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A B S T R A C T   

Poly(ether imide) (PEI) has shown satisfactory corrosion protection capability with good adhesion strength as a 
coating for magnesium (Mg), a potential candidate of biodegradable orthopedic implant material. However, its 
innate hydrophobic property causes insufficient osteoblast affinity and a lack of osseointegration. Herein, we 
modify the physical and chemical properties of a PEI-coated Mg implant. A plasma immersion ion implantation 
technique is combined with direct current (DC) magnetron sputtering to introduce biologically compatible 
tantalum (Ta) onto the surface of the PEI coating. The PEI-coating layer is not damaged during this process owing 
to the extremely short processing time (30 s), retaining its high corrosion protection property and adhesion 
stability. The Ta-implanted layer (roughly 10-nm-thick) on the topmost PEI surface generates long-term surface 
hydrophilicity and favorable surface conditions for pre-osteoblasts to adhere, proliferate, and differentiate. 
Furthermore, in a rabbit femur study, the Ta/PEI-coated Mg implant demonstrates significantly enhanced bone 
tissue affinity and osseointegration capability. These results indicate that Ta/PEI-coated Mg is promising for 
achieving early mechanical fixation and long-term success in biodegradable orthopedic implant applications.   

1. Introduction 

Magnesium (Mg) and its alloys have attracted significant attention as 
promising orthopedic implant materials owing to their biodegradable 
abilities and suitable mechanical properties [1–4]. As Mg has an elastic 
modulus similar to human bone, it can minimize the stress shielding 
effect while providing adequate mechanical support for physiological 
loads at fracture sites [1,3,5]. In addition, as Mg ions have osteogenic 
and osteopromotive effects, the degradation behavior of Mg implants 
provides a beneficial stimulus (and thus favorable treatment) for pa-
tients with osteoporosis or osteopenia [6–9]. However, despite these 
advantageous in bone remodeling and repair, Mg has an excessively high 
corrosion rate in physiological conditions, which is a major obstacle for 
practical applications [10–14]. 

To solve critical limitations of practical applications, considerable 
research has been actively conducted to improve the corrosion resis-
tance of Mg, including alloying with other metallic elements or 

fabricating bioceramic or polymeric coating layers on the surface of Mg 
[15,16]. Among these methods, polymeric coating systems can reduce 
the corrosion rate of Mg by providing a physical barrier, thereby pre-
venting direct contact between Mg and any surrounding corrosive me-
dium [17–19]. Moreover, polymers have versatile physical and chemical 
properties that offer various options for corrosion protection [20,21]. 
Over the past few decades, many synthetic polymers, such as poly(lactic 
acid), poly(L-lactic-co-glycolic acid), poly(dioxanone), poly(1, 
3-trimethylene carbonate), and poly(ether imide) (PEI), have been 
developed to explore their feasibility as protective implant coatings [6, 
22–24]. These polymers have well-ordered long hydrophobic chains, 
which are functionally related to reducing aqueous solution penetration 
toward the surface of Mg substrates, thereby withstanding corrosive 
attacks [19]. However, these hydrophobic surface characteristics also 
reduce the accessible environment to cell-containing media, resulting in 
poor osteoblast affinity and thus a lack of direct bone-to-implant con-
tact, which is commonly referred to as osseointegration [25]. 
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Recent advances in plasma immersion ion implantation (PIII) tech-
niques have provided promising opportunities to solve this problematic 
relationship. The unique capability of PIII to alter the polymer surface in 
a relatively active state via ionizing radiation is beneficial with respect 
to ameliorating surface hydrophobicity without negatively affecting 
corrosion protection properties [26,27]. In this technique, ions in 
plasma are accelerated toward the substrate surface under applied 
substrate biases with excellent conformity to the substrate shape, which 
renders the homogenous modification of the whole surface possible 
regardless of sample geometry [26]. Additionally, an ion-implanted 
surface layer can be used to facilitate interfacial strength owing to its 
structural continuity within the substrate, thereby ensuring mechanical 
stability and reliability [27]. However, the PIII technique has only been 
applied to highly thermally resistant polymers because it has a long 
processing time. Typically, it takes several hours to modify the polymer 
surface, which results in substantial heat accumulation in the 
ion-irradiated area, which subsequently causes the thermal deforma-
tion, decomposition, and destruction of the polymer [25–27]. Therefore, 

to successfully modify the surface of polymer-coated Mg implants, a 
rapid and efficient PIII technique is required. 

The recently developed sputtering-based PIII (S-PIII) technique 
generates numerous metallic ions from a direct current (DC) magnetron 
sputtering gun, which ensures massive metal ion implantation onto a 
polymeric substance at high doses while reducing the processing time to 
a few tens of seconds, thereby minimizing thermal damage of the 
polymeric substrate and widening the practical applications of the PIII 
technique [25,28,29]. In particular, because tantalum (Ta) is biocom-
patible and has excellent osseointegration abilities, when used as a metal 
ion source, it provides a favorable surface environment for the adhesion 
and growth of osteoblast cells, subsequently promoting new bone for-
mation and integration between an implant and the surrounding bone 
tissue [25,27,30–32]. 

Herein, to investigate the practical feasibility and effectiveness of S- 
PIII, PEI is used as a representative polymeric coating material for a Mg 
implant owing to its outstanding corrosion protection ability and strong 
adhesiveness to the Mg surface; it also has a poor biological response to 

Fig. 1. (A) Schematic of sequential PEI coating and Ta S-PIII surface treatment on the bare Mg substrate. (B) Surface morphologies and (C) AFM topographical 3D 
maps of the (a) bare, (b) PEI-coated, and (c) Ta/PEI-coated Mg samples. Insets in B show cross-sectional SEM images of the surface coatings. (D) XPS full spectra 
obtained from the surface of (a) bare, (b) PEI-coated, and (c) Ta/PEI-coated Mg samples; inset in the top-right-hand corner of (c) is the high-resolution spectrum of 
Ta 4f. 
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the host bone [24,33–35]. Spin-coating is used to form the uniform 
PEI-coating layer on the Mg substrate, following which the S-PIII 
treatment is performed with Ta ions, creating the Ta/PEI-coated Mg; 
then, changes in surface characteristics, corrosion protection ability, 
wettability, and osteoblast responses are evaluated and compared with 
bare Mg. 

2. Experimental section 

Sample preparation. Mg alloy WE43 (yttrium (4.1 wt%), neodym-
ium (2.1 wt%), zirconium (0.56 wt%), manganese (0.028 wt%), and 
balance Mg (Yueyang Yuhua Yejin company, China) was used as a model 
Mg substrate because it is widely used in orthopedic applications. The 
overall coating procedure is shown in Fig. 1A. The Mg alloy was cut into 
a square (10 × 10 × 2 mm), polished using abrasive silicon carbide (SiC) 
paper (up to 2000 grit), and cleaned and sonicated in ethanol using an 
ultrasonic bath. PEI pellets (Sigma–Aldrich, USA) were dissolved in N- 
methyl-2-pyrollidone (Sigma–Aldrich, USA) at a concentration of 15% 
w/v. The solution was stirred overnight at a temperature of 37 ◦C. The 
PEI solution was spin-coated on the Mg substrate at 2000 rpm for 1 min; 
the coated samples were then dried at 70 ◦C for 24 h to remove residual 
solvent and densify the PEI-coating layer. Post PEI coating and drying, 
the specimens were placed in a vacuum chamber. A Ta target with a 
diameter of 75 mm, thickness of 5 mm, and purity of 99.99% (Kojundo 
Chemical Lab, Japan) was laid in a DC magnetron sputter gun housing 
(Ultech Co., Ltd., Korea). After the chamber was pressurized to 5 × 10− 4 

Pa using a rotary pump and diffusion pump, the S-PIII technique was 
used to subject the PEI-coated Mg specimens to the Ta target under a 
negative voltage of 2000 V for 30 s with an argon gas flow of 7 mTorr. A 
target current of 50 mA was applied with no additional heating [25]. 

Characterization of the tantalum/poly(ether imide)-coating 
layer. The surface morphologies of the bare Mg, the PEI-coated Mg, 
and the Ta/PEI-coated Mg were observed with field-emission scanning 
electron microscopy (FE-SEM; MERLIN Compact, ZEISS, Germany); the 
thickness of the PEI-coating layer was assessed via FE-SEM and focused 
ion beam (FIB). The surface roughness of the bare Mg, the PEI-coated 
Mg, and the Ta/PEI-coated Mg was examined via atomic force micro-
scopy (AFM; PAFM NX, EM4SYS Co., Ltd., Korea) under the non-contact 
mode; the size of the characterized region was 10 × 10 μm. The surface 
chemistry of the PEI-coated Mg and the Ta/PEI-coated Mg was evaluated 
via FE-SEM coupled with energy-dispersive X-ray spectroscopy (EDS) 
and X-ray photoelectron spectroscopy (XPS; Axis Supra, Kratos, En-
gland). The cross-section of the Ta/PEI-coating layer was obtained via 
transmission electron microscopy (TEM; JEM-2100F, JEOL, Japan), and 
the element linear profile was analyzed through energy dispersive X-ray 
spectroscopy (EDS) analysis affiliated with TEM. The adhesion strength 
of the PEI- and Ta/PEI-coating layer on Mg substrate was measured 
using the pull-out method (RB302 single column type, R&B, Korea). A 
pre-epoxy-coated stud was placed on the surface of the samples and 
cured at 150 ◦C for 15 min by increasing the temperature at a rate of 
5 ◦C/min. The attached stud on the coating layer was pulled away using 
a tensile machine (Microload system, R&B, Korea) at a speed of 1 mm/ 
min until the coating layer was fully detached from the Mg substrate. 
Three samples were used for each coating condition. To measure the 
hydrophilicities of the bare Mg, the PEI-coated Mg, and the Ta/PEI- 
coated Mg, contact angles were identified using a distilled water 
droplet on the Phoenix 300 contact angle analyzer (Surface Electro 
Optics Co., Ltd., Korea) [36]. Additionally, the longevity of the modified 
surface under wet conditions was monitored through immersion in a 
phosphate-buffered saline (PBS) solution for one week. The contact 
angle was calculated using the ImageJ software (National Institute of 
Health, Bethesda, USA). 

Evaluating the corrosion behavior of the tantalum/poly(ether 
imide)-coated magnesium. The corrosion behavior was confirmed by 
measuring the amount of generated hydrogen (H2) gas and the pH 
variation during corrosion after the bare Mg, PEI-coated Mg, and Ta/ 

PEI-coated Mg were immersed in simulated body fluid (SBF) at a tem-
perature of 37 ◦C for 10 days. The SBF was prepared according to the 
method presented by Kokubo et al. [37]. Prior to immersion in SBF, the 
uncoated side of the Mg samples was mounted using epoxy resin. Using 
the amount of generated H2 gas, the in vitro corrosion rate was calculated 
based on the following stoichiometry: 

Mg+ 2H2O  →Mg(OH)2 + H2. 
The pH value was monitored using a pH meter (Orion 3 Star; Ther-

moFisher Scientific, Waltham, MA, USA). The volume change of the Mg 
cylinder was monitored through micro computed tomography (μ-CT; 
Skyscan 1173, Konitch, Belgium) at day 0, 3, 6, and 14 under the 
following conditions: a resolution of 18 μm using a 1-mm aluminum 
filter, a voltage of 130 kV, and a current of 60 mA. Prior to the corrosion 
test, a Mg cylinder was prepared from the WE43 ingot with a diameter of 
4 mm and a length of 6 mm. The samples were polished with 2000 SiC 
paper and cleaned with ethanol. Following the cleaning process in 
ethanol with ultrasonic bath, the PEI was coated onto the Mg cylinder 
with a dipping procedure at a withdrawal speed of 1 mm/min. The 
coating procedure was repeated twice and the Mg cylinder was dried at 
70 ◦C overnight. The thickness of the PEI coating layer was set to match 
that of the spin-coated sample. Following the PEI coating, the S-PIII 
technique was performed under the same conditions as the substrate 
samples; both ends of the Mg cylinder were mounted with epoxy resin. 
After all samples were immersed in the SBF, the morphologies and 
volume of the cylinder were monitored and calculated using commercial 
analysis software (CTAn, Bruker, Belgium) for 14 days, and the three- 
dimensional (3D) structural images of the corroded samples were 
identified using post-processing software (CTVox, Bruker, Belgium). A 
set threshold was used to obtain the image that eliminated the corrosion 
product from the Mg alloy body. 

Evaluating in vitro biological performance of the tantalum/poly 
(ether imide)-coated magnesium. The initial cell attachment, prolif-
eration, and differentiation of the pre-osteoblast cells (MC3T3-E1; CRL- 
2593, ATCC, USA) was evaluated on the bare Mg, the PEI-coated Mg, 
and the Ta/PEI-coated Mg. The cells were cultured in an alpha minimum 
essential medium (Welgene Biotech Co., Ltd., Korea) supplemented with 
10% fetal bovine serum and 1% penicillin–streptomycin in a humidified 
incubator with 5% carbon dioxide at 37 ◦C. Prior to the in vitro cell test, 
all samples were rinsed with ethanol and subsequently placed on a clean 
bench and sterilized with ultraviolet light for 24 h. 

The initial cell attachment was confirmed using confocal laser mi-
croscopy (CLSM; LSM710, Carl Zeiss, Germany) after culturing for 6 and 
24 h with a seeding density of 3 × 104 cells/mL on the bare Mg, the PEI- 
coated Mg, and the Ta/PEI-coated Mg. Post culturing, the samples were 
washed with PBS with a pH of 7.4 (Welgene Biotech Co., Ltd., Korea) 
and stained with a live/dead assay (L3224, Invitrogen, Carlsbad, USA) 
for 30 min in the dark. 

The cell proliferation of the pre-osteoblast cells on the bare Mg, the 
PEI-coated Mg, and the Ta/PEI-coated Mg was investigated by quanti-
fying the amount of DNA for the cells attached on the samples using a 
CyQUANT cell proliferation assay kit (C7026, Invitrogen, Carlsbad, 
USA) after culturing for 24 h and then three and five days with a density 
of 3 × 104 cells/mL. The culture medium was refreshed every day after 
the cells were seeded. Post culturing, the cells on the samples were de-
tached using 0.25% trypsin–EDTA for 4 min at 37 ◦C, and the suspension 
containing the detached cells was treated using a fluorescent dye solu-
tion. The DNA level of the detached cells was quantified using a multiple 
plate reader (Victor3, PerkinElmer Inc., Germany). When performing 
measurements, the excitation and emission wavelengths were 495 and 
520 nm, respectively. 

Cell differentiation of the pre-osteoblast cells on the bare Mg, the 
PEI-coated Mg and the Ta/PEI-coated Mg was conducted using an 
alkaline phosphatase (ALP) activity assay after culturing for 10 days 
with a density of 0.5 × 104 cells/mL. To accelerate the cell differentia-
tion, β-GP of 10 mM and ascorbic acid of 50 mg/mL were added to the 
culture medium after culturing for 24 h and the culture medium was 
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refreshed every three days. The ALP activity was examined at a wave-
length of 405 nm using a micro reader (Model 550, Bio-Rad Labora-
tories, USA). The number of the samples was three specimens for each 
condition. The number of the samples was three samples, respectively. 

Evaluation of in vivo bone response and biodegradation. New 
Zealand white rabbits (10 weeks old and 2.8–3.0 kg; KOSA Bio, Korea) 
were used to evaluate the in vivo bone response and biodegradation of 
the bare Mg, the PEI-coated Mg, and the Ta/PEI-coated Mg cylindrical 
samples. The preparation method was the same as that mentioned in the 
corrosion evaluation section. The in vivo animal experiments were 
permitted by the Institutional Animal Care and Use Committee of Genoss 
Co. Ltd. (GEN-IACUC no. 1811-03). The in vivo animal tests were per-
formed using the rabbit femoropatellar groove model [38]. All rabbits 
were anesthetized by an anesthetic mixture with 0.7 mL of 2% xylazine 
hydrochloride (HCl; Rompun, Bayer Korea, Korea), 1.4 mL of tiletamine 
HCl (Zoletil, Virbac Laboratories, France), and 0.5 mL of Lidocaine 
(Yuhan Corporation, Korea) administered by intramuscular injection. 
Following anesthetization, a cylindrical hole (4 mm in diameter and 6 
mm in length) was formed in the femoral groove parallel to the long axis 
of the femur using a hand drill. The bare Mg, the PEI-coated Mg, and the 
Ta/PEI-coated Mg cylindrical samples were individually implanted into 
the said hole (Figure S1). 

The rabbits were sacrificed four weeks post implantation. The 
corroded volume of and the total bone formation around each Mg 
sample were assessed by μ-CT scanning of the harvested bone tissues and 
specimens with a 1-mm aluminum filter at a resolution of 17 μm, a 
voltage of 130 kV, and a current of 60 μA. The two-dimensional (2D) and 
3D images of the samples and bone tissues were reconstructed with post- 
processing software (NRecon and Data Viewer 1.4, Skyscan). The 
corroded volume and bone formation volume were quantified using 
CTAn software with the processed μ-CT images; the 3D images of the 
samples and bone tissues were acquired using CTVox software. Three 
samples from each type were used to attain the mean and standard de-
viation values. Following completion of μ-CT imaging, the extracted 
regions were fixed using 10% formaldehyde and embedded in resin 
(Technovit 7200 VLC, Kulzer, Germany). These samples were grinded 
and sectioned to a thickness of <50 μm using a grinding system (EXAKT, 
Germany). Histological sections were stained by Goldner’s trichrome 
and analyzed using a panoramic digital slide scanner (Panoramic 250 
Flash III, 3DHISTECH Ltd., Hungary). 

Statistical analysis. Herein, data are presented in the form of mean 
± standard deviation. Statistical Package for the Social Sciences soft-
ware (International Business Machines, USA) was utilized for the sta-
tistical analysis. Variable normality was verified using the Shapiro–Wilk 
test, and the statistical analysis was conducted through one-way vari-
ance analysis with Tukey post-hoc comparison. A p-value of less than 
0.05 constituted statistical significance for all cases. 

3. Results 

Surface characterization. The surface morphologies and chemical 
compositions of each samples are shown in Fig. 1B–D, from which it is 
evident that the bare Mg has distinct grinding grooves distributed evenly 
throughout the surface (Fig. 1Ba); in contrast, completely smooth sur-
face morphologies can be observed on the PEI-coated and Ta/PEI-coated 
Mg without any noticeable surface defects (Fig. 1Bb–c). As shown in the 
insets of Fig. 1Bb–c, both coating layers have an almost identical 
thickness of 2 μm; moreover, they are both uniformly coated on the Mg 
surface with good interfacial adhesion (Figure S2). The average surface 
roughness of the bare Mg (Ra = 33.2 ± 7.2 nm) is roughly 25.5 and 19.5 
times larger than those of the PEI-coated Mg (Ra = 1.3 ± 0.3 nm) and 
Ta/PEI-coated Mg (Ra = 1.7 ± 0.6 nm), respectively (Fig. 1Ca–c and 
Table S1). Furthermore, no statistical differences exist between the PEI- 
coated and Ta/PEI-coated Mg (p > 0.05). The elemental compositions of 
the surface of PEI-coated Mg and Ta/PEI-coated Mg were determined via 
EDS mapping, as shown in Table S2 and Figure S3. The results show the 
presence of C, O, N, and Mg (Figure S3a) in the PEI-coated Mg, whereas 
an additional Ta peak with 0.21 at.% was detected in Ta/PEI-coated Mg 
(Table S2 and Figure S3b). To further demonstrate the chemical 
composition of each surface, XPS analysis was conducted. As shown in 
Fig. 1Da–b and Table S3, the PEI-coated Mg has representative peaks of 
PEI chemical elements, including C 1s, O 1s, and N 1s; moreover, the 
peaks of Mg (Mg 2p and KLL) completely disappear from the spectrum 
[24,38]. Contrastingly, for the Ta/PEI-coated Mg in Fig. 1Dc, three 
peaks of PEI can still be observed alongside additional peaks of metallic 
Ta (Ta 4f and 4d). In the high-resolution spectrum of Ta 4f (top-right 
inset of Fig. 1Dc), high-intensity peaks of Ta2O5 at binding energies of 
26.3 and 28.3 eV [39] and low-intensity peaks of Ta0 at 21.5 and 23.4 eV 
can be observed [40]. 

Cross-sectional TEM analysis suggests that the Ta-implanted nano-
layer was constructed on the topmost surface of the PEI coating with a 
depth of roughly 10 nm; the bright section shown in Fig. 2a can be 
attributed to the relatively high atomic weight of the implanted Ta. 
Furthermore, the EDS elemental line profiles suggest that the Ta and O 
have a parabolic distribution at this depth; their atomic percentages 
increase and then gradually decrease after attaining maximum amounts 
of 20 and 60 at.%, respectively, with a decrease in depth below the 
surface (Fig. 2b). 

Adhesion strengths of the PEI- and Ta/PEI-coating layers on the Mg 
substrate were measured through the pull-out test. As shown in 
Figure S4a, both coating layers have an almost identical adhesion 
strength to the Mg substrate with no statistical difference (p > 0.05); the 
average adhesion strength of the PEI coating is 14.2 ± 0.9 MPa, which is 
well-matched with the reported data [35], and following Ta S-PIII 
treatment, the Ta/PEI coating exhibited an adhesion strength of 13.7 ±
2 MPa. Following the pull-out test, both coating layers underwent 
adhesion failure that occurred at the coating/substrate interface, 
demonstrating that debonding was a smooth process (Figure S4b). 

Fig. 2. (a) High-resolution cross-sectional STEM image of Ta/PEI-coated Mg and (b) STEM/EDS compositional profiles of C (black), O (red), and Ta (blue) through 
the yellow line from point A to B shown in (a). 
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Corrosion behavior of the tantalum/poly(ether imide)-coated 
magnesium implant. The amount of H2 gas, one of the major 
byproducts of Mg corrosion, generated from the surface of the bare, PEI- 
coated, and Ta/PEI-coated Mg samples was measured under the SBF 
immersion condition. As shown in Fig. 3a, the bare Mg rapidly corroded 
with drastically increased levels of H2 gas evolution; the total amount of 
gas exceeded 20 mL. Contrastingly, the PEI-coated Mg and Ta/PEI- 
coated Mg demonstrated significantly reduced corrosion rates 
compared with the bare Mg; H2 gases were steadily (but much more 
gradually) generated from both surfaces, resulting in almost linear 
profiles for the overall immersion time; the total amount of gas for both 
was roughly 6 mL. Furthermore, hydroxyl ions, which are also a 

byproduct of Mg corrosion, increase the pH of SBF during corrosion. As 
shown in Figure S5, from the bare Mg, the pH rapidly increased from 7.3 
to ~9.2. The PEI-coated Mg and Ta/PEI-coated Mg exhibited a rise in the 
pH of SBF of ~7.6, indicating that the PEI coating effectively reduced 
the corrosion rate of the Mg. 

Fig. 3b shows the structural changes and remaining volumes of each 
Mg sample up to 14 days of immersion in the SBF solution. In the 
reconstructed μ-CT images (Figs. 3b–1), the bare Mg corrosion pro-
ceeded locally; its outer surface suffered from deep and narrow cavities 
after three days of immersion. As the immersion time increased, the 
corrosion increased in depth and width, resulting in rough and irregular 
surface morphologies after 14 days. In contrast, the PEI-coated and Ta/ 

Fig. 3. (a) Evolved H2 gas after immersion in SBF solution of bare, PEI-coated, and Ta/PEI-coated Mg samples for 10 days. μ-CT characterization of bare, PEI-coated, 
and Ta/PEI-coated Mg implants after 14 days of immersion in SBF solution: (b-1) 3D images of each implant at 0, 3, 6, and 14 days of immersion and their (b-2) 
remaining volumes. (c) The implants’ calculated corrosion rates. Statistical significance is indicated by *p < 0.05 and **p < 0.01 compared with bare Mg. 

Fig. 4. (a) Water contact angles of bare, PEI-coated, and Ta/PEI-coated Mg samples and (b) their longevities as a function of time under air and PBS immersion 
conditions (**p < 0.01). 
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PEI-coated Mg surfaces were essentially pristine with no visible corro-
sion observed after six days of immersion; post 14 days, the corrosion 
was still minimal and almost nonexistent. The quantitative results 
(Figs. 3b–2) show a consistency between the morphometric analysis and 
the measured remaining volume of the Mg samples. Obviously, the PEI- 
coated Mg and Ta/PEI-coated Mg lost volume at a slower rate than the 
bare Mg, showing slight volume losses of 3.2% ± 5.5% and 4.1% ±
1.6%, respectively, whereas the bare Mg only had 81.8% ± 7.4% of 
volume remaining after 14 days of immersion. Indeed, significant dif-
ferences cannot be observed with respect to the corrosion protection 
ability of the PEI-coated and Ta/PEI-coated Mg samples. 

Fig. 3c shows the material losses as average in vitro corrosion rates for 
the Mg substrates calculated from the H2 gas evolution measurement 
and μ-CT characterization. Markedly, the bare Mg has a significantly 
faster corrosion rate (5.08 ± 0.89 mm/year from the H2 gas evolution 
measurement and 4.5 ± 1.2 mm/year from the μ-CT characterization) 
compared with the PEI-coated Mg (1.16 ± 0.75 and 1.02 ± 1.23 mm/ 
year, respectively) and Ta/PEI-coated Mg (1.09 ± 0.58 and 1.05 ± 0.23 
mm/year, respectively). No statistical differences exist between both 
measurements (p > 0.05). 

Surface wettability. Prior to investigating the cellular responses of 
the bare Mg, PEI-coated Mg, and Ta/PEI-coated Mg, surface wettability 

was evaluated by conducting water contact angle measurements, which 
is one of the most important material properties with respect to cell 
adhesion and growth as well as tissue development. This is shown in 
Fig. 4a. Although the bare Mg surface exhibited moderate hydrophilicity 
with a contact angle of 40.8 ± 3.6◦, the PEI-coated Mg had a signifi-
cantly increased surface hydrophobicity with a contact angle of 79.3 ±
1.1◦, which is consistent with previously published data [41], as shown 
in Table S4⋅In contrast, following the S-PIII treatment, the 
Ta/PEI-coated Mg exhibited similar wettability to the bare Mg, with a 
contact angle of 49.5 ± 5.9◦; this surface hydrophilicity remained almost 
constant for seven days under both air and PBS immersion conditions 
(Fig. 4b), suggesting long-term surface hydrophilicity. As the bare Mg 
rapidly corroded under the wet condition owing to the formation of 
porous corrosion byproducts of Mg(OH)2 and MgO [24,38,42], its water 
contact angle significantly decreased with an increase in immersion time 
to 12.3 ± 2.8◦. 

In vitro biological evaluation. The biological response of the pre- 
osteoblast cells on the bare Mg, PEI-coated Mg, and Ta/PEI-coated Mg 
surfaces was assessed through in vitro cell tests, including cell adhesion, 
proliferation, and differentiation. Fig. 5A shows the typical CLSM im-
ages of adhered cells on each Mg surface that were cultured up to 24 h 
and stained using a live-cell staining assay. Indeed, the bare Mg has poor 

Fig. 5. (A) CLSM images of adhered MC3T3-E1 cells on the surface of (a)–(b) bare, (c)–(d) PEI-coated Mg, and (e)–(f) Ta/PEI-coated Mg after culturing for 6 and 24 h 
(scale bar: 100 μm). (B) DNA amount and (C) ALP activity of MC3T3-E1 cells on each sample after culturing for 1, 3, and 5 days and 10 days, respectively (*p < 0.05, 
**p < 0.01, ***p < 0.005, and ****p < 0.001). 
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Fig. 6. μ-CT characterization of implanted bare, PEI-coated, and Ta/PEI-coated Mg samples and their surrounding bones four weeks post implantation: (a) 2D 
coronal and transverse views of implants and (b) 3D images of each implant in rabbit femurs, (c) ratio of corroded Mg volume, and (d) total bone volume within a 
defined region. 
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cell-spreading ability for the pre-osteoblasts; most cells retained their 
round morphologies and did not spread over the bare Mg surface during 
the culture period (Fig. 5Aa–b). In addition, the number of adhered cells 
essentially did not change between 6 and 24 h. In contrast, for the PEI- 
coated Mg surface, the cells formed distinct filopodia-like protrusions 
extending in multiple directions (Fig. 5Ac). With an increase in culturing 
period, they firmly adhered to the PEI-coated Mg surface with better 
spreading abilities and more flattened cell morphologies than the cells 
on the bare Mg surface (Fig. 5Ad). However, the PEI-coated Mg surface 
had a similar number of adhered cells as the bare Mg during the 24 h of 
culturing, suggesting no significant increase in cell number at early time 
points. For the Ta/PEI-coated Mg surface, the cells had the most pro-
nounced morphological response to the surface out of all samples for all 
time points. Following 6 h of culturing, the cells were flattened and 
spread out with a significant number of filopodia- and lamellipodia-like 
protrusions (Fig. 5Ae). After 24 h, they progressively proliferated on the 
surface and covered a large area (Fig. 5Af). 

Cell proliferation and differentiation were evaluated by measuring 
the DNA amount and the ALP activity of the pre-osteoblasts on the bare 
Mg, PEI-coated Mg, and Ta/PEI-coated Mg surfaces at different time 
points. As shown in Fig. 5B, for the PEI-coated and Ta/PEI-coated Mg 
surfaces, the amount of DNA significantly increased with an increase in 
culturing time, whereas, for the bare Mg surface, the amount of DNA 
increased but not significantly. In particular, the Ta/PEI-coated Mg had 
the highest rate of pre-osteoblast proliferation: 590% and 160% higher 
levels on the third day and 343% and 162% higher levels on the fifth day 
compared with the bare Mg and PEI-coated Mg surfaces, respectively. 
The ALP activity levels, an early indicator of osteogenic differentiation, 
are shown in Fig. 5C. Although the bare Mg had almost no osteogenic 
ability with a value of 0.55 ± 0.49, the PEI-coated Mg surface saw an 
increase in ALP activity. For the Ta/PEI-coated Mg surface, the level of 
ALP activity further increased, showing 2856% and 164% higher values 
compared with the bare and PEI-coated Mg surfaces. 

In vivo biodegradation and biological evaluation. To assess the in 
vivo biodegradability and osteogenic capability of the materials, 
cylinder-shaped bare, PEI-coated, and Ta/PEI-coated Mg samples were 
implanted in both sides of the femoropatellar defects for each rabbit; 

after four weeks, the implanted samples and trabecular bones around 
the sample were evaluated through μ-CT, as shown in Fig. 6. The 2D 
coronal and transverse images of the implanted samples clearly show the 
adverse biological reaction of the bare Mg implant (Fig. 6a): extremely 
large voids around the implant surfaces; surrounding trabecular bone 
tissues are completely separated from the implant surface, leaving the 
implant almost unfixed in the host femur. In the reconstructed μ-CT 
images (Fig. 6b), the bare Mg has a considerably corroded and rough 
surface with deep corrosion pits and dents as well as small amounts of 
thin bone layers. In contrast, the PEI-coated and Ta/PEI-coated Mg 
samples have better bone formation and corrosion resistance than the 
bare Mg: no sign of noticeable corrosion damage on the surface and 
surrounding trabecular bone tissue; surfaces mostly covered with newly 
formed bone tissue (Fig. 6a and b). In particular, the Ta/PEI-coated Mg 
exhibits outstanding bone tissue compatibility as it has the most 
extensive and thickest bone formation among all samples. As shown in 
Fig. 6c, the volume reductions of the PEI-coated and Ta/PEI-coated Mg 
implants decreased by roughly 4%, whereas the volume reduction of the 
bare Mg decreased by 10%. Consequently, the in vivo corrosion rates of 
the PEI-coated and Ta/PEI-coated Mg implants are less than that of the 
bare Mg. In addition, as shown in Fig. 6d, the Ta/PEI-coated Mg has 
statistically significant bone formation compared with the bare (p <
0.01) and PEI-coated Mg implants (p < 0.05). 

Histological images for the bare, PEI-coated, and Ta/PEI-coated Mg 
implants are shown in Fig. 7; the longitudinally sectioned implants were 
stained with Goldner’s trichrome. Mineralized and matured bone is 
represented by dark green, newly formed but still unmineralized bone 
(osteoid) is represented by orange, and the Mg implants are represented 
by light green (for corrosion product) and black (for the not yet corroded 
matrix). Overall, the bare Mg implant has a severely corroded surface 
with increased amounts of corrosion byproducts compared with the 
coated Mg implants. In particular, as indicated by the voids in 
Fig. 7Aa–c, vigorous H2 gas evolution surrounds the bare Mg implant, 
which can explain the complete separation of the trabecular bone from 
the implant surface. In case of the PEI-coated and Ta/PEI-coated Mg 
implants, at low magnification, neither appreciable corrosion can be 
observed nor void formation around the implant (Fig. 7Ba and Ca); at 

Fig. 7. Representative histological images of (A) bare, (B) PEI-coated, and (C) Ta/PEI-coated Mg implants with (a) small and (b)–(c) large magnifications around the 
implantation regions for rabbit femur four weeks post-surgery. Magnified regions are marked with red rectangles in relatively low-magnification images. 
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high magnification, minimal amounts of corrosion byproducts can be 
observed (Fig. 7Bb–c and Cb–c). Although some sections of the trabec-
ular bone in the distal femur were not in contact with the surface of the 
PEI-coated Mg, thereby resulting in tissue-free voids around the implant, 
the Ta/PEI-coated Mg implant remained tightly adhered to the adjacent 
bone tissue; moreover, a larger portion of its surface was surrounded by 
trabecular bones instead of voids. Additionally, much of the mineralized 
and unmineralized bones were in direct contact with, or close to, the Ta/ 
PEI-coated Mg implant surface. 

4. Discussion 

In the field of orthopedic biomedical materials, addressing the clin-
ical challenges of suppressing the rapid corrosion and achieving the 
osseointegration ability of Mg implants have attracted considerable 
research attention [1,6,43,44]. Although considerable efforts have been 
made in polymeric coating technologies to address corrosion problems, 
the development of advanced surface treatment techniques to address 
both challenges is still ongoing [19,45]. Herein, a PEI-coating layer 
provides outstanding corrosion protection to the Mg implant owing to its 
innate hydrophobicity and stable adhesiveness to the Mg. However, 
according to the in vivo results, the PEI-coated Mg does not show any 
evidence of direct bone-to-implant contact around the implant surface. 
Therefore, modifying the surface of the polymer coatings to alter their 
physical and chemical characteristics without deteriorating their 
intrinsic corrosion protection abilities is necessary. 

The S-PIII technique is able to generate numerous Ta ions from the 
sputtering target, subsequently implanting them on the topmost surface 
of polymeric substances at markedly high doses [25]. Indeed, this 
unique characteristic enables drastic reduction in the time required to 
modify the PEI surface to 30 s, thereby minimizing the possibility of 
coating damage and loss of adhesion stability (Figure S2 and S4). Based 
on the surface morphology observations and roughness measurements, 
any differences between the PEI-coated and the Ta/PEI-coated Mg are 
not obvious. In particular, after the S-PIII surface treatment, the PEI 
coating preserved its original smooth surface features without any signs 
of ion implantation damage (Fig. 1B); moreover, it exhibited negligible 
changes in surface roughness (Fig. 1C and Table S1). In contrast, the 
surface XPS (Fig. 1D) and cross-sectional STEM elemental analysis 
(Fig. 2a and b) indicate the development of a Ta-implanted layer on the 
topmost surface of the PEI coating. Even with its short processing time, 
the extremely high negative bias voltage (− 2 kV) applied to the Mg 
substrate was highly effective in inducing energetic Ta ion irradiation 
and implantation onto the PEI surface though building up an ion sheath 
around the Mg implant. Therefore, a considerable amount of Ta was 
successfully implanted from the top surface of the PEI to a depth of 
roughly 10 nm; it did not make a physical interface with the PEI coating, 
suggesting structural stability under physiological conditions. Addi-
tionally, a large amount of this Ta was combined with oxygen when 
undergoing the S-PIII process (Table S3), forming a stable and passive 
layer of Ta2O5, which is known to strongly interact with the imide ring 
of PEI molecules, in addition to beneficially affecting the osteoblasts, 
thereby ensuring intimate contact with the bone [46]. Therefore, the 
S-PIII surface treatment with Ta can effectively solve the problem of 
deficient osseointegration of PEI-coated Mg implants. 

From the H2 gas evolutions, the pH variation and volume reduction 
measurements in SBF solution shown in Fig. 3 and S5, it is evident that 
the PEI-coated Mg and Ta/PEI-coated Mg have nearly identical corro-
sion resistance, with little statistical difference (p > 0.05). When 
compared to the bare Mg, those corrosion rates are significantly lower 
(by a factor of five) and are almost linear. The calculated H2 release rates 
of PEI-coated Mg and Ta/PEI-coated Mg were 0.58 ± 0.19 and 0.55 ±
0.15 mL/cm2/day, respectively, and were approximately one fourth that 
of bare Mg (2.04 ± 0.40 mL/cm2/day). The critical rate of H2 release 
depends on various factors such as the object’s size, type, and condition. 
One study showed that the acceptable H2 release rate of the guinea pig is 

0.01 mL/cm2/day [47], whereas another study suggested that the 
tolerable adsorption rate of H2 for the human body is 2.25 mL/cm2/day 
[48]. Comparing the in vitro results reported herein, we found that H2 
evolution rates of both PEI-coated Mg and Ta/PEI-coated Mg are 
significantly lower than the tolerance level of the human body. Typi-
cally, polymeric coating layers effectively reduce the extremely high 
activity of Mg by thermodynamically controlling the rate-determining 
step of the overall corrosion reaction [17,49]. In essence, hydrophobic 
and dense polymer matrices substantially retards the penetration of a 
corrosive medium to the Mg substrate, slowing the slowest step of all 
kinetic corrosion processes, and, consequently, decreases the corrosion 
rate [49]. Although the Ta ion implantation altered the physical and 
chemical properties of the PEI coating, the Ta-implanted layer was only 
a few tens of nanometers thick, which is probably too shallow for the PEI 
coating to alter the overall corrosion protection. Moreover, Ta and 
Ta2O5 exhibit very good corrosion resistance, and are known to suppress 
corrosion in corrosive solutions such as bodily fluids by coating and 
protecting the surface of the metallic substrate [50]. Additionally, Li 
et al. [51] explained that a Ta2O5 film can act as a physical barrier in a 
corrosive medium and can prevent the corrosion of the Mg substrate by 
blocking the penetration of aggressive ions, such as Cl− , which cause Mg 
corrosion. Based on these reports, the Ta2O5 region formed on the top of 
the PEI coating layer will have prevented the penetration of solutions or 
other ions. Although the penetration of water may be increased by a 
Ta-metallized surface, ion penetration is suppressed. As a result of this 
synergetic effect, the corrosion resistance is not significantly altered. 

In contrast, compared with the PEI coating, the in vitro studies clearly 
demonstrated that the Ta-implanted PEI-coating layer can improve the 
pre-osteoblast responses toward the Mg implants. Compared with bare 
Mg, the PEI-coated Mg has enhanced pre-osteoblast viability and oste-
ogenic differentiation because the PEI layer prevents rapid Mg corrosion 
and suppresses the production of H2 gases and hydroxyl ions (Fig. 5B–C). 
Furthermore, alkalization by Mg corrosion can also affect cellular re-
sponses. Galow et al. suggested that when the pH is higher than 8.4, the 
proliferation and differentiation of osteoblasts is reduced. However, in 
the intermediate pH range of 7.4–8.4, it has been shown that the pro-
liferation and differentiation of osteoblasts increases along with the 
increasing pH value [52]. Similarly, Kaysinger and Ramp et al. proposed 
that osteoblastic activity increases with increasing pH in the range of 
7.0–7.6 [53]. The PEI-coated Mg and Ta/PEI-coated Mg had a positive 
effect on osteoblast viability because the pH increased to about 7.6 
during in vitro corrosion testing, whereas the cell viability of osteoblasts 
on the uncoated Mg was inhibited, with a very low amount of prolifer-
ation and differentiation activity, as shown in Fig. 5. However, its lack of 
surface functionalities and long-term hydrophobic surface characteristic 
are not favorable for early pre-osteoblast cell adhesion and spreading. 
This is evident from the fact that, after 24 h of culturing, spherical cell 
bodies were retained, remaining essentially unchanged (Fig. 5A). In 
contrast, the S-PIII treatment effectively ameliorated the surface hy-
drophobicity of the PEI coating, demonstrating a water contact angle 
reduction of 38% compared with the bare Mg and PEI-coated Mg, a 
value that remained essentially constant under dry and wet conditions 
(Fig. 4). During the S-PIII treatment, massive Ta ion implantation can 
result in various PEI structures, such as chain scission, recombination, 
and imide ring degeneration, as well as subsequent chemical adsorption 
of oxygen onto the surface, thereby forming highly reactive functional 
groups [54]. These oxygen functionalities combine with implanted Ta 
elements that have smaller water contact angles than pristine PEI 
(Figure S6 and Table S4), which subsequently renders the PEI surface 
more hydrophilic and ensures access to cell-containing media and nu-
trients. In addition, as Ta is one of the most biocompatible and bioactive 
metals, the Ta-implanted surface layer provided numerous binding sites 
on the surface for the pre-osteoblasts to adhere to and spread from 
Ref. [25,32,55], resulting in abundant formations of filopodia-like cell 
protrusions on the Ta/PEI-coated Mg (Fig. 5A). Typically, cells are 
actively sensing and signaling their microenvironments through the 
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formation of filopodia, which directly stimulate the focal adhesion as-
sembly and extension of lamellipodia [56,57]. Therefore, these active 
cell–surface interactions on the Ta/PEI-coated Mg are responsible for 
the highest levels of cell proliferation and osteogenic differentiation 
among the samples (Fig. 5B–C) [58]. 

The in vivo rabbit femur study also clearly demonstrates the excellent 
corrosion protection ability of the PEI coating and the osseointegration 
ability of the Ta-implanted surface layer. Without the PEI coating, the 
bare Mg rapidly corroded; its surface was rough with thick corrosion 
byproducts (Fig. 7A). In addition, the rapid and continuous development 
of H2 gases and hydroxyl ions on the surface of the Mg implant signifi-
cantly reduced total bone volume and resulted in large voids (Fig. 6a). 
Indeed, the introduction of the PEI-coating layer sufficiently reduced the 
in vivo corrosion rate of the bare Mg and enhanced trabecular bone 
formation around the surface, thereby reducing the corrosion rate by 
45% and increasing the total bone volume by 130% (Fig. 6c and d). 
However, from the histological observation, direct bone-to-implant 
contact did not occur on the surface of the PEI-coated Mg implant 
(Fig. 7B). Because the primary function of orthopedic implants is to 
support mechanical loading and replace the biological function of bone, 
appropriate early fixation and long-term implantation success cannot be 
achieved in the absence of direct bonding [59,60]. As shown in Fig. 7, 
among the three samples, the Ta/PEI-coated Mg implant saw direct 
bone-to-implant contact at the microscopic level; moreover, it saw the 
highest level of total bone volume around the implant surface, specif-
ically 194% and 149% higher than that of the bare and PEI-coated Mg 
implants, respectively (Fig. 6c and d). This can mainly be attributed to 
the presence of Ta. When in contact with body fluids, Ta forms hy-
droxide groups on the surface, which subsequently attracts calcium and 
phosphate ions in the body fluid near the surface and ultimately results 
in the formation of apatite layers [25]. Thus, based on the outstanding 
corrosion protection ability and biological activity, the Ta/PEI-coated 
Mg implant has enhanced bone tissue affinity and osseointegration 
capability (Fig. 8). 

5. Conclusion 

In this study, we introduced a novel approach to modify the surface 
physical and chemical properties of a polymer-coated Mg implant. The 
PEI-coated Mg implants demonstrated excellent corrosion protection 
ability owing to the hydrophobic surface property of the PEI-coating 
layer and its stable adhesiveness to the Mg surface; however, they did 
not show any evidence of osseointegration with the surrounding bone. A 
rapid PIII technique combined with DC magnetron sputtering enabled 
the introduction of biologically compatible metal ions (Ta) onto the 
surface of the PEI coating in an extremely short processing time (30 s), 
thereby creating the Ta/PEI-coated Mg. Indeed, the Ta/PEI-coated Mg 

did not have any noticeable surface damages; it also exhibited enhanced 
corrosion protection properties. Moreover, the Ta layer significantly 
enhanced the surface hydrophilicity and ensured long-term stability 
under dry and wet conditions. Compared with the bare Mg and PEI- 
coated Mg, the Ta/PEI-coated Mg was more favorable with respect to 
the pre-osteoblasts adhering, proliferating, and differentiating, which 
can be attributed to the bioactivity and biocompatibility of the Ta. In the 
in vivo rabbit femur study, the Ta/PEI-coated Mg implant exhibited 
enhanced bone tissue affinity and osseointegration capability with no 
signs of appreciable Mg corrosion. These results suggest that the Ta/PEI- 
coated Mg is highly suitable as a biodegradable orthopedic implant 
material. 
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