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ARTICLE INFO ABSTRACT

Keywords: In recent years, pure iron (Fe) has attracted significant attention as a promising biodegradable orthopedic

Iron implant material due to its excellent mechanical and biological properties. However, in physiological conditions,

Tantalum Fe has an extremely slow degradation rate with localized and irregular degradation, which is problematic for
Ton implantation . - . e
Biodegradation practical applications. In this study, we developed a novel combination of a nanostructured surface topography

and galvanic reaction to achieve uniform and accelerated degradation of an Fe implant. The target-ion induced
plasma sputtering (TIPS) technique was applied on the Fe implant to introduce biologically compatible and
electrochemically noble tantalum (Ta) onto its surface and develop surface nano-galvanic couples. Electro-
chemical tests revealed that the uniformly distributed nano-galvanic corrosion cells of the TIPS-treated sample
(nano Ta-Fe) led to relatively uniform and accelerated surface degradation compared to that of bare Fe.
Furthermore, the mechanical properties of nano Ta-Fe remained almost constant during a long-term in vitro
immersion test (~40 weeks). Biocompatibility was also assessed on surfaces of bare Fe and nano Ta-Fe using in
vitro osteoblast responses through direct and indirect contact assays and an in vivo rabbit femur medullary cavity
implantation model. The results revealed that nano Ta-Fe not only enhanced cell adhesion and spreading on its
surface, but also exhibited no signs of cellular or tissue toxicity. These results demonstrate the immense potential
of Ta-implanted surface nanostructures as an effective solution for the practical application of Fe-based ortho-
pedic implants, ensuring long-term biosafety and clinical efficacy.

Orthopedic implants

1. Introduction requirements for material selection, such as desirable degradation rates,

balanced decline in mechanical properties with bone remodeling, and

In the past several decades, biodegradable metallic materials have
served as one of the most promising strategies in regenerative medicine
[1-4]. Biodegradable metals possess excellent mechanical properties,
providing sufficient temporary support to resist the applied load, while
the potential risk of long-term complications is effectively eliminated
through the progressive degradation of the metals in the body [1,5-9].
Therefore, biodegradable metallic implants are best suited for the pur-
poses of stabilizing fractured bone tissue and guiding bone healing.
However, from a biological safety perspective, there are strict
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metabolism of the degradation byproducts in the body [5,10-12].

Fe is the most abundant metal in the human body and participates in
a wide variety of metabolic processes, such as oxygen transport, energy
metabolism, enzyme function, and DNA synthesis [11,13,14]. In
particular, it is known for its vital role in bone homeostasis, and a
deficiency of Fe causes bone disorders and impairs bone mineralization
[15]. Previous studies have demonstrated that Fe possesses better me-
chanical performance than most metals and exhibits no local or systemic
toxicity in both short- and long-term in vivo studies [16,17]. However,
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despite its immense potential for use in biodegradable orthopedic im-
plants, the very low degradation rate of Fe in physiological media is the
main obstacle to its successful clinical application [1,2,18]. Because
long-lasting biodegradable materials in the body act like permanent
materials, Fe implants inevitably provoke chronic foreign body re-
actions, causing implant loosening and eventual failure [1,19,20]. In
addition, body fluids containing aggressive anions, such as chloride ions,
can prompt localized preferential dissolution of Fe and lead to the for-
mation of sharp, deep, and narrow pits on its surface that significantly
deteriorate the mechanical performance and structural integrity of the
Fe implant during its clinical service [3].

Practically, surface modification can provide a large pool of
biocompatible material candidates and a high degree of freedom in
designing the structure and optimizing the degradation rate of the Fe
implant. Zhou et al. used a sandblasting process to develop a micro-
roughened Fe surface that possessed a high specific surface area,
ensuring physically accelerated degradation of Fe under body fluid
conditions [21]. In a different study, Cheng et al. deposited
micro-patterned gold disc films on the surface of Fe that generated
micro-galvanic corrosion between Fe and gold under simulated body
conditions and led to a significant increase in the Fe degradation rate
[22]. Huang et al. revealed that small platinum surface patterns (up to 4
pm) were effective in accelerating the degradation rate of Fe via the
formation of galvanic cells with the Fe matrix [23]. However, these
micro-scale surface structures merely stimulated electrochemical re-
actions occurring on the Fe surface in a physiological environment
without inducing any favorable bone tissue responses toward the
implant surface due to their inert biological nature.

Over the past several decades, it has been demonstrated that nano-
architectured surfaces influence a wide range of physical and biological
phenomena due to their extremely large surface areas and size similarity
to the extracellular matrix [24,25]. Most mammalian cells can specif-
ically recognize nanoscale topographic features and directly respond by
conforming their adhesion morphology to their surroundings and
regulating their subsequent cellular behavior, such as survival, migra-
tion, proliferation, and differentiation [25,26]. However, despite these
promising features, there has been no attempt to explore the capabilities
of nanoarchitectured surfaces to modulate both the degradation rate and
cellular responses of Fe implants. In this study, we propose a novel
combination of a nanostructured surface and noble metal ion implan-
tation as physical and electrochemical cues to achieve a high degrada-
tion rate and high bone tissue compatibility of the Fe implant. The
recently developed target-ion induced plasma sputtering (TIPS) tech-
nique makes it possible to generate surface nanopatterns on metallic
substrates via its massive ion bombardment and implantation capabil-
ities [25,27]. With this technique, numerous target metal ions generated
from the sputtering target gun are accelerated toward the substrate by
applying an extremely high negative substrate bias voltage, which
provides continuous implantation of target ions and non-uniform
resputtering from the metal substrate. This unique feature enables the
generation of distinct nanostructures on substrate surfaces and the
incorporation of target metals into these surfaces [27].

In this study, to produce nano-galvanic cells over the surface of an Fe
implant, we introduced tantalum (Ta) as a sputtering target, as it has a
much higher corrosion potential (Eo,) than pure Fe and is known for its
favorable interaction with bone tissue [24,28,29]. After TIPS treatment,
we compared the surface morphology, microstructure, chemical
composition, and electrochemical properties of the Fe implant (nano
Ta-Fe) to those of an untreated Fe implant (bare Fe). We then compared
the rates of corrosion and cellular behavior of the Fe implant before and
after the TIPS treatment using an in vitro and in vivo rabbit femoral defect
model.
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2. Experimental methods
2.1. Sample preparation

Commercial bare Fe (99.8%, Hosung Industry, Korea) with a square
shape (10 mm x 10 mm x 2 mm) was purchased for the surface char-
acterization, electrochemical test, in vitro degradation, and cell viability
test. All samples were cleaned by ultrasonification in ethanol 10 min
before the tantalum (Ta) incorporation process. A Ta target (75-mm
diameter, 5-mm thickness, 99.99% purity, Avention, Korea) was placed
in a direct current (DC) magnetron sputtering gun (Ultech Co. Ltd,
Daegu, Korea), and the vacuum chamber was sequentially pumped
down to 5 x 10~* Pa with rotary and diffusion pumps. To create a suf-
ficient number of Ta ions, 50 W of target power was directly applied to
the Ta target, and the working temperature and pressure were main-
tained at 0.6 Pa and 25 °C, respectively, during the process. A negative
bias voltage (—1000 V) was supplied to the Fe substrate. In this paper,
the Ta-implanted Fe is referred to as nano Ta-Fe.

2.2. Surface characterization

The surface morphology was observed using field-emission scanning
electron microscopy (FE-SEM; JSM-6330 F, JEOL, Japan), and the
compositional analysis of nano Ta-Fe was performed using high-
resolution scanning transmission electron microscopy (STEM; JEM-
2100 F, JEOL, Japan) conducted at 200 kV. The Ta distribution profile
on the Fe surface was measured by the energy-dispersive X-ray spec-
troscopy (EDS) elemental spot analysis mode in STEM. The cross-
sectional images and EDS mapping of the nano Ta-Fe surface after in
vitro and in vivo degradation tests were obtained by focused ion beam
(FIB) milling and FE-SEM equipped with EDS (FIB/FE-SEM; AURIGA,
Carl Zeiss, Germany).

2.3. Electrochemical test

Electrochemical measurements were performed with a three-
electrode system using a potentiostat/galvanostat (Model 273; EG&G
Princeton Applied Research). A saturated calomel electrode (SCE) was
utilized as the reference electrode, while a platinum coil served as the
counter electrode. All samples were completely immersed in 1 L of
simulated body fluid (SBF) solution adjusted to a pH of 7.4 at 37 + 0.5 °C
with an exposed area of 1 cm? The open circuit potential (OCP) was
measured for 1 h. Electrochemical impedance spectroscopy (EIS) was
performed from 100 kHz to 10 mHz at the OCP value, and potentiody-
namic polarization curves were obtained ranging from an OCP value of
+600 mV with respect to the saturated calomel electrode (SCE) at a
scanning rate of 1 mV-s 1. In addition, the surface voltage potential of
the samples was measured by the scanning Kelvin probe (SKP) mode of
an atomic force microscope (AFM; NX-10, Park systems, Korea). The
scanning area was 25 pm x 25 pm, and the tests were performed at 25 °C
in air.

2.4. Invitro static degradation tests

In vitro static degradation tests were performed at 37 °C in SBF so-
lution for 1, 14, and 28 days (n = 3). After the immersion tests, all
samples were gently rinsed with ethanol and ultrasonically cleaned for
1 h to prevent further degradation and observe the surface morphology
of the corroded Fe substrates. The structural changes in the surface
morphology as a function of the immersion period were investigated by
FE-SEM equipped with an EDS attachment. The amount of Fe ion release
in 25-ml SBF solution was recorded by performing inductively coupled
plasma atomic emission spectrometry (ICP-AES) after the static im-
mersion test.
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2.5. Invitro degradation and mechanical property evaluation

An in vitro degradation test was performed to evaluate the changes in
the mechanical properties as a function of the degradation time. The
mechanical stability after degradation was assessed over an immersion
period of 12 and 40 weeks. Dog bone samples with a thickness of 450 pm
were used for the degradation and mechanical test in accordance with
American Society for Testing and Materials (ASTM) ES8/E8M — 08. All
samples were immersed in SBF solution, and the temperature was
maintained at 37 °C. To create an environment for accelerated degra-
dation, the SBF was replaced every 2 days for 40 weeks. After 12 and 40
weeks of immersion, all samples were extracted from the SBF solution
and ultrasonically cleaned with ethanol to prevent further degradation.
The surface roughness of the samples was examined by laser scanning
microscopy (OLS 4100, Olympus, Japan). For the tensile test, a universal
testing machine (Instron 5580, Instron Corp., Canton, MA) was used
with a fixed loading rate of 1 mm/min, and the thickness loss of samples
was measured by a vernier calipers at three different regions (upper,
middle, and lower) of each sample after specific time interval of
degradation test.

2.6. Invitro cellular assays

The in vitro cytocompatibility of bare and nano Ta-Fe was assessed in
terms of cell attachment and proliferation with osteoblast cells (MC3T3,
ATCC, CRL-2593). Incubated cells were seeded onto the bare Fe and
nano Ta-Fe surfaces at a density of 2 x 10* cells/mL for the cell
attachment and cell proliferation assays. Osteoblast cells were cultivated
in a cell incubator containing 5% CO; at 37 °C. A culturing medium
(«-MEM, Welgene Co., Ltd., Korea) with 10-mM p-glycerophosphate
(Sigma), 10-pg mL—1 ascorbic acid, 1% penicillin-streptomycin, and
10% fetal bovine serum (FBS) was used.

A cell attachment test of bare and nano Ta-Fe samples was per-
formed using fluorescence imaging for 1 and 3 days. All samples were
disinfected with absolute ethanol under ultraviolet irradiation overnight
prior to cell seeding. Live cell staining was performed by calcein ace-
toxymethyl ester (Calcein AM, Invitrogen, USA) for 40 min of incuba-
tion. After 1 and 3 days of culturing, the morphology of the attached
cells was observed by confocal laser scanning microscopy (CLSM; C1
PLUS, Nikon, Tokyo, Japan).

Cell proliferation was assessed using the MTS assay (MTS, Promega,
Madison, WI, USA) for 1 and 3 days. An extraction medium of bare and
nano Ta-Fe was used after 2 days of immersion in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, Germany). The extraction medium (0.5
mL) was placed in a 24-well plate with 0.5 mL of DMEM. The control
groups were as follows: DMEM containing 10% FBS, and DMEM con-
taining 10% dimethyl sulfoxide (DMSO) as a positive and negative
control, respectively [30]. The total cell seeding density of the samples
was 2 x 10* cells/mL. The amount of formazan product was assessed
after 1 and 3 days of culturing with the absorbance at 490 nm using a
microplate reader.

2.7. In vivo degradation test

2.7.1. In vivo animal model and surgical procedure

All in vivo procedures involving animal selection, surgical protocol,
management, and sacrificial procedures were authorized by the Ethics
Committee on Animal Experimentation of the Institutional Animal Care
and Use Committee of GENOSS (GEN-IACUC, no. 1902-01). The in vivo
experiment was conducted using a bone marrow cavity model in 12-
week-old male New Zealand white rabbits (male, body weight
2.5-3.0 kg, DBL Inc., Korea) as described in previous research [31,32].
Six rabbits were used in this animal experiment, and one specimen was
placed on both sides of the bone marrow cavity for each rabbit. For
micro-CT and histological analysis, three specimens per each group were
used (n = 3). The micro-CT and histological analysis were performed
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The rabbits were anesthetized by intramuscular injection with an
anesthetic mixture of xylazine (1.5 mL, Rompun 2%, Bayer Korea,
Korea), tiletamine (0.5 mL, Zoletil, Virbac Lab, France), and a local
anesthetic, lidocaine (0.5 mL with 1:100,000 epinephrine, Yuhan Cor-
poration, Korea). A round hole (2-mm diameter) was created in the
patellar groove using a hand drill, and bare and nano Ta-Fe pins (2 mm
in diameter and 10 mm in height) were individually inserted in the bone
marrow cavity in the femur of each rabbit. The wounds were closed with
sutures. A postoperative antibiotic, 0.3 mL of gentamicin (Samu Median,
Korea) in saline solution, was carefully injected for 3 days. The rabbits
were sacrificed after 1 and 4 months of implantation.

2.7.2. Micro-computed tomography (micro-CT) analysis and
morphological evaluation

After sacrificing the animal, to measure the inserted pin position, the
femur bone tissues were visualized by micro-CT (Skyscan 1173, Skyscan,
Kontich, Belgium) under specific conditions (voltage of 130 kV, reso-
lution of 6 pm, and current of 60 pA). Post-processing software (NRecon
and Data Viewer 1.4, Skyscan, USA) was used to reconstruct three-
dimensional (3D) and two-dimensional (2D) images of the samples.

The Fe pins embedded in resin blocks were cut to make cross-
sections, and cross-sectional pin surfaces were polished with 1000,
2000, and 4000 grit SiC paper. The polished cross-section of Fe pins was
coated with platinum for further SEM and EDS observation (FE-SEM;
JSM-6330 F, JEOL, Japan). The cross-sectional morphology of each pin
was observed using FE-SEM and EDS mapping at four different regions
(top, bottom, left, and right) of each sample after 4 and 16 weeks of in
vivo degradation testing.

2.7.3. Histological evaluation

The samples for histological evaluation were divided into two parts.
One part was fixed in 10% formaldehyde solution and immersed in resin
(Technovit 7200) for hematoxylin—eosin (H&E) staining. The other part
of the harvested bone was embedded in paraffin for Prussian blue and
immunohistochemistry with primary anti-CD68 staining (CD68, abcam,
USA). The slide of the blocks (thickness < 5 pm) was fabricated by
cutting and grinding. The number of macrophages was calculated in the
unit area of the image field. A panoramic digital slide scanner (Pan-
noramic 250 Flash III, 3DHISTECH Ltd., Hungary) was used to observe
microscopic images of the stained sections.

2.8. Statistical analysis

All experiments were conducted with three samples per group. Sta-
tistical analysis was performed by the Statistical Package for the Social
Sciences (SPSS 23, SPSS Inc., USA) software, and all experimental data
were converted to mean + standard deviation. The normality of the
variables was assessed using the Shapiro—Wilk test, and the statistical
analysis was performed by one-way analysis of variance followed by
Tukey’s post-hoc comparison. A p-value of <0.05 was deemed
significant.

3. Results
3.1. Surface characterization

The surface and cross-sectional morphology of the Fe substrate
before and after TIPS treatment was investigated with FE-SEM, FIB, and
STEM. TIPS treatment led to an obvious change in the surface features of
the Fe substrate (Figs. 1 and S1). Specifically, the smooth surface
morphology of bare Fe with several polishing marks completely dis-
appeared after the treatment, and homogeneous nanostructures were
created over the Fe surface (Fig. 1(a)-(d)). The low-magnification image
reveals that the Fe substrate continued to possess macro- and micro-
scale surface flatness after the TIPS treatment; however, the high-
magnification and cross-sectional images reveal that well-organized
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Fig. 1. Representative surface field-emission scan-
ning electron microscopy (FE-SEM) images of (a),
(b) bare Fe and (c), (d) nano Ta-Fe at high and low
magnification. The insets in (b), (d) display the
cross-sectional focused ion beam (FIB)/FE-SEM
image of the surface of bare Fe and nano Ta-Fe. (e)
Cross-sectional scanning transmission electron mi-
croscopy image of nano Ta-Fe with energy-
dispersive X-ray spectroscopy mapping (inset), and
(f) chemical compositions at three regions in e (p1:
top, p2: middle, and p3: bottom).

nanoridges were strongly adhered to the Fe substrate with an average
height, width, and gap of 345 + 18 nm, 200 + 18 nm, and 102 + 10 nm,
respectively. There was no sign of a physical interface between the
surface nanostructure and substrate. The STEM and EDS mapping im-
ages clearly display the cross-sectional elemental distributions for the
major elements, Ta and Fe, after the TIPS treatment. The implanted Ta
was mostly distributed at the top region of the nanoridges, whereas the
bottom region appeared to be composed of bare Fe without Ta (Fig. 1e).
From the EDS analysis at three different locations in Fig. 1(e) (p1: top,
p2: middle, and p3: bottom), the highest atomic concentration of Ta
appeared to be only ~50 at% at the top of the nanoridge surface, which
gradually decreased toward the bottom of the nanoridges to 0 at%
(Table S1). According to the supplemental XPS analysis (Fig. S2), the
metallic Ta peaks (Ta 4f, Ta 4d, and Ta 4p) were clearly detected from
the surface of Fe substrate after the TIPS treatment with typical Ta
chemical state of TazOs in high-resolution spectrum of Ta 4f. Based on
its morphology and elemental composition, the Fe substrate after TIPS
treatment is referred to as nano Ta-Fe, while the untreated Fe is referred
to as bare Fe (Fig. 1(f)).

3.2. Degradation properties of bare Fe and nano Ta—Fe

3.2.1. Electrochemical behavior
The electrochemical behavior of bare Fe and nano Ta-Fe was
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investigated using SKP potentiometry, potentiodynamic polarization,
and EIS analysis (Fig. 2), and the electrochemical parameters calculated
by Tafel extrapolation from potentiodynamic polarization curves are
provided in Table S2. Fig. 2(a) presents a map of the surface potential
distribution obtained by SKP measurement from the bare Fe and nano
Ta-Fe samples. A nearly uniform distribution of surface potential was
observed for both samples; however, the development of a nanoridge
surface with Ta implantation led to a decrease in the average surface
potential from —491 mV to —573 mV. This trend was also observed in
the results of potentiodynamic polarization analysis (Fig. 2(c) and
Table S2). The anodic region of the polarization curve (above Eqy) was
related to the dissolution of Fe in the SBF solution, while the cathodic
region (below E.o;) was related to the cathodic evolution of hydrogen
gas. After TIPS treatment, E.,, of nano Ta-Fe shifted toward more
negative (active) potential values by —26 mV, while the corrosion cur-
rent density (Icorr) increased from 4.92 to 13.84 pA cm 2 The degra-
dation rate of Fe appeared to be accelerated by the development of a
nanoridge surface with Ta implantation, and the average degradation
rate (mm-year ') was 281.3% higher for nano Ta-Fe than bare Fe
(Table S2).

Fig. 2(d) presents the results of EIS analysis in the Nyquist repre-
sentation. In the Nyquist plots, both the bare Fe and nano Ta-Fe samples
exhibit a semicircle in the high-to-medium frequency region, followed
by a straight line with a 45° phase angle in the low-frequency region. In
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Fig. 2. Electrochemical corrosion behaviors: Scanning Kelvin Probe maps of (a) bare Fe, (b) nano Ta-Fe, (c) Potentiodynamic polarization curves, and (d)

Nyquist plots.

general, the semicircular portion of a Nyquist plot directly corresponds
to an electron transfer limited process at the metal surface/solution
interface, and its diameter represents the electron transfer resistance of
the corrosion process. By comparing the Nyquist plots of bare Fe and
nano Ta-Fe, it is clear that the electron transfer resistance was sub-
stantially reduced after the TIPS treatment, which indicates that the
nanoridge surface with Ta implantation effectively accelerated the
corrosion rate of the Fe substrate.

3.2.2. Degradation behavior with static immersion test

To investigate the in vitro degradation behavior of bare Fe and nano
Ta-Fe, both samples were immersed in SBF solution, and their surface
morphology, concentration of Fe ion release, and degradation thickness
on day 1, 14, and 28 of immersion are presented in Fig. 3. For bare Fe,
there was no substantial change in the surface morphology for 28 days of
immersion; most of the surface appeared flat, smooth, and clear
throughout the testing period, while tiny degradation pits appeared on
day 14, and several of them grew quickly, forming broad and deep
craters on the surface on day 28. In contrast, nano Ta-Fe underwent
dramatic morphological changes during the immersion test. On day 1 of
immersion, surface degradation features appearing as small specks were
formed on the surface of nano Ta-Fe, whose appearance became
increasingly rough and irregular with increasing immersion time. After
28 days of immersion, the surface of nano Ta-Fe was uniformly
roughened without any sign of severe local degradation. High-
magnification surface and cross-sectional images revealed that these
roughened surface features were due to the formation and propagation
of cracks on the nanostructured surface layer of nano Ta-Fe.

Up to day 1 of immersion, nano Ta-Fe retained its distinct nano-
roughened surface features, and there were no visible morphological
changes. However, after 14 days of immersion, the nanostructured
surface layer was cracked, and a narrow cross-sectional gap of submi-
cron size appeared between the nanostructured surface layer and the Fe
substrate as a result of preferential degradation of the Fe substrate. With
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continuous immersion, the surface cracks were propagated and broad-
ened, leaving the underlying Fe substrate partially visible on day 28 of
immersion. Although large cracks were formed on the surface of nano
Ta-Fe, the nanostructured surface was not fully delaminated and pre-
served close contact with the Fe substrate in the cross-sectional obser-
vation. In addition, it should be noted that there were no deep or narrow
degradation pits on the Fe surface regardless of the immersion time and
degree of degradation.

To investigate the in vitro degradation rate of the samples, we
measured the thickness of the degradation byproducts, the degradation
depth of the Fe substrate, and the number of released Fe ions from the
bare Fe and nano Ta-Fe samples up to 28 days for the SBF immersion
condition. As illustrated in Fig. 3(B)—~(D) and S3, the degradation rate of
Fe was significantly increased by the development of the nanostructured
surface layer with Ta implantation. Although bare Fe had large varia-
tions in the maximum and minimum thickness of the degradation
byproducts and average degradation depth of the Fe substrate due to its
localized surface degradation behavior, nano Ta-Fe displayed higher
values for both the thickness of the degradation byproducts and the
depth of the Fe substrate degradation, and narrower value ranges than
those of bare Fe for the entire measurement period (Fig. 3(B) and (C)).
This tendency was also observed in the result of the Fe ion release test
(Fig. 3(D)). Bare Fe slowly released Fe ions with increasing immersion
time, reaching an ion concentration of 22.4 pg/ml on day 28 of im-
mersion. In contrast, nano Ta-Fe demonstrated a significantly increased
degradation rate compared with bare Fe. Specifically, Fe ions were
released from the surface of nano Ta-Fe much more rapidly, resulting in
a twofold higher concentration of Fe ions for the overall immersion time.
The concentration of Fe ions on day 28 of immersion was 51.0 pg/ml,
which was 228% higher than that of bare Fe. From the supplemental Ta
ion release result (Fig. S4), there was no release of Ta ions from the
surface of nano Ta-Fe sample during the entire 28-day observation
period.
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Fig. 3. In vitro degradation test for 28 days in simulated body fluid solution to observe the degradation pit formation and degradation rate. (A) Field-emission
scanning electron microscopy (FE-SEM) images of surface morphology of bare Fe and nano Ta-Fe at (a), (d) low magnification and (b), (e) high magnification,
and (c), (f) cross-sectional focused ion beam (FIB)/FE-SEM images. (B) Thickness of degradation byproducts (abbreviations Min. and Max. Denote the minimum and
maximum thickness, respectively, of the degradation byproducts). (C) Degradation depth of bare Fe and nano Ta-Fe. (D) Released Fe ion concentration of bare Fe and

nano Ta-Fe.

3.3. Mechanical properties of bare Fe and nano Ta—Fe

Mechanical properties are some of the most important factors of
load-bearing biodegradable implants. In particular, to provide me-
chanically safe and reliable support to damaged bone tissue, implants
should have sufficient strength, structural rigidity, and flexibility during
the bone healing period. Therefore, the long-term mechanical durability
of bare Fe and nano Ta-Fe was tested for the SBF immersion condition
for up to 40 weeks. Fig. 4(A) presents optical images of the mechanical
test samples before and after immersion at week 12 and 40. Localized
degradation regions were observed on the surface of bare Fe with
different contrast as light gray dots at week 12 of immersion. With
increasing immersion time, its surface became markedly rough, and
deep craters were randomly distributed on the surface. In contrast, nano
Ta-Fe appeared relatively uniform in color and texture over its entire
surface, and no significant change or abnormality in appearance was
observed with time. In contrast, as indicated in Fig. 4(B)-a, the results of
the thickness loss demonstrated progressive and rapid degradation of
nano Ta-Fe despite it exhibiting fewer morphological changes than bare
Fe. During the entire immersion period, nano Ta-Fe exhibited higher
levels of thickness loss than bare Fe, and the difference between them
became more pronounced with increasing immersion time.

The mechanical behavior of the bare Fe and nano Ta-Fe samples was
evaluated by tensile tests before and after immersion for 12 and 40
weeks. Typical tensile stress—strain curves of each sample are presented
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in Fig. 4(B)-b. All curves exhibited a steep initial linear slope in the
elastic region and a gradual increase in the stress with deformation in
the plastic region, followed by ductile failure after reaching the ultimate
tensile strength (UTS). Although the bare Fe and nano Ta-Fe samples
had almost identical curve shapes before the immersion test, only bare
Fe exhibited a substantial loss of mechanical properties as the immersion
time increased. As illustrated in Fig. 4(B)-c and (B)-d, the UTS and
elongation rate of bare Fe gradually decreased with immersion time,
experiencing a 32% and 25% reduction, respectively, at week 40 than
before immersion, while nano Ta—Fe had almost the same values with no
statistical difference. The difference in the UTS and elongation rate
between the bare Fe and nano Ta-Fe samples became more pronounced
with immersion time.

Because localized surface degradation has a large effect on the rapid
deterioration of the mechanical properties of an implant, gradual
changes in the surface morphology with immersion time are also rep-
resented by 3D images in Fig. 4(C), and the detailed surface roughness
values (R,: arithmetic mean deviation, Rgy: root mean square deviation,
Rp: maximum profile peak height, and Ry: maximum profile valley
height) are presented in Fig. S5. For bare Fe, there were substantial
changes in the surface morphology up to 40 weeks of immersion. Spe-
cifically, the flat and smooth surface of bare Fe became completely
rough and irregular with deep and wide dimples distributed all over the
surface at week 12, which became more prominent at week 40. In
contrast, the surface of nano Ta-Fe appeared more uniformly corroded
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and nearly flat up to 12 weeks of immersion. Although nano Ta-Fe also
displayed a micro-scale roughened surface at week 40, only shallow

craters were sparsely distributed, and its average surface roughness (R,
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Fig. 5. (A) Water contact angles of bare Fe and nano Ta-Fe. (B) Low-magnification confocal laser scanning microscopy and high-magnification field-emission
scanning electron microscopy (FE-SEM) images of attached osteoblast cells (MC3T3) on bare Fe and nano Ta-Fe surfaces after culturing for 6, 24, and 72 h. (C) The
relative value of viable osteoblast cells growing in extracted culturing media with bare Fe and nano Ta-Fe immersions. (D) Representative FE-SEM images of adhered
platelets on the surface of bare Fe and nano Ta-Fe. (E) Adhered platelet density on the bare Fe and nano Ta-Fe surface. (*: p < 0.05 and **: p < 0.005).
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3.4. Wettability and in vitro cellular response

Wettability is one of the most important surface properties of an
orthopedic implant affecting cell-implant interaction and bone tissue
response. Therefore, prior to investigating the cellular responses, the
water contact angle formed on the bare Fe and nano Ta-Fe samples was
measured (Fig. 5(A)). Compared to bare Fe, nano Ta-Fe exhibited sub-
stantially enhanced surface hydrophilicity, as illustrated in Fig. 5(A).
The angle of the water droplet was spread out on the nano Ta-Fe surface
with a contact angle of 15°, while bare Fe displayed a near hydrophobic
surface (contact angle ~ 55°).

For the in vitro biocompatibility evaluation of bare Fe and nano
Ta-Fe, the response of osteoblasts (MC3T3) to both samples was closely
examined in terms of cell adhesion morphology and viability. Fig. 5(B)
presents CLSM and FE-SEM images of the samples after 6, 24, and 72 h of
culturing, which indicate that the cells had a more pronounced
morphological response to the surface of nano Ta-Fe than to bare Fe at
all time points. On the surface of nano Ta-Fe, cells were tightly adherent
and spread extensively, causing closer cell-cell interactions and better
cell surface coverage than bare Fe only after 24 h of incubation. In
addition, a larger number of filopodia-like cell protrusions were pro-
duced at the spreading edge of the cells on nano Ta-Fe compared to bare
Fe. Multiple small protrusive structures (indicated by arrows) extended
from the cell and anchor to the top of the surface nanostructures, leading
to a proper extension of cell surfaces, whereas the cells on bare Fe
formed a single needle-like (long and narrow) cell protrusion. After 72 h
of culturing, although both samples had a substantial amount of
degradation byproducts covering a large portion of the cell surface, the
cells preserved their integrity and viability without a noticeable change
in the adhesion shape or detachment from both surfaces. In addition, the
supplemental in vitro experiments confirm that even after 72 h pre-
degradation in SBF solution, the nano Ta-Fe sample showed larger
number of cells and better cell spreading appearance than the bare Fe
(Fig. S6).

To further investigate the effect of the degradation byproducts,
especially ionic products (Fe?* and Fe>*), on osteoblast viability, the
cells were cultured for up to 3 days in the culturing media obtained after
2 days of incubation with bare Fe and nano Ta-Fe samples (Fig. 5(C)).
For reference, culturing media containing 10% FBS or 10% DMSO were
also included in this measurement as a positive and negative control,
respectively. After 1 day of culturing, the bare Fe and nano Ta-Fe
samples exhibited no sign of cytotoxicity to osteoblasts; their cell
viability levels were almost identical to the positive control without any
statistical significance (vs. bare Fe: p = 0.741, and vs. nano Ta-Fe: p =
0.552). Although the bare Fe and nano Ta-Fe samples demonstrated
somewhat lower levels of cell viability than the positive control after 3
days of culturing, the cells in the culturing media obtained with bare Fe
and nano Ta-Fe samples also significantly proliferated (with an almost
threefold increase) between days 1 and 3, whereas the negative control
exhibited a negligible level of cell viability at all time points.

The blood compatibility of bare Fe and nano Ta-Fe was also
confirmed by the results obtained from the material-induced platelet
adhesion and aggregation test, which is regarded as an important factor
influencing the outcome of a medical implant and its success. After
incubating the samples into a platelet-rich plasma solution for 45 min,
the adhered platelet morphology and density on the surface of bare Fe
and nano Ta-Fe are presented in Fig. 5(D) and (E). In the low-
magnification FE-SEM image, a large number of platelets adhered to
and locally aggregated on the surface of bare Fe, and their morphology
was noticeably changed into irregular central bodies with multiple long
dendritic pseudopodia at the adhesive points in the high-magnification
image. In contrast, the number of adhered platelets on the nano Ta-Fe
surface was apparently reduced, and the platelets retained their original
spherical shape with nearly no formation of pseudopods. As illustrated
in Fig. 5(E), nano Ta-Fe exhibited a 34% lower density of adhered
platelets than bare Fe with statistical significance (p < 0.05).
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3.5. In vivo degradation analysis

To evaluate the in vivo degradation rate of the materials, cylindrically
shaped bare Fe and nano Ta-Fe implants were inserted into each side of
the femoral bone marrow cavity of a rabbit, and after 4 and 16 weeks, 3D
volumetric and 2D cross-sectional surface morphometric analysis was
performed by micro-CT and FE-SEM/EDS. As illustrated in Fig. 6(A), in
the 3D images of the inserted implants with bone tissue and the 2D
coronal and transverse images (without bone tissue), both implants
appeared to have a uniform and regular surface morphology with no
macroscopic deformation or damage over large surface areas up to week
16 after implantation. In addition, there was no indication of bone
erosion or resorption around either implant during the observation
period. The quantitative residual volume of the implants was measured
by micro-CT before and after implantation at weeks 4 and 16 (Fig. 6(B)).
For the in vivo case, the nano Ta-Fe implant lost its volume at a faster
rate than bare Fe, exhibiting a 211.0% faster average volumetric loss
value than that of bare Fe from the initial volume to week 16.

In addition, the high-magnification FE-SEM images indicated the
localized biodegradation of the bare Fe implant. Specifically, a narrow
and deep pit was formed on the surface of bare Fe at week 4, and it was
further broadened with an increased implantation period (blue rect-
angle regions in Fig. 6(C)). Although the nano Ta-Fe implant also
exhibited a roughened surface topography, only small-scale roughness
features appeared without any deep or localized pitting on its surface
during the entire implantation period. In the EDS mapping results, the
thin and uniform distribution of oxygen (a possible degradation product
from the Fe substrate) was clearly observed on the surface of nano
Ta-Fe, whereas it was locally and significantly accumulated only near
the surface pit or deep crater on the surface of bare Fe.

3.6. In vivo histological and immunohistochemical analysis

Histological and immunohistochemical images of the bare Fe and
nano Ta-Fe implants after implantation at weeks 4 and 16 are presented
in Fig. 7(A)-(C). The transverse sectioned implants were stained with
H&E and Prussian blue, and the expression of macrophages was detected
through CD68 immunostaining. As illustrated in Fig. 7(A), the bare Fe
implant exhibited non-uniform surface degradation. After 4 weeks of
implantation, the surface of bare Fe in the blue rectangle region became
rough, and degradation byproducts surrounded its surface, displaying a
brownish color in the high-magnification H&E image, whereas there
were no noticeable morphological changes in the red rectangle region.
As the implantation period progressed, bare Fe continued to exhibit a
rough and irregular surface morphology, and a significant number of
degradation byproducts were generated only in the blue rectangle re-
gion. In contrast, for the nano Ta-Fe implant, a uniform surface
morphological change was observed with increased implantation time.
In both the blue and red rectangle regions, nano Ta-Fe appeared to
retain a smooth surface morphology after 4 weeks of implantation, and
it was not noticeably changed when the implantation further progressed
to week 16.

The presence of Fe ions in the surrounding bone marrow tissue was
confirmed by Prussian blue staining, in which ferric ions (Fe3+), an
oxidized form of the Fe degradation byproduct, in the tissue appeared to
be blue, as illustrated in Fig. 7(B). After 4 weeks of implantation, the
bare Fe implant exhibited only negligible Fe>" ion penetration into the
surrounding tissue. In low- and high-magnification images, almost all
tissues were stained red, and it was difficult to identify the specific
penetration depth of Fe>* ions into the bone marrow tissue. For the nano
Ta-Fe implant, its low-magnification stained image appeared to be
similar to that of bare Fe at week 4 of implantation. However, in the
high-magnification image, a light-blue stained region was clearly
observed, and its thickness appeared relatively constant with an average
thickness of 56.8 + 6.3 pm. As the implantation period increased, the
nano Ta-Fe sample displayed more pronounced and widespread Fe>*
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ion penetration in the bone marrow tissue. Even in the low-
magnification image, the Fe®'-ion-penetrated regions were easily
observable around the nano Ta-Fe sample and appeared to have a
relatively uniform distribution with an average thickness of 131.0 +
18.0 pm. Although bare Fe also exhibited a significant increase in the
average ion penetration depth from 18.5 + 13.7 pm to 113.1 + 68.4 pm
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from week 4-16 of implantation, there was marked inhomogeneity
along the inner surface of the bone marrow tissue, and no blue-stained
tissues were observed.

To investigate the immune responses, the expression of macrophages
in the bone marrow tissue was detected by immunohistochemical
staining for the CD68 marker, which is known to play a dominant role in
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foreign body reaction, acute/chronic inflammation, and implant loos-
ening [33]. As illustrated in Fig. 7(C), at week 4 of implantation, both
bare Fe and nano Ta-Fe presented a small number of brown-stained
CD68-positive macrophages in the bone marrow tissue, and their
numbers significantly increased with increased implantation time up to
16 weeks. Although nano Ta-Fe exhibited slightly lower average
macrophage numbers than bare Fe at weeks 4 and 16, there were no
statistical differences between them (p = 0.732 at week 4 and p = 0.909
at week 16).

4. Discussion

Although Fe is known for its high potential as a biodegradable
implant, a limitation to using this material for orthopedic injury is its
extremely slow degradation rate [1,21]. In addition, in a physiological
environment, deep and narrow local degradation zones forming on the
surface of Fe may lead to significant deterioration of its mechanical
performance, resulting in unexpected mechanical failure of the Fe
implant before the bone healing process is completed [3,34]. In this
study, to address this problem, we developed a novel combination of a
nanostructured surface topography and galvanic reaction to achieve
uniform and accelerated degradation of the Fe implant. As a nano-
structured surface possesses an extremely large surface-area-to-volume
ratio, this combination can substantially increase the contact surfaces
between an Fe implant and corrosive body fluids, thereby effectively
enhancing the degradation rate of the Fe implant. In addition, nano-
structured surfaces have similar dimensions to those of the components
of an extracellular matrix, which offers the unique ability to directly
influence cellular and molecular events on the implant surface [25,26].

To develop nanostructured surface galvanic pairs on the Fe substrate,
we employed the recently developed TIPS technique with Ta as a source
of ion implantation as shown in Fig. 8. The TIPS technique enables the
generation of numerous positive Ta ions from the Ta sputtering gun and
their subsequent implantation on the negatively charged surface of the
Fe substrate by applying the substrate bias [25,27]. As illustrated in the
supplemental results (Fig. S7), the degree of the applied negative bias
voltage to the Fe substrate determined the variation in surface roughness
of the Fe substrate due to the influence of incident Ta ion energy and the
surface erosion rate of the Fe substrate. By applying low negative sub-
strate bias voltages (<500 V), incoming Ta ions had insufficient kinetic
energy to sputter the Fe substrate, and dense and crack-free Ta coatings
were formed on the surface of the Fe substrate. In contrast, with an
applied bias voltage of —1000 V, Ta ions were strongly accelerated by
the sheath electric field and impact on the top surface of the Fe substrate,
resulting in continuous surface erosion of the Fe substrate rather than
deposition [27]. More importantly, as illustrated in the cross-sectional
STEM images of the surface (Fig. 1(e)), the Ta element was inhomoge-
neously implanted into the Fe surface, which was considered to be the
cause of the local surface erosion rate differences, and thus, the devel-
opment of surface nanostructures [35,36]. Due to this unique

Power supply

Bioactive Materials 9 (2022) 239-250

characteristic of the TIPS technique, the nanostructured surface layer
possessed excellent structural continuity and integrity with the Fe sub-
strate without any visible physical interface. In addition, a considerable
amount of Ta (<50 at%) was stably implanted in the upper region of the
surface nanostructure, indicating that it should achieve mechanically
robust Ta-Fe nano-galvanic pairs (Fig. 1(f)).

In terms of electrochemical activity, Ta has a lower reversible elec-
trode potential and active position in the standard electrode potential
series compared with Fe. However, because of the stable surface oxide
layer of Ta, called a passive film, its corrosion potential is considerably
shifted towards the positive direction, resulting in occupying the noble
position in the galvanic pair with Fe [37-40]. As a result, when the nano
Ta-Fe sample was in contact with aqueous environments, its nano-
structured surface involved the formation of electrochemical
nano-galvanic corrosion cells and became an excellent starting point for
uniform surface degradation with no preferential sites. Because the
dimension of surface features of nano Ta-Fe were in the nanometer
range with well-defined surface pattern gaps, its effective surface area
could greatly increase with good water absorbing ability of the nano
Ta-Fe surface layer. These physical surface characteristics are known to
affect the value of the charge transfer resistance and induce corrosion
potential shift to more negative values. This was a key factor in the
homogeneous decrease in the overall Fe surface potential (Fig. 2(a) and
(b)) and uniform surface degradation behavior (Fig. 4(A) and (C)) of the
nano Ta-Fe sample compared to that of bare Fe.

According to electrochemical and immersion tests (Fig. 2(c)-(d) and
3), bare Fe exhibited a relatively inactive surface compared to nano
Ta-Fe, and most of the surface retained its initial flat and smooth surface
morphology during the entire immersion period. This indicates the
formation of close and intimate adhesion between the degradation
product layer and the Fe substrate, thereby providing a stable physical
barrier in enhancing corrosion resistance and reducing Fe surface
degradation. In contrast, the nano Ta-Fe surface provided only a limited
area (top of the surface nanostructures) at the interface. Under the
degradation product, the surface nanostructures led to continuous ac-
cess to the aqueous environment and long-lasting electrochemical ac-
tivity [21].

In vitro mechanical and in vivo degradation assessments verified that
the surface nano-galvanic corrosion cells of nano Ta-Fe enabled uniform
surface degradation and consistent mechanical performance within 40
weeks. For bare Fe, with body fluid exposure, localized surface degra-
dation of Fe was randomly initiated by the competitive adsorption be-
tween chloride ions and passive species (e.g., hydroxide ions and dipoles
of water molecules) [34,41]. Once the concentration of chloride ions
reached a critical value on the surface of the Fe substrate, it was possible
to initiate and propagate the local Fe degradation over a long period of
time, which in turn produced readily observable deep and irregular
craters on the surface of the Fe substrate (Fig. 4(C) [in vitro] and 7 A [in
vivo]). This behavior is regarded as one of the most destructive and
insidious types of metal degradation, and directly affects not only the

Implanted Ta ions

Fig. 8. Schematic diagram of the TIPS process for Fe implants with Ta sputter target and negative substrate bias voltage of 1000 V.
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strength, but also ductility of the implant [21-23].

The presence of surface irregularities can easily lead to stress con-
centration in the deep and narrow crater regions under physiological
load conditions that may subsequently trigger the uncontrollable prop-
agation of cracks at lower strain and stress levels than on a uniform
surface [42,43]. Because the design, manufacturing, and assessment of
orthopedic implants are generally based on the assumption of consistent
mechanical performance after implantation, bare Fe can no longer be
regarded as acceptable and safe for use in clinical practice. In contrast,
for the nano Ta-Fe sample, numerous nano-galvanic cells formed on its
surface were crucial to the enhancement of surface degradation activity
and resulted in uniformly distributed degradation sites with a significant
reduction in surface roughness both in vitro and in vivo. Therefore,
despite its higher volumetric loss than that of the bare Fe sample, nano
Ta-Fe exhibited almost unchanged values of the UTS and elongation rate
up to 40 weeks of immersion. These long-term statistical results imply
that the nano Ta-Fe implant can be regarded as a long-term reliable and
stable treatment option in clinical practice.

Biocompatibility of the bare Fe and nano Ta-Fe samples was
confirmed by both in vitro cellular response and in vivo animal tests.
Although Fe participates in a wide variety of metabolic processes in the
body, when the number of released Fe ions from the implant exceeds the
tolerable limit for uptake by intracellular elements, cells inevitably
suffer various degree of cytotoxicity, and severe immunogenic responses
can be triggered, thus limiting the efficacy and biosafety of Fe [44,45].
In fact, as illustrated in Figs. 3(D) and 7(B), nano Ta-Fe exhibited an
almost twofold higher level of Fe ion release than the bare Fe implant in
the SBF immersion test, and after implantation into the rabbit femur
medullary cavity, Fe ions were more broadly distributed in the bone
marrow tissue around the nano Ta-Fe implant than bare Fe. Therefore,
to address this concern, we performed two different sets of in vitro assays
in which osteoblasts were cultured on either the sample surfaces directly
with fresh culturing media (case 1) or culture plates with culturing
media obtained after pre-incubation with bare Fe and nano Ta-Fe
samples (case 2). The result of the case 1 assay revealed that nano Ta-Fe
provided a favorable surface environment for cell attachment and
spreading, exhibiting a higher number of adhered osteoblasts on its
surface with a wider spreading morphology than on bare Fe (Fig. 5(B)).
In addition, the osteoblasts proliferated almost threefold from day 1-3
with no difference in cell viability between the bare Fe and nano Ta-Fe
samples at any culturing time point in the case 2 assay (Fig. 5(C)).

It has been demonstrated that extremely high concentrations of Fe
ions (>170 pg/ml) lead to oxidative damage to lipids, suppressed
mitochondrial activity, and the formation of large precipitates in the
cytoplasm, thereby inducing severe cell damage [44]. In this study, the
accumulated Fe ion concentration up to 28 days for the bare Fe and nano
Ta-Fe samples was only 22.4 pg/ml and 51.0 pg/ml, respectively, which
was in the range of biologically acceptable tolerance in terms of meta-
bolism. In addition, supplemental pH testing demonstrated that the bare
Fe and nano Ta-Fe samples exhibited negligible pH increase during the
14 days of immersion in SBF solution (Fig. S8). The in vitro assay was
well matched with the in vivo immunohistological analysis, in which the
nano Ta-Fe implant did not exhibit any signs of local toxicity compared
to the pure Fe implant (Fig. 7(C)). In addition, previous studies indicated
that nanostructured surfaces, such as pores, wells, and grooves, are able
to elicit biologically active cellular responses by regulating
integrin-dependent cell adhesion signaling pathways [25,26,46-48]. In
particular, surface features in the size range of 200-300 nm have
demonstrated a profound effect on the surface hydrophilicity and for-
mation of focal adhesion and filopodia extensions of cells, leading to a
considerable extension of the cell structure compared to flat or
micro-structured surfaces [25]. During this process, filopodia play an
essential and primary role in signaling and sensing the surrounding
microenvironment and stabilizing the cytoskeleton structure of cells on
top of the surface nanostructures [26]. Therefore, the formation of
numerous filopodia-like cell extrusions and enhanced cell spreading

249

Bioactive Materials 9 (2022) 239-250

behavior of osteoblasts on nano Ta-Fe indicated active cell surface
interaction, thereby increasing the probability of forming intimate
implant contact with the host bone tissue. The substantially improved
surface hydrophilicity of nano Ta-Fe also led to high affinity for blood
by preventing platelet adhesion and activation on its surface. Because
hydrophobic surfaces lead to the strong adsorption and irreversible
conformational change of blood proteins via hydrophobic interaction,
the hydrophilic surface property of nano Ta-Fe prevented protein
denaturation and suppressed subsequent platelet recruitment, adhesion,
and activation (Fig. 5(D) and (E)) [24].

5. Conclusion

In this study, a novel strategy to accelerate the degradation rate of Fe
implants with uniform surface degradation was demonstrated using the
TIPS surface modification technique. With this technique, numerous Ta
ions were generated and accelerated strongly toward the surface of the
Fe implant by applying a high negative bias voltage to the Fe implant,
which made it possible to develop Ta-implanted nanostructures on the
Fe implant surface via continuous Fe surface erosion. Due to the higher
corrosion potential of Ta than Fe, the surface of nano Ta-Fe acted as
effective nano-galvanic couples under body fluid conditions and led to
an increased rate of surface corrosion. Despite the relatively high
degradation rate of nano Ta-Fe, its uniform surface degradation made it
possible to exhibit consistent mechanical properties for up to 40 weeks
of immersion. The in vitro osteoblast assay and in vivo rabbit femur
medullary cavity implantation confirmed that nano Ta-Fe enhanced
osteoblast adhesion and spreading on the surface. In addition, there was
no sign of cellular or tissue toxicity despite the higher level of released Fe
ions for nano Ta-Fe than the bare Fe implant. The present study thus
demonstrates that the TIPS technique offers a new and safe approach in
the pretreatment of Fe orthopedic implants to achieve an accelerated
degradation rate and enhance the clinical outcome and biosafety of
implants.
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