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Abstract: Biodegradable metals are being developed for biomedical implants or components of
implants. Biodegradable zinc-based materials, in particular, have been shown to promote bone
regeneration in orthopaedic applications. Here, we investigated the potential of a hybrid Ti-Zn
system, comprising a Ti-6Al-4V biostable lattice produced by additive manufacturing (AM) infiltrated
by a bioabsorbable Zn-2%Fe alloy, to serve as an osseointegrated implant for dental and orthopaedic
applications. The osseointegration of implants can be enhanced by a porous implant structure that
facilitates bone ingrowth to achieve superior bonding between the bone tissue and the implant. The
hybrid material was evaluated in terms of microstructure and localized chemical composition using
scanning and transmission electron microscopy with special attention to the interface between the
Ti-based lattice and the biodegradable alloy. The electrochemical behaviour of the Ti-Zn system was
analysed in a simulated physiological environment in terms of open circuit potential test and cyclic
potentiodynamic polarization. Cytotoxicity was evaluated using direct cell viability tests. The results
demonstrate desirable properties of the hybrid Ti-Zn system as a non-cytotoxic material with an
acceptable corrosion rate.

Keywords: osseointegration; additive manufacturing; SLM; lattice; Ti-6Al-4V; biodegradable zinc;
Zn-Fe; orthopaedic; dental

1. Introduction

For osteointegration to occur, direct contact is essential between an implant and bone
tissue during the regenerating process [1-3]. Currently, the most common material for
osseointegrated implants is Ti-6Al-4V and other Ti-based alloys, which are selected due to
their excellent corrosion resistance, biocompatibility, and low elastic modulus to reduce
stress shielding [4-11]. These biostable alloys provide suitable mechanical support and long-
term direct contact with bone to support regenerative processes. Additive manufacturing
(AM) of Ti-6Al-4V is gaining popularity as an advanced manufacturing technology to pro-
duce custom designed fixtures of complex geometry with minimal wasted material [12-16].
In the orthopaedic and dental fields, AM technology enables the production of porous-
structured biomedical implants with similar mechanical properties as natural bone. In the
implant industry, the immense advantage of AM allows for personalized implants, with
control over size, shape, and properties. Furthermore, structural lattices can be infiltrated
with a bioabsorbable therapeutic material.

Numerous studies have established the outstanding potential of Zn as a biodegrad-
able metallic material [17-23], with a moderate corrosion rate more consistent with bi-
ological healing, as well as reduced risks of undesirable effects common to alternative
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Mg- and Fe-based biodegradable metallic materials such as gas embolism (for Mg) and
hazardous corrosion products (for Fe) [23-30]. Furthermore, Zn is an important trace
element, with relatively high concentrations found in bone, muscle, liver, and skin. It
plays a significant role in bone health, improves osteogenesis [31-33], exhibits antibacterial
and anti-inflammation properties, and overall plays a significant role in the regulation
of the immune system [34-39]. These qualities are appealing in dental and orthopaedic
implant applications and may improve the implant performance and reduce post operation
complications.

Due to the importance of the Ti alloy for mechanical support and the Zn metal for
bioactive therapy to stimulate bone tissue regrowth, we speculated that a hybrid system
which combined both materials may be beneficial for orthopaedic applications. However,
the corrosion rate of pure Zn may need to be fine-tuned to avoid fibrous encapsulation or
the accumulation of stable corrosion products that prevent diffusion at the metal/tissue
interface [40]. To increase the corrosion rate, and consequently, the biocompatibility, Zn
can be alloyed with other biocompatible materials, such as Fe [41]. In this study, 2%wt Fe
was added to pure Zn to create a secondary phase that acts as localized cathodic site to
accelerate the corrosion rate. The present study examined the prospect of a hybrid material
composed of a Ti-6Al-4V lattice infiltrated with bioabsorbable Zn-2%Fe for osseointegrated
implants in in vitro conditions. This study presents further cytotoxicity examinations in
terms of direct cell viability as well as microstructural and electrochemical assessments.

2. Materials and Methods
2.1. Preparation of Hybrid Ti-Zn System

The hybrid Ti-Zn system was made from a Ti-6Al-4V lattice produced by additive
manufacturing that was subsequently infiltrated by a biodegradable Zn-2%Fe alloy. The
Ti-6Al-4V lattice was produced by SLM, using an EOS-EOSINT M280 printer equipped
with a 200 W Nd-YAG laser. All the AM lattices were manufactured in the Z-direction
and in accordance with ASTM standard 52921-13. The Ti-6Al-4V powder particle size
was between 20 and 45 um with distribution D10 = 24 um; D50 = 37 um; D90 = 55 pum.
Particle size analysis was carried out using Mastersizer 2000. The laser beam diameter
was 60 um, scanning velocity 7,00 mm/sec, hatch spacing 0.2 mm and the building layer
thickness was 30 pm. The SLM scanning direction rotation was 45 degrees and the obtained
lattice has a cubic structure with a lattice parameter of 2.5 mm and ribs diameter of 0.9 mm.
The biodegradable Zn-2%Fe alloy was produced by gravity casting using pure Zn ingots
(99.99%) and pure Fe (99%) powder with a mean grain size of 44 microns. The casting
process of Zn-2%Fe was carried out in a graphite crucible in the following steps: (i) re-
melting of pure Zn at 750 °C; (ii) addition of Fe powder; (iii) stirring every 30 min for
3 h [41]. Notably, the Fe powder was gradually added to the molten zinc while stirring
to prevent the floating of the powder on top of the melt surface that can cause undesired
oxidation. Prior to the infiltration of the biodegradable Zn alloy, the Ti alloy lattice was
pre-heated at 400 °C for 1 h. The infiltration process was carried out by immersing the
Ti alloy lattice in molten Zn alloy at a temperature above 700 °C within a steel die. To
secure the proper filling of the Ti-based lattice, the infiltration process was accompanied by
intensive mechanical shaking.

2.2. Microstructure Examinations

The microstructure of the tested materials was examined using JSM-5600 (Tokyo,
Japan) scanning electron microscopy (SEM) integrated with an energy-dispersive X-ray
spectroscopy (EDS) [42]. For high resolution observation, transmission electron microscopy
(TEM) Electron-transparent cross-section specimens were produced by a dual-beam focused
ion beam microscope (FEI, Verios-460 L, Hillsboro, OR, USA). The characterization was
carried out using an analytical electron microscope (JEOL JEM-2100F, Jeol Ltd., Tokyo,
Japan) operating at 200 kV. This analysis included bright-field (BF) imaging, selected area
electron diffraction (SAED), and EDS.
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2.3. Electrochemical Behaviour

The electrochemical behaviour of the tested materials was evaluated using a Bio-Logic
SP-200 potentiostat equipped with EC-Lab software V11.18. Prior to all electrochemical
analyses, the samples were polished to 1200 grit. The tests were carried out in PBS solution
using a three-electrode cell that includes a working electrode with an exposed area of 1
cm?, a saturated calomel electrode (SCE) as a reference electrode and a platinum counter
electrode. The scanning rate of cyclic potentiodynamic polarization analysis was 1 mV /s.
Open circuit (OC) analysis was carried out for a duration of 100 h with a sample taken
every 10 min.

2.4. Cytotoxicity Testing

Direct cell testing was carried out by evaluating cell viability and adhesion to the
hybrid Ti-Zn system’s surface. Sample preparation and protocol were carried out according
to ISO 0993-5/12 standards [43,44]. The cell viability testing was carried out using mus
musculus (mouse) 4T1 cells. These cells were cultured in an incubator using Dulbecco
Modified Eagle’s Medium (DMEM) supplemented with 4.5 g L D-Glucose, 10% Foetal
Bovine Serum (FBS), 4 mM L-Glutamine, 1 mM Sodium Pyruvate, and 1% Penicillin
Streptomycin Neomycin (PSN) antibiotic mixture (Biological Industry, Beit Haemek, Israel)
in a humidified atmosphere with 5% CO; at 37 °C. The tests took place in two independent
repetitions, each including 4 samples of each alloy (hybrid Ti-Zn system and its components:
Zn-2%Fe bioabsorbable alloy and Ti-6Al-4V as a reference alloy). The samples used were of
cylindrical shape, with a diameter of 10 mm and a height of 2 mm, polished to 4000 grits.
Subsequentially, the samples were ultrasonically cleaned for 5 min in ethanol and 2 min
in acetone, air-dried, and later sterilized in an autoclave. After a 24 h pre-incubation of
the samples in DMEM, they were placed in a 24-well plate. The cells were seeded directly
onto the alloys in a density of 100,000 cells per sample and incubated for 2 h in DMEM to
allow adhesion. More DMEM was then added to each well according to the standard ratio.
The plates were incubated under a humidified atmosphere with 5% CO, at 37 °C for 24
and 48 h. The number of adherent cells was visualized using NucBlueTM Live Cell Stain
Formulation kit (RHENIUM, Modi’in, Israel) and then documented by a CoolLED pe-2
collimator fitted to an inverted phase-contrast microscope (Eclipse Ti, Nikon) equipped
with a digital camera (D5-QilMc, Nikon, Tokyo, Japan) using the appropriate fluorescent
filters. Average cell adhesion was calculated by quantifying cells per sq. mm at three
random locations for each sample. A Live and Dead Cell Assay (Abcam, Cambridge, UK)
was used to evaluate cell viability, following the manufacturer’s protocol. The Live and
Dead Assay stain solution allows for differentiation between live and dead cells using
fluorescent dyes that render viable cells green (Excitation (max) and Emission (max) are
494 nm and 515 nm, respectively) and cells with compromised plasma membranes red
(excitation (max) and emission (max) are 528 nm and 617 nm, respectively).

3. Results

The general appearance of the Ti-6Al-4V lattice obtained by the SLM process is shown
in Figure 1a. This illustrates the symmetric cubic structure of the lattice as well as the
locations of open spaces identified as darker areas. A close-up view of the Ti-based
lattice infiltrated with bioabsorbable Zn-2%Fe alloy is shown in Figure 1b. This clearly
demonstrates that the infiltrated alloy was able to penetrate and fill the open spaces within
the lattice with coherent connection to the internal titanium structure.
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Ti-6Al-V lattice

Zn-2%Fe
bioabsorbable alloy

(b)

Figure 1. General appearance of (a) Ti-6Al-4V lattice pre-infiltration; (b) close-up view of Ti-6Al-4V

lattice post-infiltration.

Close-up view of the boundary between the Ti-based lattice and the infiltrated Zn-
2%Fe alloy as obtained by SEM back-scatter electron (BSE) imaging is shown in Figure 2.
An EDS analysis was performed for the different identified areas as shown in Table 1: The
first data point refers to a Zn-rich area, with a low number of Ti-6Al-4V components, which
is assumed to comprise a Zn matrix and ZnjFe according to Kafri et al. [42]. The second
data point refers to an area with large amounts of Zn along with a significant amount of
the Ti alloy’s components and a lower Fe percentage, with a composition of TiZn3 [41].
Data point number 3 refers to the interface layer approximately 100 pm from the Ti-based
lattice’s edge, which can be identified in a close-up view shown in Figure 2b. It comprises a
significant amount of Ti, Al, and V, along with approximately 3.5% at of Fe, which suggests
both TiZn3 and a ferritic phase are present. The 4th data point refers to the Ti-based lattice,
which, as expected, mainly contains the elements Ti, Al and V, with very small amounts
of Zn and Fe, which can be attributed to the large interaction volume of SEM EDS that
could acquire a signal from deeper areas of the sample. The microstructure of Ti-6Al-4V
lattice produced by SLM was composed of fine metastable martensitic o phase and small
amounts of 3 phase [45]. The martensitic phase actually substitutes the regular o phase
that is obtained in slower cooling rates at regular casting conditions.

n Zn-2%Fe
bioabsorbable alloy

Interface
layer

Ti-6A1-4V
lattice point

*58 S86Mmm 7 38 BES X158 188rm

Figure 2. Microstructure of hybrid Ti-Zn system by SEM (a) points of EDS measurements (b) Close-up
view at the interface between Ti-based lattice and Zn-based alloy.
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Table 1. Spot chemical compositions (at%) by EDS at points shown in Figure 2a.
Point of . Dominant Phases
Measurement Zn Fe T Al v [27,41,45]
1 89.72 £5.1 588 £4.7 3.82£0.9 0.55£0.5 0.03 £ 0.06 Zn + Zny Fe
2 73.67 £0.9 0.54 +0.6 232+1.3 1.62+£0.3 1.62+0.3 TiZn3
3 78.58 £ 0.4 3.4+0.13 16.32 +0.2 1.02+0.1 1.02+0.1 TiZn3 + Znj;Fe
4 0.18 £0.1 0.15 £ 0.05 88.66 £ 0.3 739 +£0.1 3.62£0.1 Ti (@' + B)

A TEM sample was taken from the interface layer, within up to 100 um from the
Ti-based lattice’s edge as shown in Figure 3. BF and EDS analyses concluded that the
interface layer was composed of two main domains: large grains with increased amount of
Ti-6Al-4V alloy ingredients and small grains with relatively reduced content of Ti-6Al-4V
alloy ingredients and increased amounts of Fe, as shown in Table 2.

Figure 3. TEM-BF close-up view of the interface layer between the Ti-based lattice and Zn-2%Fe alloy
along with chemical composition maps of elements in each domain obtained by STEM-EDS analysis.

Table 2. Composition (at%) of grains of each domain located at the interface layer as obtained by

STEM EDS.
Domain n Fe Ti Al A%
Large grains
(light grey) 70.8 0.4 25.3 24 1.1
Small Grains
(dark grey) 85.1 8.7 5.8 04 0.1

The two domains were further investigated to determine the phases present in each
domain. SAED analyses of each domain are presented in Figure 4. Each domain was
composed of one dominant phase. The first domain, with elevated amounts of Ti-6Al-
4V components, was identified as an intermetallic ternary Ti-Fe-Zn phase [46]. This is
supported by Gross et al. [47], as the identified phase is of CeCryAlyo-type structure, possi-
bly based on ZrFe;Znyg Fd-3m structure (a = 1.3955 nm), where the Zr sites are replaced
with Ti atoms, which share the same column in the periodic table, to create TiFe;Zny
with a & 1.4 nm. The second domain was identified as TiZn3, Pm-3m (a = 0.39322 nm),
as anticipated.
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Figure 4. SAED analysis of the first and second domains as marked with red circles (a,b).

The cyclic potentiodynamic polarization analysis of the hybrid Ti-Zn system and Zn-
2%Fe alloy is shown in Figure 5. The corrosion current of the hybrid system was relatively
increased compared with the Zn-based alloy (2.4 [nA] vs. 0.3 [nA], respectively) along with
an increased corrosion rate (3.6:1072 vs. 0.5:10~? [mmpy]), as presented in Table 3. The
increased corrosion of the hybrid system mainly relates to galvanic corrosion attack that
takes place between the cathodic Ti-matrix lattice and the Zn-based alloy. In addition, the
protection potential (Epp) path in the case of the Zn-based alloy crosses the anodic branch
above the Ecorr, while the Epp path of the hybrid system crosses the cathodic branch below
the Ecorr. According to Peter et al. [48] and Stansbury et al. [49], this means that while the
Zn-based alloy is generally sensitive to localized corrosion attack, the hybrid system undergoes
pitting corrosion at surface defects. In our case, the surface defects in the hybrid system are the
interfaces between the Ti-matrix lattice and the infiltrated biodegradable Zn-based alloy.

a |—0.8

—-0.9

E('OTT

g -1
w
2 -11 Epp
-
M1z

—-1.3

-5 -4 -3 -2 -1 0
log (1) (mA/cm?)

b [-0.8

-0.9
g1
w
;i -11 Erorr Ep,p
<
Ho—1.2

—-1.3

-5 —4 -3 -2 -1 0
log (i) (mA/cm?)

Figure 5. Cyclic potentiodynamic polarization analysis in PBS solution (a) hybrid Ti-Zn system
(b) Zn-2%Fe alloy.
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Table 3. Results obtained by Tafel extrapolation.
Sample Ecorr (V) vs. SCE Tcorr (HA) C.R. (mmpy) Epp (V) vs. SCE
Hybrid Ti-Zn —0.982 4 0.001 24412 0.036 & 0.018 —1.06 £ 0.01
system
Zn-2%Fe —1.134 £+ 0.008 034+0.1 0.005 + 0.002 —1.124+0.04

A further electrochemical behaviour examination was carried out using open circuit
analysis of the hybrid system compared with its separate alloys, as shown in Figure 6
and Table 4. The results demonstrate that the open circuit potential of the hybrid material
falls between the open circuit potential of its two constituent materials. Furthermore, the
potential of the hybrid system is less stable than the Zn-based alloy that experiences the
corrosion. This can be attributed to the micro-galvanic effect between the absorbable alloy
and the Ti-based lattice, which makes the Zn-based alloy more prone to corrosion.

1
—Ti-6Al-4V
0.5 ——Hybrid Ti-Zn system
Zn-2%Fe

0 0
@]
w

£-05
z

"

-15

-2

0 10 20 30 40 50 60 70 80 90 100
Time (h)

Figure 6. Open circuit potential analysis of hybrid Ti-Zn system and its constituent materials.

Table 4. Open circuit potential measurements with statistical deviations as obtained after 100 h of

immersion.
Sample Ecorr (V) vs. SCE
Ti-6Al-4V —0.30 £ 0.04
Hybrid Ti-Zn system —0.81 +0.10
Zn-2%Fe —1.05+0.01

Direct cytotoxicity analysis of Hybrid Ti-Zn system was carried out following incu-
bation periods of 24 h and 48 h, as shown in Figure 7. The ability of cells to adhere to the
alloys and their viability provide critical information regarding the biocompatibility of
the experimental hybrid implant material. We found an increase of almost 100% in cell
amount from 24 to 48 h of incubation for all the tested alloys, as shown in Figure 8. The
smaller number of cells in the hybrid Ti-Zn system of 72 and 134 cells/field after 24 and
48 h, respectively can be attributed to the uneven surface of the samples. This was due
to accelerated inhomogeneous corrosion of the bioabsorbable alloy in the hybrid system,
which interfered with the cell seeding process. Cells usually prefer uneven surfaces; thus,
the rugged surface of the biodegradable alloy should enhance adhesion. Nonetheless, the
results showed a reduced number of adhered cells that can also be attributed to low field
depth of the microscope with inability to observe different surface heights simultaneously.
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Notably, the number of adhered cells to the hybrid material has nearly the same magnitude
as in the case of the inert Ti-6Al-4V that was used as positive control (140 and 215 cells/field,
respectively), and therefore showed promising prospects. In comparison, the Zn-2%Fe
alloy by itself has a cell count of 188 and 380 cells/field after 24 and 48 h that exceeded both
the Ti-6Al-4V and Ti-Zn system, which implies that this alloy promotes cell multiplication
and adhesion, as desired for bone implant applications. Those findings were basically in
accordance with the observations of Avior et al. [28].

Hybrid Ti-Zn System Zn-2%Fe Alloy Ti-6Al-4V

24h

Figure 7. Fluorescence images of NucBlue-stained 4T1 cells attached to the surface of the correspond-
ing alloys after 24 and 48 h of incubation. Scalebar = 100 pum.

700

24h
600 = 48h

200
100

Hybrid Ti-Zn System Zn-2%Fe Ti-6Al-4V

tn
o]
(=]

=
o
(=]

(3]
<
(=]

Cells/Field

Figure 8. Cell count of 4T1 cells per unit field after 24 h and 48 h incubation while adhered to the

alloys’ surfaces.
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24h

48h

In addition to cell adherence, cell viability was assessed to determine the cytotoxicity
of the tested materials. In terms of cell viability, the adhered cell viability was tested using
a Live and Dead Cell Assay, as shown in Figure 9. For cells adhered to both the hybrid
Zn-Ti system and the Zn-based alloy, a relatively small amount of the cells is tinted red,
which suggests that their plasma membranes are compromised, while most of the cells
were alive. This demonstrates that the alloys investigated have acceptable biocompatibility
in direct contact in vitro conditions.

Hybrid Ti-Zn System Zn-2%Fe Alloy Ti-6Al-4V

Figure 9. Fluorescence images of live (green) and dead (red) 4T1 cells attached to the corresponding
alloys after 24 and 48 h of incubation. Scalebar = 100 pm.

4. Discussion

Zn-based bioabsorbable implants are gaining popularity due to zinc’s biocompatibil-
ity, potential bone growth stimulation and anti-inflammatory properties, in addition to
dissolvability in a biological environment. The main corrosion products of Zn are Zn(OH),
and ZnO that are converted in the physiological environment to soluble chloride salts
that can be efficiently exerted from the body through the kidneys, preventing cytotoxic-
ity. Furthermore, Ti-based alloys, particularly Ti-6Al-4V, are commonly used as biostable
structural material for high-load implants in orthopaedic and dental applications. Here, a
hybrid Ti-Zn system is proposed as an attractive material for osseointegrated implants [1,3],
combining the advantages of the two constituent materials. The promise of the hybrid
material is the combination of structural support with high porosity and bone growth,
stimulating zinc degradation products to encourage rapid and strong interfacial bonding
between the Ti support and regenerating bone tissue [30]. A key advantage of our approach
for combining the two metals into the hybrid system is that the Ti support can be further
refined to tailor the mechanical properties and porosity to optimize interfacial bonding.
In parallel, the zinc-based material can be independently engineered through alloying to
fine-tune its corrosion rate and release of therapeutic corrosion by products to stimulate
bone regrowth more optimally.

Biocompatibility is essential for a potential implant material, which must allow the
adhesion of cells to the surface to promote healthy tissue regrowth both within and around
the implant. In an earlier study, the hybrid Ti-Zn system showed desirable biocompatibility
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in terms of indirect cell viability, with adequate corrosion rate and mechanical integrity [40].
The present study further demonstrates the Ti-Zn system has adequate biocompatibility
in terms of direct contact viability between the cells and the hybrid material surface. This
comes in addition to adequate adhesion between the tested cells and the Ti-Zn system, and
coherent adhesion between the constituent Ti-based and Zn-based alloys. The acceptable
attachment and viability of cells on the surface of the hybrid system suggests that cells
will be able to migrate within the pores of the implant as the impregnated zinc alloy bio
corrodes over time. Based on the present results, the biocompatibility of this experimental
hybrid material should be further investigated in in vivo studies to confirm the ability of
bone forming cells to migrate into and remain viable within the porous structure, as well as
to generate strong interfacial bonding with the regenerating bone tissue.

We showed that a ternary intermetallic phase is formed within the 100 pm interface
layer in addition to TiZn3 phase further from the interface between the alloys. This reveals
a strong bond, which was also demonstrated previously [27] in terms of compression tests.
For the implant to perform appropriately, there must be a strong bond between the lattice
and infiltrating alloy. A strong interfacial bond between implant constituents allows for the
implant to be remain intact during deployment and while functioning under high loads.

In the current and previous studies, the Ti-Zn system exhibited desirable electrochem-
ical properties, with an accelerated corrosion rate compared with pure Zn [41] that is
intended to prevent fibrous encapsulation responses. As demonstrated by cyclic potentio-
dynamic polarization, the hybrid material experiences corrosion via defects and pitting.
The Zn-alloy, as expected, dissolves in a simulated physiological environment, leaving
an exposed Ti-based lattice with cavities within which healthy tissue can regenerate. An
acceptable time for complete dissolvement of the Zn-based alloy should be approximately
12 months as in the case of biodegradable polymers. In parallel, the increased corrosion
rate should not affect the mechanical performance of the Ti-based lattice structure and
refers only to the infiltrated biodegradable alloy. Moreover, in previous research [27], it
was demonstrated that a bare lattice could withstand compressive load with a yield point
of above 397 MPa. The corrosion rate could be controlled to match the rate of tissue regen-
eration by tuning the Ti-Zn surface area ratio to produce lattices with varying densities and
geometries to accommodate the physiological needs.

5. Conclusions

i.  Thehybrid Ti-Zn system in the form of Ti-6Al-4V lattice infiltrated with bioabsorbable
Zn-2%Fe alloy, demonstrates acceptable direct cell viability and adhesion in in vitro
conditions.

ii.  The hydridic system exhibits adequate electrochemical behaviour and dissolvability in
a simulated physiological environment that were partly related to the micro galvanic
effect generated between the Ti-based lattice and the biodegradable alloy.

iii. The ternary phase found at the interface between the Ti lattice and Zn-2%Fe alloy
via TEM BF and SAED suggests a strong bond between the Ti-based lattice and the
infiltrating Zn-based alloy, which further reinforces the attractiveness of the hybrid
system as a bone implant material.
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