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High purity Mg was successfully coated on polyetheretherketone (PEEK) by vapor deposition method in
order to improve the bioactivity including antibacterial property of PEEK implant. The morphology and
elemental composition of the coating were characterized by scanning electron microscopy (SEM) and
energy-dispersive spectroscopy (EDS), showing that the coating was mainly composed of Mg at depo-
sition temperature of 175 �C, 185 �C, 200 �C and 230 �C. The higher the substrate temperature was, the
larger the Mg particle size was. The coating degraded and gradually peeled off from the surface of PEEK
after up to 21 days' immersion. It was found that the degradation of Mg coating could strongly kill
Staphylococcus aureus with antibacterial rate reaching to 99%. Mg can be expected to be coated on those
bio-inert biomaterials to offer specific bioactivities.
© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

Polyetheretherketone (PEEK) with reasonable biocompatibility
and suitable Young's modulus to human bone is regarded as one of
the most potential candidates for spinal, trauma, oral implantology
and orthopedic applications [1e4]. However, PEEK is a kind of
bioinert material which induces bad bonding with peripheral tis-
sue, resulting in aseptic loosening even implantation failure [5].
Therefore, some bioactive materials such as HA are usually utilized
to form PEEK composites in order to improve their bioactivity
[6e9]. Nevertheless, the weak physical bonding between HA and
PEEK causes compromised mechanical properties. Meanwhile,
various biocompatible materials such as TiO2 [10], Ti [11], Ta [12]
and carbon [13] were also employed by plasma treatment [14,15] to
improve the biocompatibility. In addition, as serious postoperative
complications, bacterial infection after implantation has become an
important problem which needs to be solved.

Magnesium (Mg) as a novel biodegradable metal is breaking the
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current knowledge of corrosion resistant metallic biomaterials. The
current application of biodegradable implants is to support the
tissue regeneration and heal the specific trauma during degrada-
tion. Nowadays, Mg based metals have become most promising
candidates for medical applications owing to their character of
biodegradation [16e18], and biofunctions of anti-tumor [19e21],
antimicrobial [22e26], osteogenesis inductivity [27e30] and others
[31e33]. However, the relative low strength has restricted their
application in load-bearing position. Mg based metals in form of
bulk have been widely investigated, while the study of Mg coating
is relatively rare. Since the degradation behavior of Mg is dramat-
ically affected by galvanic corrosion and high purity magnesium
possesses superior corrosion resistance, pure Mg was deposited on
Mg alloy to improve the corrosion resistance [34,35]. The biological
performance is reflected through surface of materials. Therefore,
bioactivity of surface becomes very important for biomaterials. As a
kind of bioactive material, pure Mg can be coated on the bioinert
materials to improve their surface bioactivity. High purity Mg film
was deposited on the oxidized Si wafer by physical vapor deposi-
tion technique, and both in vitro and in vivo tests demonstrated
acceptable foreign body reaction [36]. Li et al. [37] reported that Mg
was coated on porous Ti6Al4V scaffolds by arc ion plating, which
made them showing better osteogenic properties than that the
porous Ti6Al4V scaffolds.

In this study, high purity Mg was deposited on PEEK substrate,
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and then surface coating was characterized, which would be a new
way to improve the bioactivity of PEEK for medical application.
2. Experimental

2.1. Material and coating

A high purity (99.99wt%) Mg block was employed as evapora-
tion resource. Mg block was placed in a ceramic crucible located
inside the furnace at temperature of 175 �C, 185 �C, 200 �C and
Fig. 1. Surface morphologies of Mg coating fabricated at different temper
230 �C. A commercial PEEK substrate was cut into size of
Ф160mm� 2mm. The surface was grounded up to 2000 grit sand
paper, and thenmirror polishedwith 1 mmdiamond grinding paste.
The substrates were cleaned ultrasonically in acetone and deion-
ized water, dried by flow N2 gas, then the substrates were placed in
the deposition zone at temperature of 150 �C. Theworking pressure
was controlled at about 1Pa. The generated Mg vapor was spon-
taneously condensed on the surface of the substrate due to the
temperature gradient. Scanning electronic microscopy (SEM) was
employed to investigate the surface morphology of the coating.
atures, (a) 175 �C; (b) 185 �C; (c) 200 �C; (d) 230 �C; (e) EDS analysis.
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2.2. Immersion test

The Mg coated PEEK samples were subjected to an immersion
test in Hank's solution at 37± 0.5 �C with an extraction ratio of
1.25 cm2/mL up to 21 days. The pH values of the Hank's solution
were monitored and the Hank's solution was refreshed every day.

2.3. Antibacterial test

Each experimental sample was placed in a centrifuge tube
immerging in a (1e2)� 105 cfu/mL Staphylococcus aureus
(S. aureus) suspension with a ratio of 1.25 cm2/mL, and then sam-
ples were incubated at 37± 0.5 �C for 6 h, 12 h and 24 h, respec-
tively. The co-cultured bacterial suspensions were diluted to
(1e2)� 103 cfu/mL. 0.1mL of the diluted bacterial suspension was
added onto the nutrition agar plate and spread evenly, which was
incubated again at 37± 0.5 �C for another 24 h, and then the bac-
terial colonies were counted. The antibacterial rate was determined
by the following equation:

C (%) ¼ (A�B)/A� 100% (1)

where C is the antibacterial rate, A is the number of bacterial col-
onies for the uncoated PEEK sample, and B denotes the number of
bacterial colonies for the Mg coated PEEK sample.

3. Results and discussion

3.1. Surface morphology

The surface morphologies of Mg coating on PEEK substrate at
different temperature of 175 �C, 185 �C, 200 �C and 230 �C are
shown in Fig. 1 showing that the PEEK surface was fully covered by
Mg particles. It can be seen that the coating is uniform and dense.
The EDS analysis showed that the coatingwas pureMg (Fig.1e). The
size of particle was changed with the temperature of substrate. The
particle size was 5e15 mm on the substrate at 175 �C. Increasing the
temperature to 200 �C, there was no obvious change on the particle
size. However, the particle size was increased to 30e50 mm when
the substrate temperature reached to 230 �C. Atsushi et al. [38]
obtained a similar result. The different particle size could affect the
degradation rate of Mg coating.
Fig. 2. pH changes of Hanks' solution immersed with Mg coated samples at different
temperatures.
3.2. Immersion test

Fig. 2 shows the pH changes of Hanks' solution immersed with
Mg coated samples at different temperatures. Higher pH value
represents higher degradation rate. At the first day, the pH rapidly
reached to about 11 for all the samples. The pH slowly decreased
down to 10 from day 2 to day 7, and then was steady at around 10.
After 14 days, the coating began to peel off from the surface of PEEK,
and pH dropped to 9.5. From day 14 to day 21, the Mg coating broke
into pieces. The Mg coating completely vanished after 21 days. At
day 1, the pH of coating deposited at 230 �C and 185 �C was higher
than that of other samples. The Mg particles deposited at 230 �C
were larger and the distance between particles was also larger, as
shown in Fig. 1d, thus the contact area with solution was large,
which increased the degradation rate. For the sample deposited at
185 �C, particles were small but the surface was relatively loose, so
it was easy to degrade. The drop of pH was derived from the pro-
tection of degradation product which decreased the degradation
rate of Mg coating. The surface of the sample deposited at 200 �C
was more dense than the others, so the pH was the lowest. From
day 4, the pH of sample deposited at 230 �Cwas steady at around 10
and it was the last one to completely peel off, so 230 �C was an
optimal deposition temperature for the relatively long time
implant.

Compared with the Mg coated Ti6Al4V alloy by arc ion plating
method [37], the degradation period of Mg coating on PEEK was
obviously longer. The pH of Mg coated Ti6Al4V alloy rapidly
dropped to 8 at day 4, while the pH of Mg coated PEEK was still
around 10 on the last stage. Besides the different intrinsic
morphology for different deposition, galvanic corrosion would not
Fig. 3. Antibacterial effects of PEEK with and without Mg coating co-cultured with
S. aureus at 37 �C for 6 h, 12 h and 24 h
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take place for the Mg coated PEEK, so the degradation rate was
much lower.

3.3. Antibacterial activity

Over fast degradation rate is still the main problem of Mg.
Therefore, the sample with the deposition temperature of 230 �C
which possess relative good anticorrosion property is adopted for
antibacterial test. Fig. 3 shows the antibacterial effects of PEEK with
and without Mg coating co-cultured with S. aureus at 37 �C for 6 h,
12 h and 24 h. After co-culturing for 6 h, therewasmuch bacteria on
the medium cultured with uncoated PEEK, while there was less
bacterial colony for the Mg coated PEEK. After co-culturing for 12 h,
the number of bacterial colonies was increasing, while there was
only one bacterial colony for the Mg coated sample. As for 24 h,
there was no obvious change for PEEK, and there was no bacterial
for Mg coated PEEK. PEEK is a bio-inert material without antibac-
terial function. With the degradation of Mg coating, the strong
alkaline environment could kill most bacteria. The antibacterial
rate Mg coated sample was 78% for 6 h. When co-cultured for 12 h
and 24 h, the antibacterial rate reached to 99%. At the whole
degradation period of Mg coating, the pH was kept at relatively
high level. Therefore, the antibacterial activity would be main-
tained until the complete degradation of Mg coating.

4. Conclusion

In this preliminary study, pure Mg was coated on poly-
etheretherketone (PEEK) substrate by vapor deposition method.
The optimal substrate temperature was 230 �C, and the Mg coating
on PEEK would sustain at least for 14 days in Hank's solution. Mg
coated PEEK exhibited excellent antibacterial property with anti-
bacterial rate reaching to 99%. By vapor deposition method, bio-
functional Mgmay be coated on various bio-inert medical materials
to improve their bioactivities.
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