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Abstract: Although the use of reactive oxygen species (ROS)
has been extensively studied, current systems employ external
stimuli such as light or electrical energy to produce ROS, which
limits their practical usage. In this report, biocompatible metals
were used to construct a novel electrochemical system that can
spontaneously generate H,O, without any external light or
voltage. The corrosion of Mg transfers electrons to Au-
decorated oxidized Ti in an energetically favorable process,
and the spontaneous generation of H,O, in an oxygen
reduction reaction was revealed to occur at titanium by
combined spectroscopic and electrochemical analyses. The
controlled release of H,O, noticeably enhanced in vitro angio-
genesis even in the absence of growth factors. Finally, a new
titanium implant prototype was developed by Mg incorpora-
tion, and its potential for promoting angiogenesis was demon-
strated.

Reactive oxygen species (ROS) play pivotal roles in
numerous physiological processes in vivo, and their unique
redox properties have served as a basis for the development
of a number of biological breakthroughs."! Not surprisingly,
interest in the generation of ROS has increased, underscored
by emerging studies demonstrating artificial ROS forma-
tion.°! In particular, ROS photogenerated from metal oxides
have been shown to exert an oxidative stress on cells and have
been utilized accordingly in anticancer and antibacterial
applications.[*”! Interestingly, lower levels of ROS regulate
cellular redox signaling without exerting their cytotoxic
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effects, and have been shown to thereby promote physiolog-
ical events such as cell migration and proliferation./*) Among
the various ROS species, hydrogen peroxide (H,O,) has been
implicated as an important species in redox signaling during
angiogenesis, and H,O, released from metal oxides has been
shown to promote angiogenesis in both in vitro and in vivo
models.>”") However, the application of photogenerated
ROS is limited by the difficulties associated with delivering
light into a physiological environment.

In another approach, electrochemical systems comprising
a metal oxide as the cathode and a noble metal as the
counterelectrode have been investigated for generating
ROS."" However, the introduction of an external potential
source confers further complexity and thus hinders biological
applications. Put together, a crucial limitation of current
systems is that an external stimulus such as light or electrical
energy is required for the formation of ROS, thereby
thwarting their practical use in physiological environments.
Moreover, as ROS exert concentration-dependent effects on
cells,>?! controlling the amount of ROS in an application-
specific manner is pivotal. In this regard, a system that can
generate ROS in a controlled manner in the absence of
external stimuli is highly desirable for potential biological
applications.

The corrosion of biocompatible metals can be an alter-
native and simple electron source to metal oxides for
generating ROS. When the Fermi level of the metal is
higher than the conduction band of the oxide, the electrons
generated by corrosion of the metal can be transferred into
the conduction band in an energetically favorable way
(Scheme 1a). The reducing power of the transferred electrons
is sufficient for oxygen reduction, and ROS can thus be
generated by metal corrosion triggered electron transfer.
Among various biocompatible metals, magnesium is a prom-
ising candidate owing to its high reducing power and excellent
biodegradability.['*]

Herein, we have developed a novel electrochemical
system that can spontaneously generate H,O, through the
corrosion of a biocompatible metal. Inspired by the high
biocompatibility of Mg and Ti,l'"'%! which are both used in
orthopedic implants, we used Mg- and Au-decorated oxidized
Ti as the anode and cathode parts, respectively (Scheme 1b).
Oxidized Ti was chosen as the cathode material because of its
facile formation on Ti metal by anodization and its proven
catalytic ability in the oxygen reduction reaction (ORR).['*1?!
Our system generated H,O, in phosphate buffered saline
(PBS) and cell-culture media in a controlled manner, as
determined by combined spectroscopic and electrochemical
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Scheme 1. a) Fermi level of Mg, energy bands of TiO,, and redox
potentials of O,/O,”, O,/H,0,, and O,/H,0O. Electrons from Mg can
be transferred into the conduction band of TiO, where an oxygen
reduction reaction occurs through an energetically favorable pathway.
b) Schematic representation of the Mg and Ti/TiO,/Au based electro-
chemical cell. In the anode, Mg corrodes into Mg®" ions, thereby
generating electrons that reduce O, molecules at the cathode without
an additional applied voltage.

techniques. By controlling the amount of H,0, released, we
demonstrated that our system can be used for promoting
angiogenesis in vitro. Moreover, we developed an implant
prototype that consists of a Mg anode inside oxidized Ti
metal, and demonstrated its potential for promoting angio-
genesis.

A TiO, layer was formed on a Ti substrate according to
a facile, previously described anodizing method."” Au
clusters were then deposited onto the TiO, layer to improve
the catalytic ability of TiO, in the ORR.*!? A cross-section
of the Ti/TiO,/Au cathode was obtained by cutting with
a focused ion beam (FIB) and examined by transmission
electron microscopy (TEM) analysis (Figure 1a—c). At the
topmost surface of the cathode, approximately 3 nm sized Au

Amorphous TICZ-

Crystalline Ti

Au nanoparticle

gu i}
o T TiO, film
I

T Tisubstrate
‘ Ti
A

0 600 500 400 300 200 100

4 6 8
Energy (keV) Binding Energy (eV)

Figure 1. a) TEM images of the cross-section of a Ti/TiO,/Au plate cut with a focused
ion beam (FIB). b) HR-TEM images and FFTs of the three regions. Lattice fringes in
the Ti and Au regions are indicated by white and yellow arrows, respectively. c) Point
EDX spectrum for the Au, TiO,, and Ti regions. The Cu peak is a result of the Cu
TEM grid. d) XPS spectra and e) AFM images of the Ti/TiO,/Au surface.
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clusters were well-distributed over the amorphous TiO, films
with a thickness of about 20 nm (Figure 1a). A closer
examination of these regions by HR-TEM indicated Au
cluster lattice spacings of 0.230 nm and 0.205 nm, which are in
good agreement with the inter-plane distances of Au{111} and
Auf200}, respectively (Figure 1b). Whereas the anodized
TiO, layer did not display any noticeable crystallinity or
atomic arrangement, the Ti substrate was highly crystalline
and comprised (001) and (101) planes (Figure 1b). Point
energy-dispersive X-ray (EDX) analysis confirmed that the
well-ordered structures comprise three layers (Figures 1c; see
also the Supporting Information, Figure S1). Moreover, X-ray
photoelectron spectroscopy (XPS) and atomic force micros-
copy (AFM) measurements showed that clusters of approx-
imately 3 nm height had been deposited onto the substrate
and clearly revealed the Au 4d and 4f peaks (Figure 1d,e and
S2).

The electrochemical characteristics of the Mg-Ti/TiO,/Au
system were evaluated at pH 7.4 in PBS in the presence and
absence of O, at 37°C. The voltages of Mg vs. Ag/AgCl, Ti/
TiO,/Au vs. Ag/AgCl, and Ti/TiO,/Au vs. Mg were recorded
as a function of the discharging current density in the O,-
saturated PBS solution (Figure S3a). For a discharging cur-
rent of up to 1.0 mA cm™?, the voltage of Mg vs. Ag/AgCl was
maintained around —1.5 V. This voltage is in good agreement
with that given in previous report, which showed that the
dominant anodic reaction is corrosion of Mg into Mg*" ions or
Mg(OH),. Indeed, optical and scanning electron microsco-
py (SEM), TEM, selected-area electron diffraction (SAED)
analysis, and EDX spectroscopy showed that white precip-
itates, that is, crystalline Mg(OH),, had formed on the Mg
surface after the discharging tests in solution (Figure S4-S8).

Contrary to the voltage at the Mg anode, that of Ti/TiO,/
Auvs. Ag/AgCl gradually decreased from —0.2 Vto —1.2 Vas
the discharging current density increased from 0
to 1.0mAcm™> and a sharp decrease in the
voltage was observed at a current density of
approximately 0.6 mAcm 2 (Figure S3a). The
change in the voltage with the current density
indicates that the nature of the cathodic reaction
depends on the current density."®! Several reduc-
tion processes are possible at —0.2 Vto —1.2 V vs.
TO Ag/AgCl: oxygen reduction to H,0, or H,O
(0.065V and 059V vs. Ag/AgCl) or hydrogen
evolution (—0.64 V vs. Ag/AgCl) at pH 7.4. Based
on the theoretical reduction potentials of the three
reactions, the ORR is dominant at lower discharg-
ing currents whereas hydrogen evolution domi-
nates at higher currents. Owing to the decrease in
the Ti/TiO,/Au vs. Ag/AgCl voltage with the
discharging current, the overall voltage of Ti/
TiO,/Au vs. Mg consequently decreases with an
increase in the discharging current (Figure S3a).

The occurrence of the ORR at the cathode
was confirmed by control experiments in N,-
saturated PBS solution (Figure S3b). Contrary to
the voltage of Ti/TiOy/Au vs. Ag/AgCl in O,-
saturated conditions, which decreased sharply to
—1.0 V at a discharging current density of approx-
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imately 0.6 mAcm 2, the voltage decreased dramatically at
a very low current density, reaching —1.0 V at 0.1 mA cm 2.
Different voltage values in the low current density region in
the presence and absence of O, in the electrolyte indicates
that the ORR is certainly involved in the cathodic reaction
during the discharging process.

Cyclic voltammetry measurements were performed in
both O,- and N,-saturated PBS solutions to evaluate the
reactions at the Ti/TiO,/Au cathode at 37°C (Figure 2a).
Under O,-saturated conditions, the reduction and oxidation
peaks for Ti/TiO,/Au appeared around —0.3 V and 0.1 V vs.
Ag/AgCl, respectively, whereas negligible current was
observed in this voltage range under N,-saturated conditions.
These different electrochemical behaviors, which depend on
the presence of O, in the electrolyte, clearly confirm that an
ORR occurs in Ti/TiO,/Au.

To determine whether the ORR proceeded through a two-
electron or four-electron pathway, we first measured the
amount of H,O, produced during bulk electrolysis at an
applied voltage of —0.4 V vs. Ag/AgCl (Figure 2b). Using the
N,N-diethyl-p-phenylenediamine (DPD)/horseradish perox-
idase (POD) method,"” we calculated the Faradaic efficiency
of H,0, generation based on the measured H,0, amount and
the total charge transferred during bulk electrolysis at specific
time points.''l After 5 min of bulk electrolysis, the Faradaic
efficiency was measured to be 65 %; it decreased slightly with
time, reaching 40% after 60 min of bulk electrolysis. The
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overall drop in Faradaic efficiency may be a result of further
H,O, reduction into H,O.""

The reduction process at the Ti/TiO,/Au cathode was
further investigated using rotating-disk electrode (RDE)
analysis in O,-saturated PBS at 37°C (Figure 2¢,d). The
electron transfer number (n), calculated from the slopes of
the Koutecky—Levich plots'?*) was less than three from
—040V to —0.60 V vs. Ag/AgCl, suggesting that the two-
electron process is more favorable than the four-electron
process. In combination with the spectroscopic evidence for
H,0, generation, the formation of H,O, through the ORR
has thus been confirmed for our Mg-Ti/TiO,/Au system.
Additionally, rotating ring-disk electrode (RRDE) measure-
ments also corroborate the generation of H,O, through the
ORR in both PBS and EBM-2 (endothelial growth basal
medium; Figure S9).

Moreover, by using a metal conduit as a simple electric
connection between the Mg anode and the Ti/TiO,/Au
cathode, H,O, was generated in the absence of any applied
external voltage or current in EBM-2 and PBS (Figure S10);
a system without a metal connection (disconnected system)
was used as the control. The amount of H,O, formed in EBM-
2 gradually increased over time for the connected system,
reaching 16 um after 30 min of connection whereas the
amount of H,O, was negligible (< 5 pum) for the disconnected
system (Figure 3a). While negligible, the small amount of
H,O, generated in the control group may be a result of

spontaneous Mg corrosion, which could generate
H,0, near the Mg surface.”! A similar trend in
H,O, generation was observed for samples in
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Figure 2. a) Cyclic voltammetry curves for the Ti cathode in O,-saturated (blue) and
N,-saturated (black) PBS buffer. b) H,0O, concentration and Faradaic efficiency of
H,O, generation from the Ti/TiO,/Au plate as a function of the bulk electrolysis time
at an applied voltage of —0.4 V vs. Ag/AgCl. A bulk electrolysis profile is shown in
the inset. c) Linear sweep voltammetry curves for the Ti/TiO,/Au plate with various
rotation rates in O,-saturated PBS buffer. The background curve was obtained in N,-
saturated PBS buffer (gray). d) Koutecky—Levich plots for the Ti/TiO,/Au plate as

a function of the applied voltage; n values: 2.4 (R*=0.98, —0.40 V), 2.3 (R*=0.99,
—0.45V), 2.5 (R*=0.96, —0.50 V), 2.4 (R*=0.96, —0.55 V), 2.8 (R*=0.97, —0.60 V),

and 3.8 (R*=0.98, —0.65 V).
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released H,O, was controlled by changing the
incubation time of the system. After incubation,
the Mg-Ti/TiO,/Au system was removed, and the
culture medium was replaced with fresh culture
medium without H,O,. The H,O,-stimulated
HUVECs were then placed onto 96 well plates
coated with Matrigel devoid of supplemental
growth factors and cultured in EBM-2 media
without supplemental growth factors. HUVECs
without H,O, stimulation cultured in EBM-2
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Figure 3. a) Concentration of H,0O, generated from connected (black)
and disconnected (red) Mg-Ti/TiO,/Au cells in a) EBM-2 medium and
b) PBS buffer. c) Experimental setup for determining the effect of the
Mg-Ti/TiO,/Au system on vascular morphogenesis. d) Representative
images of HUVEC tube formation on Matrigel after culturing in

a connected system for 30 min or in a disconnected system for 30 min
and the positive and negative controls (scale bar: 500 um). e) Pooled
data from five independent experiments, showing the total number of
tube branches per field; the area of a single field is 2.35 mm?” The T1
and T2 groups are HUVECs that were cultivated in a connected
system or in a disconnected system, respectively, for 30 min.

media with or without supplementary growth factors were
chosen as positive and negative control groups, respectively.

Interestingly, after 8 h of cultivation, HUVECs incubated
for 30 min in a connected system showed capillary formation
(Figure 3d). On the other hand, HUVECs incubated for
30min in the disconnected system exhibited negligible
capillary formation; this result was similar to that of the
negative control (Figure 3d). Quantitative analysis showed
that the average number of tube branches per field is
approximately 23 for HUVECs pre-stimulated in a connected
system, but below 5 for those stimulated in a disconnected
system (Figure 3e¢). Whereas the positive control group
showed a higher number of tube branches, the distinct
difference compared to the other control groups is worthwhile
to be noticed.

These results are in line with a previous report, which had
described that 10 um of H,O,, which is similar to the
concentration range of our connected system when incubated
for 30 min, facilitates vascular morphogenesis.” Moreover,
quantification of the DNA content with a PicoGreen assay
demonstrated an enhanced number of HUVECs in the
connected system compared to that of the negative control
group and the disconnected system (Figure S11). Put
together, we have demonstrated that our system can be
used to promote angiogenesis by the spontaneous generation
of H,0,.

It should be noted that contrary to the positive results
observed at low levels of H,O, stimulation, in HUVECs
exposed to high levels of H,0O, (approximately 100 um for
30 min) angiogenesis is not promoted; instead, the cell
number is reduced because of the oxidative stress induced
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by H,O, (Figure S12).>* Interestingly, the high levels of
H,O, generated using the connected system had an anti-
bacterial effect as observed with E. coli suspended in PBS
(Figure S13). These results highlight the importance of the
controlled generation of H,O, for promoting angiogenesis
and simultaneously draw our attention to another potential
use of our system, namely as an antibacterial agent. The
release of H,0, can be controlled by carefully adjusting the
discharging time or other process parameters, such as the
anodizing potential, to render our system suitable for further
biological applications (Figure S14).

Finally, based on the effect of our Mg-Ti/TiO,/Au system
on angiogenesis, we designed a new Ti-based implant proto-
type by physically integrating Mg inside a screw-type Ti
implant. Owing to the metallic nature of Mg and Ti, electrons
generated from the corrosion reaction of Mg can easily be
transferred to the Ti surface through the Mg/Ti interface
without any supporting conductors. The integrated prototype
after surface oxidation and gold deposition was then
employed in EBM-2 media containing HUVECs (Figures 4
and S15). An enhanced level of HUVEC tube formation was
observed compared to that of the negative control, and 15 min
of incubation time gave the optimum effect for vascular
morphogenesis (Figures 4 c and S15). This result suggests that

Mg incorporation

)
)

Ti anodizing

b

c)

Tube branch number/Field

P-con N-con

5min 15 min 30 min

Figure 4. a) Fabrication of an integrated Mg-Ti/TiO,/Au implant proto-
type. The Mg anode was incorporated into the Ti implant maintaining
the metal contact, followed by Ti implant anodization and Au sputter-
ing. Using the electrons generated from the corrosion of Mg, the ORR
spontaneously occurs at the surface of the Ti implant. b) Optical
image of the integrated prototype. c) The total number of tube
branches per field depends on how long the HUVECs are exposed to
the implant prototype, as assessed in five independent experiments.

conventional Ti orthopedic implants can be improved to
support angiogenesis by the simple integration of Mg inside
the implants.

In summary, we have designed a novel metal-based
electrochemical system that spontaneously produces H,O,
by coupling biocompatible magnesium and oxidized titanium.
Mg corrosion induces the transfer of electrons from Mg to
TiO,, which in turn generates H,O, in the absence of an
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http://www.angewandte.org

external potential source. By controlling the amount of H,O,
released by varying the discharging time, we demonstrated
that our system can be used for promoting angiogenesis.
Moreover, we incorporated Mg into conventional Ti implants
to achieve an enhanced level of angiogenesis, and showcased
the potential application of the Mg/Ti integrated system as
a functional orthopedic implant. We envision that our
approach of utilizing the corrosion of biocompatible metals
to generate electrons can be further extended to triggering
other redox reactions in biological systems.
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