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Tantalum (Ta) is introduced to the surface of the ZK60 Mg alloy by reactive magnetron sputtering to
enhance the corrosion resistance and cytocompatibility. The film thickness and composition, corro-
sion behavior, and cytocompatibility are studied by various techniques systematically. The surface layer
composed of Ta,0s, Ta suboxide, and Ta increases the corrosion resistance of ZK60 while simultane-

ously improving cell attachment, spreading, and proliferation in vitro. The enhancement mechanism is

proposed and discussed.
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1. Introduction

As biodegradable materials, magnesium (Mg) and its alloys are
promising in temporary implants including orthopedic implants
[1,2] and cardiovascular stents [3,4]. Owing to natural degradation
in the physiological environment, a follow-up surgery to remove
the implant can be avoided after healing [5]. The biodegradable
implant must provide sufficient mechanical support during tissue
healing [6] but unfortunately, Mg-based biomedical implants tend
to degrade too rapidly and sometimes even unpredictably under
physiological conditions causing implant failure in severe cases [7].
In addition, rapid dissolution of Mg leads to other problems such as
excessive hydrogen evolution, alkalinity, and detached degradation
products [8,9]. Consequently, degradation of Mg-based alloys must
be controlled while the biocompatibility must also be improved.

Development of suitable alloys and surface treatment are viable
approaches to improve the properties of Mg alloys [10]. Mg alloys
such as Mg-Ca, Mg-Sr, Mg-Zn, Mg-Si, Mg-Sn, and Mg-Zr show
improved corrosion resistance and biosafety [9,11-13]. Compared
to development of new Mg alloys, surface treatment is a simpler
and more economical strategy to selectively tailor the surface cor-
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rosion resistance and biological properties [14-18]. In particular,
reactive magnetron sputtering is a common technique to improve
the corrosion resistance of different types of materials and indus-
trial components [19-21]. It has been shown that tantalum (Ta)
has good biocompatibility, osteogenesis, biosafety in vivo and there
is no inflammatory response on Ta implants encapsulated with
thin fibrous connective tissues [22]. Another study has shown that
the bioactivity and biocompatibility of Ta stems from its ability
to form a self-passivating surface oxide layer. From the perspec-
tive of orthopedic implants, this tantalum oxide (Ta,;0s) layer can
facilitate the formation of a bone-like apatite coating thus allow-
ing bone and fibrous in-growth and rapid attachment of bone and
soft tissues [23]. Moreover, Ta is one of the best anticorrosion
metals due to the quick formation of an insulating Ta;05 film in
an aqueous medium [24-26]. The anticorrosion performance of
Ta [27,28] and Ta;05 [29-31] has been assessed. Lu et al. intro-
duced Ta ions into polyetheretherketone by plasma immersion ion
implantation to form Ta; 05 nanoparticles in the near surface which
enhanced cell adhesion, proliferation of rat bone mesenchymal
stem cells, and osteointegration in vivo [32]. Liu et al. deposited
a nanocrystalline Ta coating on Ti-6Al-4V by reactive sputtering
using a double glow discharge plasma technique and the (3-Ta coat-
ing not only provided good corrosion protection, but also produced
higher resistance against corrosion attack in Ringer’s physiolog-
ical solution at 37°C than commercially pure Ta [33]. Xu et al.
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prepared a Ta;05 nanoceramic coating by the double glow dis-
charge plasma technique to enhance the corrosion resistance of
biomedical Ti-6Al-4V. The Ta, 05 coating possessed excellent bar-
rier properties against corrosion attack and provided long-term
protection in simulated body fluids (SBF). Moreover, the potential
of Tay 05 as a corrosion resistant, biocompatible, as well as antibac-
terial coating on biomedical Ti and NiTi alloy has been investigated
[34-37]. However, there have been few reports on the application
of Tay05 to improve the corrosion resistance and biocompatibil-
ity of Mg-based alloys. In this paper, we present a novel surface
modification concept and method to improve both the corrosion
resistance and cytocompatibility of the ZK60 Mg alloy by introduc-
ing Ta into the alloy by reactive magnetron sputtering. Structural
determination, electrochemical analysis, immersion tests, and bio-
logical experiments are performed systematically to evaluation the
enhancement effects and pertinent mechanisms.

2. Experimental details
2.1. Sample preparation and surface characterization

The 10 mm x 10 mm x 4 mm specimens were prepared from the
ZK60 (Mg — 5.04wt% Zn — 0.52 wt% Zr) Mg alloy. Prior to depo-
sition, the specimens were ground successively with 400-1200
grit SiC abrasive paper, ultrasonically rinsed in an ethanol bath for
15 min, and dried by nitrogen. The Ta,;05 films were deposited by
direct-current reactive magnetron sputtering (ATC-Orion 5 UHV
with Load-Lock, AJA International, Inc., Scituate, Massachusetts,
USA) using argon as the sputtering gas, Ta as the sputtering tar-
get (99.99%), and nitrogen as the reactive gas. The base pressure
was 6.5 x 10~4 Pa and working pressure was 0.50 Pa. The total flow
rate during deposition was 12 sccm and the Ar/O, flux ratio was
1/1. The sputtering power was 100 W and deposition time was 3 h.

The cross sectional morphology and elemental maps were
examined by scanning electron microscopy (SEM, JSM-820,
JEOL Ltd., Tokyo, Japan) equipped with energy-dispersive X-ray
spectroscopy (EDS, INCAx-sight, Oxford Instruments, Abingdon,
Oxfordshire, UK). Grazing-incidence X-ray diffraction (GIXRD) was
conducted on the SmartLab X-ray diffractometer (Rigaku Corpora-
tion, Tokyo, Japan) with Cu K, radiation at an incident angle of 1°
to determine the structure of the coatings. The XRD spectra were
collected at angles between 15° and 80° at a rate of 0.02° s~1. X-ray
photoelectron spectroscopy (XPS, PHI 5802, Physical Electronics,
Inc., Eden Prairie, Minnesota, USA) with Al K, irradiation was con-
ducted to determine the chemical states and the binding energies
were referenced to the C 1s line at 284.8 eV.

2.2. Electrochemical studies and immersion tests

The electrochemical experiments were performed in SBF at
37°Con an electrochemical workstation (Zennium, Zahner, Kansas
City, Missouri, Germany) with the three-electrode configuration.
The reference electrode was a saturated calomel electrode (SCE),
the counter electrode was a platinum rod, and the sample served
as the working electrode. All the potentials were referred to SCE
if not specified. The SBF solution was prepared using reagent
grade chemicals: 8.035 g/L NaCl, 0.355 g/L NaHCO3, 0.225 g/L KCl,
0.231 g/LK,HPO,4-3H;0, 0.311 g/L MgCl,-6H,0, 1.0 M HCI (39 mL),
0.292g/L CaCl2, and 0.072 g/L Na,SO4 and deionized water. The
SBF solution was buffered at pH 7.4 with 6.118 g/l trishydrox-
ymethyl aminomethane and 1.0 M HCI. The ion concentrations in
the SBF solution are 142.0 Na*, 5.0K*, 1.5 Mg2*, 2.5 Ca%*, 147.8 Cl-,
4.2HCO3~, 1.0HPO,4~, and 0.5 S042~ mM, which are close to those
in human blood plasma [38]. The sample surface (1cm?2) was
exposed to the solution during the electrochemical measurements.

Prior to electrochemical impedance spectroscopy (EIS), the samples
were immersed in the solution for 5 min and EIS was then carried
out at the open circuit potential (OCP) with a 10 mV alternating
signal from 10 kHz to 100 mHz. Potentiodynamic polarization was
performed on three independent samples at a scanning rate of
1mV/s from —300 mV and 500 mV with respect to the OCP. To fur-
ther investigate the corrosion characteristics of the untreated and
coated ZK60 Mg alloy samples, they were immersed in 20 mL of SBF
at37°Cfor3h,24h,and 48 h. The EIS and polarization data were not
acquired during this stage. After rinsing with deionized water and
drying with nitrogen, the surface and cross-sectional morphologies
and composition were determined before and after immersion by
SEM and EDS.

2.3. Direct cell adhesion and indirect cell proliferation

Mouse MC3T3-E1 pre-osteoblasts were used in the in vitro cell
cultures. They were cultured in DMEM supplemented with 10%
FBS at 37°C in a humidified atmosphere with 5% CO,. In the
direct cell adhesion experiment, the specimens were sterilized
with 70 vol% ethanol for 30 min and rinsed three times with ster-
ile phosphate-buffered saline (PBS). 5 x 104 MC3T3-E1 cells per
well were seeded ono the ZK60 and TO-ZK60 samples on a 24-
well culture plate. After incubation for 8 h, the seeded samples
were washed three times with sterile PBS followed by fixation
with 4% paraformaldehyde for 15 min. Phalloidin fluorescein isoth-
iocyanate (Sigma-Aldrich Corporation, St. Louis, Missouri, USA) was
used to stain the cytoskeleton protein F-actin and 4/,6-diamidino-2-
phenylindole (DAPI, Beyotime Institute of Biotechnology, Nantong,
Jiangsu, China) was employed to stain the nuclei. Finally, the cells
were observed under a fluorescence microscope (Axio Observer
Z1, Carl Zeiss, Oberkochen, Germany). The morphology of the
MC3T3-E1 preosteoblasts was also examined by SEM after incu-
bation for 8 h. After culturing for 8 h, the cells were fixed by 4%
paraformaldehyde for 15 min and after rinsing with PBS, the cells
were dehydrated sequentially with a series of ethanol solutions
(30%, 50%, 70%, 90%, and 100% for 10 min). The samples were
sputter-coated with gold prior to SEM examination.

In the indirect cell proliferation evaluation, the extracts were
prepared with DMEM in a humidified atmosphere with 5% CO, at
37°C with a surface area/extracts ratio of 1 cm?/mL. After 72 h, the
extracts were collected, filtered through a 0.22 um filter (Merck
Millipore, Billerica, Massachusetts, USA), and refrigerated at 4°C
prior to the cell proliferation experiments. To monitor the change
in the extracts compared to the fresh DMEM, the concentrations of
leached Mg, alloying elements, calcium (Ca), and phosphorus (P)
were determined by inductively-coupled plasma optical emission
spectroscopy (ICP-OES, PE Optima 2100DV, Perkin Elmer, Waltham,
Massachusetts, USA). The pH of the collected extracts was also
monitored.

The MC3T3-E1 cells were seeded at a density of 5.0 x 103 per
well on a 96-well culture plate for 24h 100 L of the extracts
supplemented with 10% FBS were used to replace the previous
medium. The control group was treated with DMEM supplemented
with 10% FBS. After incubation for 1, 3, and 6days, 10 L of (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphe-nyltetrazolium bromide at a
concentration of 5 ug/mL were added to each well and 100 p.L of
dimethyl sulfoxide were added to dissolve the formed formazen
after incubation for 4 h. The absorbance at 570 nm was monitored
on a microplate spectrophotometer (BioTek Eon, BioTek Instru-
ments Inc., Winooski, Vermont, USA). The background absorption
at 690 nm was subtracted and the cell viability was calculated by
the following relationship: (ODgample/ODcontror) x 100%.

After incubation for 1 and 3 days, cell proliferation was also
assessed using the Cell Proliferation ELISA, BrdU kit (Roche Applied
Science, Penzberg, Upper Bavaria, Germany). The cells were first
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labeled with the BrdU labeling medium at 37 °C for 4 h. The cells
were fixed for 30 min at room temperature and incubated with the
anti-BrdU-POD working solution for 2 h. After rinsing several times
with PBS, the solution was applied to each well. Finally, the reaction
was stopped by 1M H,S0,4 and the absorbance was monitored at
450 nm on the microplate spectrophotometer (BioTek Eon, BioTek
Instruments Inc., Winooski, Vermont, USA).

3. Results and discussion
3.1. Surface characterization

Fig. 1(a) and (b) present the XPS full spectrum and high-
resolution Ta 4f spectrum of TO-ZK60. As shown in Fig. 1(a), only
Ta and O are detected. The high-resolution XPS Ta 4f spectrum
(Fig. 1(b)) can be deconvoluted into several peaks. With regard to
the Ta states, the spin-orbit doublet separation is 1.9eV and the
intensity ratio between Ta 4f;), and Ta 4fs, peak is 4/3. The Ta
4f spectrum is separated into four sets of 4f;;, and 4fs, peaks
of the oxidized and metallic states. The peaks at 26.0eV for Ta
4f7, and 27.9eV for Ta 4fs), are assigned to a typical chemical
state of Ta in Tay;05 [39-41]. The Ta 4f spectrum also shows two
peaks at binding energies of 21.5eV and 23.4eV corresponding to
metallic Ta [40,42,43]. The existence of Ta suboxide in the film is
confirmed by the two sets of peaks between the Ta>* and metallic Ta
[44,45]. Hence, reactive magnetron sputtering produces a surface
layer composed of Ta;0s, Ta suboxide, and Ta (TO) on the ZK60
Mg alloy. The crystallinity of the films is assessed by the GLXRD
spectrum of the TO-coated silicon in Fig. 1(c). Since broad diffrac-
tion peaks appear at approximately 20°—40° and 42°—66°, the films
have an amorphous structure which is in agreement with data in
the literature [34,46-48]. The cross-sectional SEM image of the TO-
coated ZK60 (TO-ZK60) sample in Fig. 1(d) shows a thickness of
1.48 +£0.02 wm. The films are quite homogeneous and dense and no
obvious micro-defects and pinholes are observed. Meanwhile, the
films adhere tightly to the substrate. The results reveal that amor-
phous, homogeneous, compact, and adherent films composed of
Ta, 05, Ta suboxide, and metallic Ta films are prepared on the ZK60
substrate by reactive sputtering.

3.2. Corrosion behavior

Prior to the EIS and polarization tests, the OCP of the untreated
ZK60 and TO-ZK60 are monitored for 300s after immersion in
SBF as shown in Fig. 2(a). The OCP of the untreated and treated
ZK60 samples increases slightly with immersion time in SBF. After
immersion in SBF for 300s, the potential of the untreated ZK60
changes from —1754 to —1707 mV vs. SCE, whereas that of TO-ZK60
shifts from —1709 to —1665 mV vs. SCE. After immersion for 5 min,
the untreated ZK60 and TO-ZK60 show potential shifts of 47 and
44 mV vs. SCE. The materials may be in the steady state sufficiently
to measure the impedance after 5 min immersion. According to the
observed trend, the OCP of the untreated and treated ZK60 may
make a further positive shift and the potential shift of TO-ZK60 is
likely to be smaller than that of ZK60 after a longer time. We will
conduct more experiments in the future to confirm this.

The polarization curves acquired from ZK60 and TO-ZK60 in SBF
are displayed in Fig. 2(b). The anodic and cathodic polarization
curves represent dissolution of the samples and hydrogen evo-
lution, respectively. Since the anodic and cathodic branches are
asymmetrical [49], the corrosion potential (Ecorr) and corrosion
current density (Icorr) are determined by Tafel extrapolation of the
cathodic polarization curve. The Ecoyr, Icorr, and Tafel slope 3 values
obtained from the polarization curves are listed in Table 1. The Ecorr
value of the untreated ZK60 is —1672 mV vs. SCE in SBF, whereas

Table 1
Ecorr, lcorr, and 3¢ of ZK60 and TO-ZK60 in SBF calculated from the polarization curves.

Ecorr (MV vs. SCE) Ieorr (A/cmM?) Bc (mV/decade)
ZK60 —1672+6 724.0+86.1 —-360+6
TO-ZK60 —1565+19 1.334 +0.066 —574+22

Data are shown as mean =+ standard deviation (n=3).

that of the TO-ZK60 Mg alloy shows a positive shift to —1565 mV vs.
SCE in SBF, suggesting that corrosion of ZK60 in SBF is retarded by
the Ta-containing film. The TO-ZK60 sample exhibits smaller I¢orr
of 1.334 4+ 0.066 wA/cm? in SBF than ZK60 (724.0 + 86.1 pA/cm? in
SBF), indicating an approximate 543-fold decrease in Icorr compared
to the untreated substrate in SBF. The smaller the corrosion current
density, the lower is the corrosion rate. Jamesh et al. [50] modified
the ZK60 Mg alloy by Zr, O, Zr&0O implantation and the small-
est Icorr Of 11 wA/cm? was observed from the Zr&O co-implanted
ZK60 in SBF. Xu et al. [51] conducted carbon ion implantation
into pure Mg and obtained an Icorr value of 26.3 wA/cm? in SBF.
Li et al. [52] obtained an Icorr value of 11.9 wA/cm? in SBF from
dicalcium phosphatedihydrate/poly(lactic-co-glycolic acid) hybrid
coated-AZ31 Mg alloy fabricated by electrochemical deposition.
Zhou et al. [53] explored ways to improve the corrosion behav-
ior of AZ91D magnesium alloy by conducting heat treatment and
Icorr Of the heat-treated samples in SBF decreased to 27 },LA/Cle.
Herein, modification of the ZK60 Mg alloy results in a decrease of
Icorr t0 1.33440.066 wA/cm? in SBF, which is much smaller than
those observed from modified ZK60 and other Mg alloys reported
in the literature. The polarization results reveal that degradation of
the ZK60 Mg alloy is greatly retarded by the Ta-containing film.
EIS is performed to obtain insights into the corrosion pro-
cesses of the untreated and coated ZK60 Mg samples and both
the Nyquist and Bode plots of the ZK60 and TO-ZK60 samples
in SBF are shown in Fig. 2(c)-(e). The Nyquist plots of ZK60 and
TO-ZK60 exhibit three semi-circles corresponding to three time
constants. The TO-ZK60 sample shows larger capacitive loops at
high and medium/low frequencies suggesting improved corrosion
resistance. An electrical equivalent circuit with three time con-
stants shown in Fig. 2(f) is used to fit the experimental EIS data
with an inductive arc. Rs corresponds to the solution resistance
between the reference electrode and sample, CPE; is the capac-
itance of the deposited film or corrosion products, and R; is the
corresponding resistance, which is closely related to the coating
thickness and defects especially the amount of pores [54]. CPE;
represents the double layer capacitance at the electrolyte/substrate
surface and R, represents the relevant charge transfer resistance.
A similar equivalent circuit has been used to explain the corro-
sion behavior of ZK60 Mg alloy [50], Mg-Ca, and Mg-Sr [55] as
well as untreated and coated AZ91D in m-SBF after surface mod-
ification [56]. The electrical equivalent circuits reveal good fits
in the Nyquist and Bode plots and the fitted results are listed in
Table 2. In SBF, the TO-ZK60 sample shows a large increase in Ry
(from 59.46 Q2 cm? to 2.313 x 10* Qcm?) and R, (12.57 Qcm? to
2.870 x 10* Q cm?) along with smaller CPE; and CPE,. This means
that corrosion of the TO-ZK60 sample is mitigated in SBF. The
untreated ZK60 has smaller R; and R, due to the loose and porous
corrosion layer on the surface, which is not able to protect the
substrate against the corrosive medium as effectively. The obvi-
ously larger R; and R, of the coated ZK60 sample are attributed to
the surface layer containing Ta,0s, Ta suboxide, and Ta. According
to recent studies, carbon ion implantation into pure Mg increased
the film resistance and charge transfer resistance in SBF to 19.23
and 737.4 Q cm?, respectively [51]. The film resistance and charge
transfer resistance of the as-cast WE43 Mg alloy modified by
Zr&N implantation in SBF increased to 737.0 and 828.7 Q cm?,
respectively [57]. The dicalcium phosphatedihydrate/poly(lactic-
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Fig. 1. (a) XPS full spectrum of TO-ZK60 and high-resolution XPS spectra of (b) Ta 4f acquired from TO-ZK60 after sputtering for 50 nm. (c) Cross-section of the TO film on

ZK60 examined by SEM. (d) GLXRD spectrum of the TO-coated silicon.

Table 2
Fitted EIS results of ZK60 and TO-ZK60 in SBF based on the corresponding equivalent circuit models.
Rs (22 cm?) CPE; (' cm2s™) ny Ri (R cm?) CPE; (7' cm™2 s™) n, Ry (22 cm?)
ZK60 20.81 3.103x10°° 0.86 59.46 4.949x103 1 12.57
TO-ZK60 19.49 1.933x10°7 0.80 2.313x104 6.253x10°6 0.77 2.87x10%

co-glycolic acid) coated-AZ31 Mg alloy showed film resistance and
charge transfer resistance of 84.3 and 3190 2 cm? in SBF [52]. The
results show that the corrosion resistance of the Ta-incorporated
ZK60 is enhanced.

The Bode impedance and phase angle plots of the ZK60 and
TO-ZK60 samples acquired in SBF in Fig. 2(d) and (e) provide anti-
corrosion information from different perspectives. TO-ZK60 shows
larger impedance and phase angle over a large range of frequencies
compared to the untreated substrate. The impedance of the coated
ZK60 alloy at the low frequency of 100 mHz rises from 84.7  cm?
(untreated ZK60) to 4.052 x 10* 2 cm? in SBF indicative of dramat-
ically enhanced resistance against the corrosive media [58]. The
maximum phase angle of ZK60 is 29.4°, whereas that of TO-ZK60
increases to 65.2° in SBF. The larger phase angle corresponds to the
more capacitive response, suggesting that the Ta-functionalized
surface provides good protection for the metallic ZK60 substrate
under the corrosive conditions [59]. The Bode impedance and phase
angle results agree with those obtained by the Nyquist plots.

Before and after the immersion tests, the surface morphology
of the ZK60 and TO-ZK60 samples was observed by SEM. As shown
in Fig. 3(a) and (b), both the untreated and coated ZK60 samples
have a relatively rough surface with some scratches produced by

mechanical grinding during specimen preparation. The film sur-
face is further observed at high magnification. Fig. 3(c) shows that
the ZK60 surface is covered by a dense and continuous film with
small grains. However, some defects such as cracks and large par-
ticles indicated by arrows in Fig. 3(d) are observed from the film
and they may be due to incomplete removal of contaminants from
the substrate surface during sample preparation or low substrate
temperature during film deposition. Fig. 4 depicts the SEM images
at different magnifications after immersion in SBF for 3, 24, and
48 h. According to the surface morphological images, corrosion
spreads rapidly across the entire surface of the untreated ZK60
during immersion. At each time point, the untreated ZK60 sam-
ples exhibits more severe corrosion. After immersion for 48 h in
SBF, the untreated ZK60 shows a completely corroded surface with
cracks that are relatively long and wide (referred to by an arrow).
These cracks act as channels for penetration of the corrosive solu-
tion leading to further dissolution of the metallic substrate. Fig. 4(c)
shows that after immersion for 48 h, the corrosion layer consists of
outer and inner layers as indicated by the red circle. Similar results
have been obtained from corroded ZK60 and pure Mg soaked in
SBF [60,61]. The fresh Mg substrate suffers from further attack and
corrosion due to penetration of the corrosive medium through the
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Fig. 2. (a) OCP of ZK60 and TO-ZK60 in SBF for 300s. (b) Polarization curves following (c) Nyquist plots, (d) Bode impedance and (e) phase angle plots monitored after 5 min

immersion, and (f) corresponding equivalent circuits of ZK60 and TO-ZK60 in SBF.

outer porous corrosion layer. Compared to the severe corrosion on
the untreated ZK60 sample, corrosion initiation is delayed signifi-
cantly and also slower after surface treatment. No corrosion occurs
on the TO-ZK60 surface after immersion for 3 and 24h SBF. As
shown in Fig. 4(f), when the immersion time is extended to 48 h, the
TO-ZK60 sample does show some local corrosion which is caused
by corrosive solution penetration through the defects in the film
and subsequently onto the Mg alloy substrate leading to the disso-
lution. However, the extent of corrosion on TO-ZK60 is much less
than that on the untreated ZK60. In fact, most of the regions on the
TO-ZK60 sample surface are fresh and intact. The area of the cor-

roded region on TO-ZK60 is much less and the surface cracks are
fewer, shorter, and narrower.

To further investigate corrosion propagation along the depth as
well as elemental distribution in the cross sections, SEM images
and EDS maps are acquired from ZK60 and TO-ZK60. As shown in
Figs.5 and 6, two red dash lines are used to label the original sample
surface before the immersion test (right) and the maximum depth
of corrosion after the immersion test (left), respectively. Fig. 5(a)
shows that the maximum thicknesses (the distance between the
two red dash lines) of the corrosion products on the untreated ZK60
are 21.4, 48.9, and 180.4 pm after immersion for 3, 24, and 48 h in
SBF, respectively. On the other hand, Fig. 6(a) does not reveal a cor-
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Fig. 3. Surface morphology of the (a) ZK60 and (b, c, d) TO-ZK60 samples at different magnifications before immersion in SBF.

Fig. 4. Surface morphology of the (a, b, c) ZK60 and (d, e, f) TO-ZK60 samples after immersionin SBF for 3 h, 24 h, and 48 h.

rosion layer on the treated ZK60 sample after immersion for 24 h.
Even when the immersion time is increased to 48 h, the corrosion
layer on TO-ZK60 is only 21.3 pwm thick. The thickness of corrosion
products on the untreated ZK60 is 8.5 times that on the treated
ZK60 sample after 48 h indicating that TO-ZK60 experiences less
corrosion and corrosion propagation in SBF. It is noted that the cor-
rosion layer comprises an outer layer (labeled by the blue rectangle)
and inner layer. A portion of the corrosion layer is filled with resin
which may lead to padding of the holes or delamination of the outer
corrosion layer

Figs. 5 (b) and (c) and 6 (b) and (c) present the EDS maps of
the cross sections of ZK60 and TO-ZK60 after immersion in SBF.
Mg, P, Ca, and Zn except O are observed (the background of O
as a light element is high) [57,62]. The corrosion products on the

untreated ZK60 samples are composed of Mg, P, Ca, as well as O,
which may be assigned to the formation of MgO, Mg(OH),, phos-
phate, and carbonate during immersion [63]. With regard to ZK60,
the Mg signal from the corrosion product layers is smaller than
that from the substrate since Mg dissolves to form corrosion prod-
ucts together with other elements in the immersion solution. Zn is
detected from the substrate and corrosion layers but the intensity
is quite small. Hence, the Mg signal can be directly used to differen-
tiate the corrosion regions from the fresh substrate and the results
are in agreement with the SEM images obtained from the cross-
sections. The intensity of the detected elements, especially P and
Ca, varies with immersion time. After short immersion for 3 h, the P
and Ca signals from ZK60 are weak because the sample experiences
less severe corrosion and the signals are strong after immersion for
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Fig. 5. SEM cross-sectional images and corresponding EDS maps of ZK60 after immersion in SBF for (a) 3 h, (b) 24 h, and (c) 48 h. (For interpretation of the references to color

in the text, the reader is referred to the web version of this article.)

Fig. 6. SEM cross-sectional images and corresponding EDS maps of TO-ZK60 after immersion in SBF for (a) 3 h, (b) 24 h, and (c) 48 h. (For interpretation of the references to

color in the text, the reader is referred to the web version of this article.)

24 h. If ZK60 sample is immersed in SBF for 48 h, obvious P and
Ca signals are observed from the outer corrosion layer (referring
to the arrows). These results suggest that corrosion on ZK60 pro-
ceeds gradually in SBF with time and the P and Ca contents in the
corrosion product layers increase until the metallic Mg substrate is
totally consumed. When the immersion time is prolonged to 48 h,
stronger P and Ca signals are detected from the outer layer than the

inner one providing evidence that the P and Ca contents increase
with the degree of corrosion.

The Ta-containing film on TO-ZK60 maintains its integrity and
no P and Ca are detected after soaking in SBF solution for 3 h and
24 h because no corrosion layer is formed. Breakage is observed
from the Ta-containing film deposited on ZK60 after immersion
for 48 h. The maximum thickness of the corrosion product layer on
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the corroded region of TO-ZK60 is 21.3 wm, which is much smaller
than that on ZK60. The corrosion products are composed of Mg,
P, and Ca. TO-ZK60 shows less corrosion propagation due to the
surface layer comprising Ta,;0s, Ta suboxide, and Ta. It is difficult
for the corrosive solution to penetrate a homogeneous, dense, and
adhesive film and so the film here isolates the Mg substrate from
the corrosive solution, retards substrate degradation, and enhances
the corrosion resistance of the ZK60 Mg alloy.

Withregard to the untreated ZK60 Mg alloy immersed in the cor-
rosive solution, the solution penetrates the thin and porous native
MgO/Mg(OH), layer into the Mg substrate. The metallic Mg with
a standard potential of —2.37V dissolves to form Mg2* upon con-
tact with the corrosive solution (Eq. (1)). In this process, hydrogen
is formed and the local alkalinity increases (Eq. (2)). The insoluble
Mg hydroxide is formed in the local corroded regions (Eq. (3)).

Mg(s) — Mg?*(aq) + 2e~(anodicreaction) (1)
H,0(aq) + 2e~ — Hy(g) + 20H~(aq)(cathodicreaction) (2)
MgZt(aq) + 20H (aq) — Mg(OH)y(s)(productformation) 3)

The corrosion products formed on the substrate serve as barri-
ers against further corrosion. However, very limited protection is
rendered by this layer because Mg(OH), has a loose structure as
confirmed by the SEM images. The cracks in the corrosion product
layer serve as channels between the external solution and metal-
lic substrate. The insoluble Mg(OH), tends to be transformed into
soluble MgCl, when exposed to a medium containing Cl~ to fur-
ther weaken the protection. Therefore, the Mg substrate is easily
and continuously consumed by the corrosive medium and a high
dissolution rate results. The electrochemical studies indicate that
the untreated ZK60 Mg alloy has small R; and R, implying low
resistance against mass transportation through the corrosion layer
and charge transfer at the oxide layer/substrate interface due to
the loose corrosion layer which only offers partial protection. After
immersion for 48 h in SBF, the whole surface of the ZK60 sample is
covered by the corrosion layer as a result of lateral spreading of Mg
dissolution and dissolution and delamination of the outer layer.
Rapid corrosion penetration along the depth direction of ZK60 is
verified by the cross-sectional SEM images. Accompanying the cor-
rosion process, Mg phosphate and carbonate are gradually formed
on the base of Mg(OH),. EDS analysis of the corrosion products
confirms that Mg, P, and Ca are the major elements in the corrosion
products. The cross-sectional EDS data show that the concentra-
tions of P and Ca in the outer corrosion product layer are larger
than those in the inner layer close to the substrate. This implies that
corrosion marches gradually into the substrate. The untreated ZK60
Mg alloy shows a large Iorr Which is directly proportional to the cor-
rosion rate. Hence, corrosion of the ZK60 Mg alloy is caused by the
high intrinsic Mg dissolution which is not mitigated significantly
by the loose corrosion products on the ZK60 surface.

A surface layer containing inert Ta;Os, Ta suboxide, and Ta is
formed by reactive magnetron sputtering on TO-ZK60. Although
the layer covers the substrate uniformly, the corrosive species can
still reach the metallic substrate through a few weak spots induc-
ing local corrosion. However, it is more difficult for the corrosion
species to penetrate the tantalum oxide film barrier to corrode the
Mg substrate. The SEM images of the surface and cross section of the
immersed TO-ZK60 sample provide evidence that only the film in
a small region breaks down after immersion for 48 h in SBF and
the corrosion layer is much thinner than that on the untreated
one. Both vertical and lateral spreading of Mg consumption in SBF
is retarded by the surface layer which increases the mass trans-
portation resistance R; and charge transfer resistance R, leading
to reduced corrosive medium access to the metallic substrate and
decreased galvanic corrosion. The small Icorr values calculated from

polarization curves of the modified ZK60 are also in accordance
with the EIS and immersion results.

3.3. invitro cell adhesion and cell proliferation

Biomedical implants must have not only good mechanical
properties and corrosion resistance, but also suitable biological
characteristics. Fig. 7 displays the direct response of MC3T3-E1 pre-
osteoblasts on the untreated and coated ZK60 Mg samples. After
immersion for 8 h, a few cells are observed from the untreated sub-
strate but there are more attached cells on the modified sample as
shown in Fig. 7(a)-(d). In fact, the MC3T3-E1 cells on the untreated
ZK60 suffer from morphological damage becoming rounder with
a smaller cellular diameter, whereas the cells on the coated sam-
ple exhibit an elongated shape, good spreading, as well as more
actin filaments and actin stress fibers (Fig. 7(a)-(f)). The average
cell number and surface area increase from 14 to 122 and from
1957.9 wm?2 to 20939.9 um? (Fig. 7(g)) after surface treatment,
showing that the untreated ZK60 Mg alloy does not support initial
cell attachment and spreading. The improved initial cellular char-
acteristics observed from TO-ZK60 are prerequisite to ensuing cell
growth and proliferation.

The in vitro cell cytotoxicity of ZK60 before and after surface
treatment and after 1, 3, and 6 days is presented in Fig. 8(a). At each
time point, 70% extract of the untreated ZK60 exhibits high cell
cytotoxicity to the MC3T3-E1 cells due to the obviously reduced
cell viability of the MC3T3-E1 pre-osteoblasts cultured in the ZK60
extracts. When the cells are incubated with the ZK60 extracts for
6 days, few live cells remain. The viable cell number incubated
with the TO-ZK60 extracts is larger than that incubated with the
untreated ZK60 extracts. The cell viability of the MC3T3-E1 pre-
osteoblasts retains a high level of 83% after culturing with the
TO-ZK60 extracts for 6days implying slight cytotoxicity of TO-
ZK60 Mg and good cell proliferation during incubation with the
TO-ZK60 extracts. Fig. 8(b) shows the fold change of BrdU incorpo-
ration after 1 and 3 days. When the 50% extract is used, obviously
increased BrdU incorporation is observed from the TO-ZK60 sam-
ples throughout the culturing period compared to the untreated
group, suggesting that the MC3T3-E1 cells in the S phase and cell
proliferation rate are enhanced by the Ta-containing film. These
in vitro results reveal improved cell proliferation after the sur-
face and more robust bone-implant bonding is expected in vivo
as higher osteoblast proliferation leads to a larger mass of bone
tissues around the implant.

The corrosion of Mg alloy can affect the direct and indirect cellu-
lar behavior. The interface condition is greatly changed if corrosion
of the Mg alloy is too rapid subsequently leading to an alkaline envi-
ronment, released metal ions, and hydrogen bubbles. As mentioned
above, the TO-ZK60 Mg alloy has excellent corrosion resistance in
SBF. The enhanced corrosion resistance mitigates these changes in
the interface providing arelatively stable surface to allow better cell
attachment and cell spreading which can be achieved in a friendly
environment with less adverse stimulation. Meanwhile, according
to previous studies, Ta and Ta; 05 have excellent biocompatibility
[22,23]. This biocompatible and corrosion resistant TO film main-
tains arelatively biocompatible and stable surface allowing the cells
to adhere and spread on the surface.

The indirect cell proliferation may be affected by ions released
from the Mg alloy into DMEM during preparation of the extracts as
well as increased pH of the prepared extracts. As shown in Fig. 9(a),
the untreated ZK60 extracts show a significant decrease in the Pand
Ca concentrations attributable to the formation of insoluble P and
Ca precipitates on the substrate in concert with rapid degradation
of the ZK60 Mg alloy. Since the corrosion products have a loose and
porous structure, they may delaminate in the cell culture medium
producing adverse effects to the cultured cells. Even though the
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Fig. 7. Fluorescent images of the MC3T3-E1 pre-osteoblasts after incubation for 8 h on (a, ¢) ZK60 and (b, d) TO-ZK60. SEM images of the MC3T3-E1 pre-osteoblasts on (e)
ZK60 and (f) TO-ZK60. (g) Cell number and cell area measured by counting the cell nuclei in (a) and (b). ***P <0.001 compared to ZK60.

Fig. 8. (a) in vitro viability of the MC3T3-E1 pre-osteoblasts cultured with 70% extract of ZK60 and TO-ZK60 for 1, 3, and 6 days and (b) cell proliferation evaluated by the
fold change of the incorporation of BrdU of 50% extract of ZK60 and TO-ZK60 for 1 and 3 days. ***P<0.001 compared to ZK60.

possible corrosion products in the extracts may be filtered, the real
conditions of the extracts prepared in the future will be maintained.
The P and Ca concentrations in the TO-ZK60 extracts are very close
to that in DMEM, suggesting that corrosion of ZK60 by the corrosive
ions in DMEM is retarded to a great extent by the sputtered Ta-
containing film.

The Mg ion concentration in the ZK60 extracts increases greatly
to 559.7ug/mL meaning more Mg ions are released from the
untreated ZK60 during immersion in DMEM. In contrast, only a
small concentration of Mg of 25.3 ug/mLis determined from the TO-
ZK60 extracts. As the second most abundant cation in the human

body, Mg is involved in energy metabolism and protein synthe-
sis and plays an important physiological role particularly in the
brain, heart, and skeletal muscles [64]. As shown by the previous
studies, the MC3T3-E1 pre-osteoblast viability and differentiation
after culturing in the medium containing 50 ug/mL Mg ions is sig-
nificantly enhanced. However, exposure to large concentrations of
Mg?2* especially over 200 ug/mL results in smaller viable rates of
MC3T3-E1 cells [65]. As a result, the large amount of Mg2* leached
from the ZK60 Mg alloy imposes an adverse effect on cell growth
and the Ta-containing film retards Mg dissolution and improves the
situation.
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Fig. 9. Concentrations of (a) Mg, Ca, P and (b) Zn, and Zr in the extract of ZK60 and TO-ZK60; (c) Corresponding pH of the ZK60 and TO-ZK60 extract. ***P<0.001 compared

to ZK60.

The alloying elements in ZK60 including Zn and Zr in the extracts
are monitored (Fig. 9(b)). The Zn concentration decreases from
10.06 ug/mL to 0.58 ug/mL after surface modification. Almost no
Zr is detected from the TO-ZK60 extracts and a small concentra-
tion of 0.07 ug/mL of Zr is leached from the ZK60 Mg alloy. The
local concentration of these elements may be larger than those in
the collected extracts. As one of the vital elements in the human
body, Zn plays important roles in the structure and function of
many enzymes and other macromolecules. The cellular response
to Zn2* varies in a dose-dependent manner. Ma et al. evaluated
the short-term cellular behavior of primary human coronary artery
endothelial cells exposed to a concentration gradient of extracellu-
lar Zn?* and found that small concentrations of Zn%* (0-3.9 ug/mL)
promoted cell adhesion, proliferation, and migration and enhanced
expression of genes related to cell adhesion, cell injury, cell growth,
angiogenesis, inflammation, vessel tone, and coagulation. How-
ever, large concentrations of Zn?* (5.2-9.1 ug/mL) yielded opposite
effects [66]. Another study reported that after pretreatment with
1 pg/mL Zn?*, endothelial cells showed unhindered growth, signif-
icantly increased cellular vitality, and larger cellular proliferation
rates. In contrast, 5 pg/mL of Zn?* induced conflicting effects. After
incubation with 10 wg/mL Zn2*, the endothelial cells produced
more cellular damage, cellular vitality, proliferation rates, as well
as reduced enzyme activity [67]. The amount of Zn ions released
from the untreated ZK60 Mg alloy is as large as 10.06 ug/mL, which
is toxic to cells and inhibits normal cell behavior. Even though the
extracts are diluted by 70% and 50% using the cell culture medium,
the Zn?* concentration is still quite large thus negatively affecting
the cell behavior. In contrast, the concentration of Zn released from
TO-ZK60 is only 0.58 ug/mL which is expected to produce positive
effects on cell adhesion, spreading, growth, and proliferation. All in
all, controlled release of Mg, Zn, and Zr is accomplished after the

surface treatment of the ZK60 Mg alloy giving rise to the observed
improved cytocompatibility in vitro.

As shown in Fig. 9(c), the corresponding pH value measured
from the TO-ZK60 extracts is 7.45+40.12 which is smaller than
7.80 £0.11 measured from the untreated ZK60 extracts. This slight
increase in pH may not cause significant effects on indirect cell pro-
liferation. Actually, the local pH at the corrosion region is probably
larger and may have more pronounced effects on direct cell adhe-
sion and spreading. This pH increase can be ascribed to the OH™
species formed during Mg corrosion and after surface modifica-
tion; a more suitable pH is maintained for cell growth. In general,
leached ions with high concentrations and subsequent increased
pH caused by Mg degradation adversely influence in vitro cell
attachment, spreading, growth, and proliferation and the sputtered
Ta-containing film is effective in enhancing the cellular response.
It should be noted that the extracts are filtered prior to the in vitro
studies to avoid possible contamination in this work. Nonetheless,
the degradability and biocompatibility of the detached particles
from the alloy and deposited films caused by substrate corrosion
and film breakage should be considered and further examined in
future work in order to evaluate the long-term effects.

4. Conclusion

Ta-containing films are prepared on the ZK60 Mg alloy to retard
corrosion and enhance the cytocompatiblity. The 4.8 wm thick sta-
ble and protective surface layer comprising Ta;Os, Ta suboxide, and
Ta formed on the ZK60 Mg alloy yields Icorr 0f 1.334 4+ 0.066 }LA/C[TIZ
in SBF, which is 543 times smaller than that of the untreated
substrate. The film resistance and transfer resistance of the
TO-ZK60 sample in SBF increase from 59.46 Q2cm? (ZK60) to
2.313 x 104 Qcm? and 12.57  cm? (ZK60) to 2.870 x 10 Q cm?,
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respectively. A loose and thicker corrosion product layer is formed
on the untreated ZK60 Mg alloy after immersion in SBF for 3, 24,
and 48 h, whereas only a few pits and shallow penetration of the
aggressive medium into the substrate are observed from the TO-
ZK60 sample even after immersion in SBF for 48 h. Our results show
that the Ta-containing film improves both the corrosion resistance
and biological properties of the ZK60 Mg alloy. The remarkable
enhancement in the corrosion resistance is attributed to the sta-
ble and protective Ta;0s, Ta suboxides, and Ta surface. In addition,
the Ta-containing layer provides a favorable surface for cell attach-
ment, spreading, and proliferation as a result of the improved
corrosionresistance, less leaching of Mg and alloying elements from
the substrate, and more suitable pH. Our study suggests an effective
strategy to improve the corrosion resistance and cytocompatibility
of the ZK60 Mg alloy by surface functionalization with Ta.
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