrees) (Figure 6C, p = 0.0096).

4. Discussion

The results of the current study show that the material type in general and the inelastic mechanical
properties of AM porous biomaterials in particular play an important role in determining their bone
tissue regeneration performance. The results also support the hypothesis of the study by demonstrating
that the more ductile CP-Ti seems to exhibit improved bone tissue regeneration performance over
T6Al4V-ELI implants, even though the elastic mechanical properties and topological designs of both
types of implants are almost identical.

Both types of titanium implants were osteoconductive and showed no ectopic bone formation.
CP-Ti is, however, weaker and exhibited some levels of distortion. This effect is, however, expected to
disappear, as bone regeneration into the porous structure continues, particularly given the fact that
bone tissue regeneration into implants could increase both the yield and fatigue strengths (by up to
7 times) [24].

In addition to more bone formation in the CP-Ti implants, CP-Ti implants also have other
advantages over the Ti6Al4V-ELI implants. First, CP-Ti has no possibly hazardous or toxic alloying
components such as V or Al [25–27]. Second, the high ductility that gives CP-Ti its relatively large
plastic deformation could be suitable for certain applications such as intraoperative deformations used
to match the patient-specific anatomy.

The elastic mechanical properties of both types of implants are in the range of those reported for
the human cancellous bone and could therefore increase stresses of the ingrowing bone and minimize
the stress-shielding phenomenon. The better bone formation of CP-Ti compared to Ti6Al4V-ELI
could not only be explained by its better biocompatibility, but also by the higher ductile properties of
CP-Ti. This more ductile behavior leads to large (plastic) deformations at highly stressed locations and
thus damping these peak stresses and creating a more uniform stress distribution. The consequence
of this might be a better mechanical stimulus for bone tissue regeneration within the scaffold of
CP-Ti, as mechanical strain is considered to be one of the major factors determining the osteogenic
behavior [28–31].

Another advantage of higher ductility is that localized stresses will lead to local deformation and
not local failures. It has been recently shown that AM porous biomaterials experience local stress
concentrations that originate from manufacturing imperfections [32]. Such stress concentrations lead
to large (inelastic) deformations in more ductile materials such as CP-Ti, which would mean higher
stimulus for bone tissue regeneration. In contrast, changes in stress concentration that occur because of
local failures in more brittle materials, such as Ti6Al4V-ELI, are not helpful in terms of stimulating
bone regeneration.

The mechanical strength of CP-Ti is, nevertheless, lower than that of Ti6Al4V-ELI. In dental
implants, there have been reports of fractures of implants made from CP-Ti, although only in less
than 1% of the cases [33–36]. These aspects should be taken into account when designing orthopedic
implants based on CP-Ti [37].

Both CP-Ti and Ti6Al4V-ELI implants are bio-inert and do not degrade over time. They could
therefore introduce a long-term risk of infection. The large surface area of such AM porous biomaterials
could, however, be biofunctionalized using antibacterial coatings to prevent implant-associated
infections [38–40].

Recent studies have clearly shown that the geometry of porous biomaterials that are used for bone
tissue engineering and/or bone substitution plays an important role in terms of the cell response, the
rate of bone regeneration, and consequently the fate of the biomaterials [41]. Therefore, it is important
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to also investigate the effects of curvature on the rate of tissue generation by comparing concave,
convex, and planar surfaces.

Given the importance of topological design in adjusting the elastic mechanical properties of
cellular structures [18], most of the current research is focused on optimizing the porous biomaterials.
We show here for the first time that the inelastic mechanical properties of AM porous biomaterials
could also be important for improving the bone tissue regeneration performance. This observation
could open new avenues for research into bone substitutes based on CP-Ti.

5. Conclusions

We conclude that porous CP-Ti seems to have better bone tissue regeneration properties than
Ti6Al4V-ELI, suggesting a revival of CP-Ti implants in particular for situations where implant strength
is less crucial. The higher plastic deformation of CP-Ti can be used as an advantage for better bone
regeneration into the porous structure, but also for creating a better fit of the porous (deformable)
implant with the shape of the bone.

Author Contributions: Conceptualization, M.K., A.A.Z., and H.W.; methodology, M.K., S.A.Y., K.L., and R.W;
software, M.K. and S.A.Y.; validation, M.K., S.A.Y., and K.L.; formal analysis, M.K. and S.A.Y.; investigation,
M.K.; resources, K.L. and R.W.; data curation, M.K.; writing—original draft preparation, M.K.; writing—review
and editing, S.A.Y., K.L., R.W., A.A.Z., and H.W.; visualization, M.K. and S.A.Y.; supervision, H.W.; project
administration, H.W.; funding acquisition, H.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Netherlands Institute of Regenerative Medicine (NIRM), grant
number FES0908.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

References

1. Zura, R.; Xiong, Z.; Einhorn, T.; Watson, J.T.; Ostrum, R.F.; Prayson, M.J.; Della Rocca, G.J.; Mehta, S.;
McKinley, T.; Wang, Z.; et al. Epidemiology of Fracture Nonunion in 18 Human Bones. JAMA Surg. 2016,
151, e162775. [CrossRef] [PubMed]

2. O’Connor, K.M.; Johnson, J.E.; McCormick, J.J.; Klein, S.E. Clinical and Operative Factors Related to Successful
Revision Arthrodesis in the Foot and Ankle. Foot Ankle Int. 2016. [CrossRef] [PubMed]

3. Zadpoor, A.A. Bone tissue regeneration: The role of scaffold geometry. Biomater. Sci. 2015, 3, 231–245.
[CrossRef] [PubMed]

4. Spoerke, E.D.; Murray, N.G.; Li, H.; Brinson, L.C.; Dunand, D.C.; Stupp, S.I. Titanium with aligned, elongated
pores for orthopedic tissue engineering applications. J. Biomed. Mater. Res. Part A 2008, 84, 402–412.
[CrossRef] [PubMed]

5. Muller, M.; Hennig, F.F.; Hothorn, T.; Stangl, R. Bone-implant interface shear modulus and ultimate stress in
a transcortical rabbit model of open-pore Ti6Al4V implants. J. Biomech. 2006, 39, 2123–2132. [CrossRef]

6. Mueller, L.A.; Nowak, T.E.; Haeberle, L.; Mueller, L.P.; Kress, A.; Voelk, M.; Pfander, D.; Forst, R.; Schmidt, R.
Progressive femoral cortical and cancellous bone density loss after uncemented tapered-design stem fixation.
Acta Orthop. 2010, 81, 171–177. [CrossRef]

7. Hollander, D.A.; von Walter, M.; Wirtz, T.; Sellei, R.; Schmidt-Rohlfing, B.; Paar, O.; Erli, H.J. Structural,
mechanical and in vitro characterization of individually structured Ti-6Al-4V produced by direct laser
forming. Biomaterials 2006, 27, 955–963. [CrossRef]

8. Amin Yavari, S.; Ahmadi, S.M.; van der Stok, J.; Wauthle, R.; Riemslag, A.C.; Janssen, M.; Schrooten, J.;
Weinans, H.; Zadpoor, A.A. Effects of bio-functionalizing surface treatments on the mechanical behavior of
open porous titanium biomaterials. J. Mech. Behav. Biomed. Mater. 2014, 36, 109–119. [CrossRef]

9. Bobbert, F.S.L.; Lietaert, K.; Eftekhari, A.A.; Pouran, B.; Ahmadi, S.M.; Weinans, H.; Zadpoor, A.A. Additively
manufactured metallic porous biomaterials based on minimal surfaces: A unique combination of topological,
mechanical, and mass transport properties. Acta Biomater. 2017, 53, 572–584. [CrossRef]

http://dx.doi.org/10.1001/jamasurg.2016.2775
http://www.ncbi.nlm.nih.gov/pubmed/27603155
http://dx.doi.org/10.1177/1071100716642845
http://www.ncbi.nlm.nih.gov/pubmed/27044542
http://dx.doi.org/10.1039/C4BM00291A
http://www.ncbi.nlm.nih.gov/pubmed/26218114
http://dx.doi.org/10.1002/jbm.a.31317
http://www.ncbi.nlm.nih.gov/pubmed/17618479
http://dx.doi.org/10.1016/j.jbiomech.2005.05.036
http://dx.doi.org/10.3109/17453671003635843
http://dx.doi.org/10.1016/j.biomaterials.2005.07.041
http://dx.doi.org/10.1016/j.jmbbm.2014.04.010
http://dx.doi.org/10.1016/j.actbio.2017.02.024


Materials 2020, 13, 1992 10 of 11

10. Hedayati, R.; Sadighi, M.; Mohammadi-Aghdam, M.; Zadpoor, A.A. Mechanics of additively manufactured
porous biomaterials based on the rhombicuboctahedron unit cell. J. Mech. Behav. Biomed. Mater. 2016, 53,
272–294. [CrossRef]

11. Gorgin Karaji, Z.; Speirs, M.; Dadbakhsh, S.; Kruth, J.P.; Weinans, H.; Zadpoor, A.A.; Amin Yavari, S.
Additively Manufactured and Surface Biofunctionalized Porous Nitinol. ACS Appl. Mater. Interfaces 2017, 9,
1293–1304. [CrossRef] [PubMed]

12. Hazlehurst, K.B.; Wang, C.J.; Stanford, M. The potential application of a Cobalt Chrome Molybdenum
femoral stem with functionally graded orthotropic structures manufactured using Laser Melting technologies.
Med. Hypotheses 2013, 81, 1096–1099. [CrossRef] [PubMed]

13. Hazlehurst, K.B.; Wang, C.J.; Stanford, M. A numerical investigation into the influence of the properties
of cobalt chrome cellular structures on the load transfer to the periprosthetic femur following total hip
arthroplasty. Med. Eng. Phys. 2014, 36, 458–466. [CrossRef] [PubMed]

14. Wauthle, R.; Ahmadi, S.M.; Amin Yavari, S.; Mulier, M.; Zadpoor, A.A.; Weinans, H.; Van Humbeeck, J.;
Kruth, J.P.; Schrooten, J. Revival of pure titanium for dynamically loaded porous implants using additive
manufacturing. Mater. Sci. Eng. C Mater. Biol. Appl. 2015, 54, 94–100. [CrossRef] [PubMed]

15. Wauthle, R.; van der Stok, J.; Amin Yavari, S.; Van Humbeeck, J.; Kruth, J.P.; Zadpoor, A.A.; Weinans, H.;
Mulier, M.; Schrooten, J. Additively manufactured porous tantalum implants. Acta Biomater. 2015, 14,
217–225. [CrossRef] [PubMed]

16. Niinomi, M.; Nakai, M. Titanium-Based Biomaterials for Preventing Stress Shielding between Implant
Devices and Bone. Int. J. Biomater. 2011, 2011, 836587. [CrossRef]

17. 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]

18. Wang, X.; Xu, S.; Zhou, S.; Xu, W.; Leary, M.; Choong, P.; Qian, M.; Brandt, M.; Xie, Y.M. Topological
design and additive manufacturing of porous metals for bone scaffolds and orthopaedic implants: A review.
Biomaterials 2016, 83, 127–141. [CrossRef]

19. Huiskes, R.; Weinans, H.; van Rietbergen, B. The relationship between stress shielding and bone resorption
around total hip stems and the effects of flexible materials. Clin. Orthop. Relat. Res. 1992, 274, 124–134.
[CrossRef]

20. Van der Stok, J.; Van der Jagt, O.P.; Amin Yavari, S.; De Haas, M.F.; Waarsing, J.H.; Jahr, H.; Van Lieshout, E.M.;
Patka, P.; Verhaar, J.A.; Zadpoor, A.A.; et al. Selective laser melting-produced porous titanium scaffolds
regenerate bone in critical size cortical bone defects. J. Orthop. Res. 2013, 31, 792–799. [CrossRef]

21. Standard Specification for Titanium and Titanium Alloy Bars and Billets; ASTM B348/B348M-19; ASTM
International: Conshohocken, PA, USA, 2019.

22. Amin Yavari, S.; van der Stok, J.; Chai, Y.C.; Wauthle, R.; Tahmasebi Birgani, Z.; Habibovic, P.; Mulier, M.;
Schrooten, J.; Weinans, H.; Zadpoor, A.A. Bone regeneration performance of surface-treated porous titanium.
Biomaterials 2014, 35, 6172–6181. [CrossRef] [PubMed]

23. Yavari, S.A.; Wauthle, R.; van der Stok, J.; Riemslag, A.C.; Janssen, M.; Mulier, M.; Kruth, J.P.; Schrooten, J.;
Weinans, H.; Zadpoor, A.A. Fatigue behavior of porous biomaterials manufactured using selective laser
melting. Mater. Sci. Eng. C Mater. Biol. Appl. 2013, 33, 4849–4858. [CrossRef] [PubMed]

24. Hedayati, R.; Janbaz, S.; Sadighi, M.; Mohammadi-Aghdam, M.; Zadpoor, A.A. How does tissue regeneration
influence the mechanical behavior of additively manufactured porous biomaterials? J. Mech. Behav. Biomed.
Mater. 2017, 65, 831–841. [CrossRef] [PubMed]

25. Medvedev, A.E.; Neumann, A.; Ng, H.P.; Lapovok, R.; Kasper, C.; Lowe, T.C.; Anumalasetty, V.N.; Estrin, Y.
Combined effect of grain refinement and surface modification of pure titanium on the attachment of
mesenchymal stem cells and osteoblast-like SaOS-2 cells. Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 71,
483–497. [CrossRef]

26. Gomes, C.C.; Moreira, L.M.; Santos, V.J.; Ramos, A.S.; Lyon, J.P.; Soares, C.P.; Santos, F.V. Assessment of the
genetic risks of a metallic alloy used in medical implants. Genet. Mol. Biol. 2011, 34, 116–121. [CrossRef]

27. Zaffe, D.; Bertoldi, C.; Consolo, U. Accumulation of aluminium in lamellar bone after implantation of
titanium plates, Ti-6Al-4V screws, hydroxyapatite granules. Biomaterials 2004, 25, 3837–3844. [CrossRef]

28. Betts, D.C.; Muller, R. Mechanical regulation of bone regeneration: Theories, models, and experiments. Front.
Endocrinol. (Lausanne) 2014, 5, 211. [CrossRef]

http://dx.doi.org/10.1016/j.jmbbm.2015.07.013
http://dx.doi.org/10.1021/acsami.6b14026
http://www.ncbi.nlm.nih.gov/pubmed/28001358
http://dx.doi.org/10.1016/j.mehy.2013.10.012
http://www.ncbi.nlm.nih.gov/pubmed/24182871
http://dx.doi.org/10.1016/j.medengphy.2014.02.008
http://www.ncbi.nlm.nih.gov/pubmed/24613500
http://dx.doi.org/10.1016/j.msec.2015.05.001
http://www.ncbi.nlm.nih.gov/pubmed/26046272
http://dx.doi.org/10.1016/j.actbio.2014.12.003
http://www.ncbi.nlm.nih.gov/pubmed/25500631
http://dx.doi.org/10.1155/2011/836587
http://dx.doi.org/10.1016/0021-9290(93)90042-D
http://dx.doi.org/10.1016/j.biomaterials.2016.01.012
http://dx.doi.org/10.1097/00003086-199201000-00014
http://dx.doi.org/10.1002/jor.22293
http://dx.doi.org/10.1016/j.biomaterials.2014.04.054
http://www.ncbi.nlm.nih.gov/pubmed/24811260
http://dx.doi.org/10.1016/j.msec.2013.08.006
http://www.ncbi.nlm.nih.gov/pubmed/24094196
http://dx.doi.org/10.1016/j.jmbbm.2016.10.003
http://www.ncbi.nlm.nih.gov/pubmed/27810729
http://dx.doi.org/10.1016/j.msec.2016.10.035
http://dx.doi.org/10.1590/S1415-47572010005000118
http://dx.doi.org/10.1016/j.biomaterials.2003.10.020
http://dx.doi.org/10.3389/fendo.2014.00211


Materials 2020, 13, 1992 11 of 11

29. Kelly, D.J.; Prendergast, P.J. Mechano-regulation of stem cell differentiation and tissue regeneration in
osteochondral defects. J. Biomech. 2005, 38, 1413–1422. [CrossRef]

30. Ozcivici, E.; Luu, Y.K.; Adler, B.; Qin, Y.X.; Rubin, J.; Judex, S.; Rubin, C.T. Mechanical signals as anabolic
agents in bone. Nat. Rev. Rheumatol. 2010, 6, 50–59. [CrossRef]

31. Zadpoor, A.A. Open forward and inverse problems in theoretical modeling of bone tissue adaptation. J. Mech.
Behav. Biomed. Mater. 2013, 27, 249–261. [CrossRef]

32. Genovese, K.; Leeflang, S.; Zadpoor, A.A. Microscopic full-field three-dimensional strain measurement
during the mechanical testing of additively manufactured porous biomaterials. J. Mech. Behav. Biomed. Mater.
2017, 69, 327–341. [CrossRef]

33. Goodacre, C.J.; Bernal, G.; Rungcharassaeng, K.; Kan, J.Y. Clinical complications with implants and implant
prostheses. J. Prosthet. Dent. 2003, 90, 121–132. [CrossRef]

34. Krischak, G.D.; Gebhard, F.; Mohr, W.; Krivan, V.; Ignatius, A.; Beck, A.; Wachter, N.J.; Reuter, P.; Arand, M.;
Kinzl, L.; et al. Difference in metallic wear distribution released from commercially pure titanium compared
with stainless steel plates. Arch. Orthop. Trauma Surg. 2004, 124, 104–113. [CrossRef] [PubMed]

35. Torgersen, S.; Gjerdet, N.R.; Erichsen, E.S.; Bang, G. Metal particles and tissue changes adjacent to miniplates.
A retrieval study. Acta Odontol. Scand. 1995, 53, 65–71. [CrossRef] [PubMed]

36. Ungersbock, A.; Pohler, O.; Perren, S.M. Evaluation of the soft tissue interface at titanium implants with
different surface treatments: Experimental study on rabbits. Bio Med. Mater. Eng. 1994, 4, 317–325. [CrossRef]

37. Butterworth, S.J.; Kydd, D.M. TTA-Rapid in the treatment of the canine cruciate deficient stifle: Short- and
medium-term outcome. J. Small Anim. Pract. 2017, 58, 35–41. [CrossRef]

38. Amin Yavari, S.; Loozen, L.; Paganelli, F.L.; Bakhshandeh, S.; Lietaert, K.; Groot, J.A.; Fluit, A.C.; Boel, C.H.;
Alblas, J.; Vogely, H.C.; et al. Antibacterial Behavior of Additively Manufactured Porous Titanium with
Nanotubular Surfaces Releasing Silver Ions. ACS Appl. Mater. Interfaces 2016, 8, 17080–17089. [CrossRef]

39. Bakhshandeh, S.; Gorgin Karaji, Z.; Lietaert, K.; Fluit, A.C.; Boel, C.H.E.; Vogely, H.C.; Vermonden, T.;
Hennink, W.E.; Weinans, H.; Zadpoor, A.A.; et al. Simultaneous Delivery of Multiple Antibacterial
Agents from Additively Manufactured Porous Biomaterials to Fully Eradicate Planktonic and Adherent
Staphylococcus aureus. ACS Appl. Mater. Interfaces 2017, 9, 25691–25699. [CrossRef]

40. Van Hengel, I.A.J.; Riool, M.; Fratila-Apachitei, L.E.; Witte-Bouma, J.; Farrell, E.; Zadpoor, A.A.; Zaat, S.A.J.;
Apachitei, I. Selective laser melting porous metallic implants with immobilized silver nanoparticles kill
and prevent biofilm formation by methicillin-resistant Staphylococcus aureus. Biomaterials 2017, 140, 1–15.
[CrossRef]

41. Callens, S.J.P.; Uyttendaele, R.J.C.; Fratila-Apachitei, L.E.; Zadpoor, A.A. Substrate curvature as a cue to
guide spatiotemporal cell and tissue organization. Biomaterials 2020, 232, 119739. [CrossRef]

© 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/10.1016/j.jbiomech.2004.06.026
http://dx.doi.org/10.1038/nrrheum.2009.239
http://dx.doi.org/10.1016/j.jmbbm.2013.05.017
http://dx.doi.org/10.1016/j.jmbbm.2017.01.010
http://dx.doi.org/10.1016/S0022-3913(03)00212-9
http://dx.doi.org/10.1007/s00402-003-0614-9
http://www.ncbi.nlm.nih.gov/pubmed/14727127
http://dx.doi.org/10.3109/00016359509005948
http://www.ncbi.nlm.nih.gov/pubmed/7610777
http://dx.doi.org/10.3233/BME-1994-4407
http://dx.doi.org/10.1111/jsap.12610
http://dx.doi.org/10.1021/acsami.6b03152
http://dx.doi.org/10.1021/acsami.7b04950
http://dx.doi.org/10.1016/j.biomaterials.2017.02.030
http://dx.doi.org/10.1016/j.biomaterials.2019.119739
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Porous Titanium Implants 
	Micro-CT Analysis 
	Ex Vivo Micro-CT Analysis and Histology 
	Biomechanical Testing 

	Discussion 
	Conclusions 
	References

