creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

FoAL ST

Mechanism study of the corrosion and
ROS generation on the biodegradable
metals for biomedical engineering
application

2023 2¢

A&t oishy
FT4U% A=

r{o

of4
o
1



Mechanism study of the corrosion and
ROS generation on the biodegradable
metals for biomedical engineering
application

o] EES FIWA FPERoD ASF
20233 2¢¥

A=digha dishd
FTHUE A=F T
q 1L

20221 12€

99 g = F 4 @)
29190% P B G2
I A T )
9 9 I )
9 9 s m g (@)




Abstract

Magnesium (Mg) is used in various medical engineering fields such as orthopedics,
dentistry and etc. due to its excellent mechanical properties, biocompatibility, and
biodegradability. Despite these advantages, the use of Mg is limited because of its high
corrosion rate. In particular, the dynamic corrosion behavior of the initial corrosion state plays a
critical role in cell adhesion and cell-surface bonding and determines the success of implant
materials. Therefore, it is very important to understand the corrosion mechanism of Mg. Mg and
its alloys generate corrosion products such as hydrogen gas (H2), reactive oxygen species
(ROS), and various oxides during the corrosion process. In this dissertation, we aimed to expand
their applications in biomedical engineering by understanding the corrosion mechanisms and
controlling corrosion products of Mg and its alloys.

Despite innovative advances in stent technology, restenosis is a significant problem for
clinical stent implantation. ROS are known to potentially accelerate re-endothelialization and
prevent restenosis by selectively controlling endothelial cells (EC) and smooth muscle cells
(SMC). In order to generate ROS in the human body, various external stimuli such as ultrasound,
light, etc. are required, but galvanic corrosion can easily induce ROS generation with simple
coating layers. We report a novel biodegradable hybrid material composed of a biodegradable
polymer and double anode/cathode metal layers to enhance re-endothelialization and inhibit
restenosis. Pure Zn and Mg thin films were deposited on a poly-l-lactic acid (PLLA) substrate
by DC magnetron sputtering, and a long-term immersion test using the biodegradable hybrid
material was performed in a phosphate buffer saline (PBS) solution. Both superoxide anions and
hydrogen peroxide were produced smoothly even after the positive Mg layer was completely
consumed. Therefore, it was concluded that ROS generation by corrosion of PLLA-based
hybrid materials could continue until the anode metal layer was depleted.

Second, in biomedical engineering, ROS are recently been actively studied for their
excellent potential capability such as antibacterial activity, cancer treatment, etc. However, the
corrosion rate of metal was mostly interpreted as the H2 generation. Accordingly, based on

metallurgical factors, we tried to find the most prominent factor of ROS generation by the
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corrosion of Mg and Mg-based alloys. By measuring the amount of ROS generated by
immersing the Mg alloy in the PBS solution, surface properties were applied as more important
to ROS generation than electron supply by corrosion. As experimental proof, the surface
reaction was thoroughly investigated in an environment where the influence of natural corrosion
was minimized by artificially applying a cathode current. As a result, the supply of electrons
was not always involved in ROS generation. Another experimental proof, the oxide layer, and
7ZnO model test, clearly demonstrated that the type of cathode phase, and the oxide layer formed
on the surface, that is, the intrinsic characteristics of the alloy surface, are the most important
factors in the ROS generation. Through this, based on the microstructure and phase analysis of
the surface, it will be possible to predict the dominant reaction of the alloy, and it will be
expected that ROS generation can be newly induced through alloy manufacturing, surface
coating, and surface treatment.

Third, biodegradable metals have received limited attention for application in transdermal
drug delivery, although metallic microneedles (MNs) and iontophoresis have been thoroughly
researched for this purpose. Here, we present Mg as a salient candidate for an MN electrode. Its
metallic properties enable the application of voltage to enhance the diffusion of charged drug
molecules, while H2 generated during Mg corrosion has prevented its application as electrodes.
The Mg MN electrode was fabricated using a nanosecond laser, and the amount of H2 was
measured during iontophoresis. Accordingly, an appropriate potential window for iontophoresis
was established based on the combined effect of enhanced drug diffusion by applied electric
potential and impediment from H2. The dye permeation tests of the Mg MN on the porcine skin
demonstrated the combined effect of the Mg MN and iontophoresis. The dye migration
decreased at higher voltages due to excess H2 and the corrosion of needle tips, both making the
diffusion of charged dye molecules along the Mg MN surface harder. These results demonstrate
the optimal potential range of Mg MN electrodes for transdermal drug delivery with an electric
field and H2 generation during iontophoresis.

As a result, galvanic corrosion, micro galvanic corrosion, and electrochemical corrosion of
Mg and Mg-based alloys were analyzed, and the corrosion products were used to confirm their

applicability to various biomedical engineering fields such as stent restenosis prevention and
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transdermal drug delivery. In the future, based on the above research results, it is expected that
the application range of Mg, a biodegradable metal, will be wider, and it will be effectively

applied in various fields by appropriately controlling the generation of corrosion products.
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potential for 1 h.
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Chapter 1. Introduction

1.1 Study background

1.1.1 Mg and Mg-based alloys as biomaterials

Biomaterials, which are the basic materials of artificial tissues and organs, collectively
refer to materials that are in direct contact with living tissues as a means of diagnosis, treatment,
and prevention of diseases [1]. In particular, it is used to replace morphological and functional
defects of damaged or dysfunctional human tissues and organs [2]. In practice, polymer, metal,
and ceramic materials are used, and the application range is very diverse. Representative
properties required as biomaterials are biofunctionality and biocompatibility [3]. Biofunctional
properties such as chemical stability, adequate mechanical strength, appropriate design, and
easy processability are required to fully perform the target function while the biomaterial exists
in the body. In addition, when a biomaterial comes into contact with a living tissue or body fluid,
it should not exhibit a rejection reaction, and the interaction with the living tissue should be
smooth.

Because metal materials are excellent in strength, toughness, and rigidity, they are used in
orthopedics for fracture fixation, artificial joints, etc [2-3]. It is desirable that these devices be
quickly removed when their duties have been completed, but reoperation is required and the
patient is inevitably burdened. In order to avoid such a burden, a biodegradable metal material
that is gradually decomposed and lost in the body is attracting attention.

Magnesium (Mg), one of the representative biodegradable metals, is an essential element
that occupies a large amount of the fourth mineral constituting the human body. In addition, it is
a metal element with excellent biocompatibility enough to form calcium phosphate, a substance
similar to bone, by reacting with calcium ions in body fluids and phosphoric acid [4]. It has
been reported that the density of Mg is 1.74 - 2.0 g.cm?®, which is similar to that of hard tissue
(1.8 - 2.1 g/cm®) in humans and lower than that of Ti (4.4 - 4.5 g/cm®) [4-5]. The fracture
toughness of Mg is higher than that of ceramic. With an elastic modulus similar to that of bone,
Mg-based alloys prevent the stress-shield effect. For its excellent biocompatibility and

mechanical properties similar to those of human bone, Mg has been considered as a potential
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candidate for applications in orthopedics, dentistry, etc [6]. Above all, the biodegradable
properties of Mg are very noteworthy [7]. When implants are inserted into the human body,
biodegradable metallic materials heal fractures, replace broken bones, and self-degrade. The
advantage of using a biodegradable metal material for implantation is that no secondary surgery
is required after implantation [8].

When using Mg, its alloys whose performance has been improved to suit the purpose are
often used rather than the pure metal [9-11]. As a representative biodegradable metal, the Mg-
based alloys have already been actively studied in various fields such as orthopedics [12-13],
dental [14], and cardiology [15]. These properties have been improved by an advanced casting
process and the design of alloying-added elements [9-11]. Additional elements for reinforcing
the mechanical properties of mg alloys should be nontoxic. Typical alloying elements in Mg-
based alloys are calcium (Ca), zinc (Zn), manganese (Mn), and zirconium (Zr), which are
present in the human body [16-17]. The Ca element is a major component in human bone,
furthermore, it is involved in human metabolism and chemical signaling with cells [17]. It has
been evaluated that the addition of Zn, Mn, and Zr enhanced mechanical and corrosion

properties by changing microstructure such as grain sizes and phases [18-20].

1.1.2 Biodegradable corrosion of the pure Mg metal

Despite these advantages, the most limiting reason for the use of Mg is its aggressive
corrosion rate. Mg corrosion proceeds through the following chemical reactions [21];
Mg = Mg?* + ¢~ (anodic reaction)
2H,0 +2¢” = H» + 20H™ (cathodic reaction, water decomposition reaction)
0, +¢” 2 Oy (cathodic reaction, oxygen reduction reaction)
‘O +2H" +2¢” 2 H,0,
Electrons generated as metals corrode participate in chemical cathodic reactions such as water
decomposition and oxygen reduction reactions (ORR) (Figure 1) [22-23]. The water
decomposition reaction generates hydrogen gas (H,) and OH™ to raise the surrounding pH and
alkalinize it. On the other hand, in ORR, dissolved oxygen in the solution meets electrons on the

surface to generate the reactive oxygen species (ROS); superoxide anion (-O’), and hydrogen
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peroxide (H20) in turn [24-25]. In particular, the dynamic corrosion process in the initial
corrosion stage plays a decisive role in cell attachment and surface-cell bonding and determines
the success of implant materials [26-28]. Therefore, it is very important to understand the

corrosion mechanism of Mg and Mg-based alloys.



Figure 1. Schematic illustration of corrosion mechanism on the surface of the pure Mg.



1.1.3 Corrosion products by corrosion of the Mg-based materials

Mg and Mg-based alloys generate corrosion products such as H,, ROS, and various oxides
during the corrosion process. The electrons participating in water decomposition generate Ha,
and it has been studied in a positive or negative way in the use of Mg-based alloys. Hydrogen
pockets generated by active corrosion of Mg metal during implant insertion [29-30] led to the
development of alloys with high corrosion resistance to control the corrosion rate by applying
the methods such as Mg-based alloys, surface coating, surface treatment and etc [11, 31-32]. On
the other hand, the high reactivity of Mg is attracting attention as it can deliver drugs farther
from the microneedle during transdermal drug delivery [33], as well as increase the therapeutic
effect by increasing the pH of the surrounding environment during cancer treatment [34].

In most studies dealing with the corrosion rate of the Mg, only this amount of H, generated
is explained and analyzed. However, electrons generated as the Mg corrodes can also react with
dissolved oxygen in the solution to generate ROS [35-36]. Mg corrosion is actively involved in
ROS generation as a very promising antibacterial agent [37-41]. ROS are actively studied in the
field of biomedical engineering by treating cancer and killing harmful bacteria with their
excellent antibacterial activity [42-44]. In addition, they are recently in the spotlight in the fields
of catalyst and environment as well [45-46]. For this reason, it has become important to
understand the tendency of ROS generation due to Mg corrosion. As such, the products
produced by the corrosion reaction of Mg based alloys are widely applied in the field of

biomedical engineering.



1.2 Objective of this study

This dissertation aims to expand the possibilities to various biomedical engineering
applications by understanding the corrosion mechanism of Mg and Mg-based alloys and
controlling the amount of corrosion products generated. Mg-based materials are used in various
medical engineering fields such as orthopedics and dentistry due to its excellent mechanical
properties, biocompatibility, and biodegradable properties. This thesis consists of three parts.

First, we tried to prevent re-endothelialization during stent insertion by inducing galvanic
corrosion and promoting ROS using a coating layer of biodegradable metals Mg and Zn. In
order to generate ROS on the metal oxides in the human body, various external stimuli such as
ultrasound and light are required, but galvanic corrosion can easily induce ROS generation with
a simple coating layer.

Second, the ROS generation mechanism of Mg and Mg-based alloys was studied. The
corrosion rate of these metals was mostly interpreted as the evolution of H,. However, as the
importance of antibacterial activity and cancer treatment by ROS has emerged in the field of
medical engineering, we have sought to expand the use of Mg-based alloys in various fields by
identifying the main factors that generate ROS on metal surfaces.

Third, we tried to apply it to the field of safe and efficient transdermal drug delivery by
controlling drug delivery through electrochemical corrosion of Mg. The active corrosion rate of
Mg has made its use as an electrode difficult. However, its excellent biocompatibility properties

make it a very attractive biodegradable microneedle candidate by combining with iontophoresis.



Chapter 2. Development of Organic/Inorganic Hybrid
Materials for Fully Degradable Reactive Oxygen Species

releasing stents for anti-restenosis

2.1 Introduction

Despite innovative advances in stent technologies, in-stent restenosis (ISR) remains a
crucial issue for the clinical implantation of stents [47-48]. The early success of bare metal
stents (BMSs) was overshadowed by the high ISR ratio (17-41% [47]), and drug-eluting stents
(DESs) have been introduced to suppress neointima growth and proliferation of smooth muscle
cells [49-50]. Due to the importance of preventing ISR problems, not only the drug-eluting
stents, but also some other multifunctional stent studies such as metal coating, or polarizing
surface of the clinical stents are being conducted in the biomedical fields [51-53]. However, the
remaining metallic stent material can stimulate endothelial cell layers, resulting in endothelial
dysfunction, disruption of blood flow with thick struts, and an increase in the risk of blood clot
formation [54-57]. Therefore, current trends in stent R&D involve the development of
“biodegradable stents” using biodegradable metals (Mg, Fe, Zn) or polymers so that if ISR
occurs, additional stent implantation can be performed [58-59]. Recently, Park and Seo
proposed a ROS-generating galvanic system consisting of a biodegradable Mg film (anode) and
NiTi base metal (cathode) for stent application (as described in Figure 2a and 2b), based on the
biochemical functions of ROS: selectively controlling endothelial cells (EC) and smooth muscle
cells (SMC), and potentially accelerating re-endothelialization and lowering the risk of ISR [60].
As biodegradable polymers are not electrically conductive, double metallic layers are required
to constitute a galvanic couple for ROS generation, as shown in Figure 2c.

In the biomedical field, ROS is produced by exciting electrons to the conduction band by
applying external stimuli such as ultrasound or light to metal oxides [61-62]. However, galvanic
corrosion can generate ROS by the simple potential differences between two metals without
external stimuli in an electrolyte solution. It induces ROS generation by accelerating the

corrosion of anodic metal inside and generating more electrons than in a single metal [63-65].



Here, we report new biodegradable hybrid materials composed of a biodegradable polymer
substrate and double anodic/cathodic metallic layers for potential application in biodegradable
stents that enhance re-endothelialization and suppress restenosis. Pure Zn and Mg films
(approximately 3-um thick) were deposited onto PLLA substrates to form a galvanic corrosion
couple, and a long-term immersion test using the biodegradable hybrid materials was performed
in PBS for 2 weeks. The concentrations of superoxide anions (-O,) and hydrogen peroxide
(H20,) generated by the corrosion of biodegradable metallic films were monitored every one or
two days. To resolve the safety issues associated with the stent application, the corrosion

products of the metal films in PBS were analyzed.
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2.2 Experimental procedures

2.2.1 Sample preparation

Medical-grade biodegradable poly-1-lactic acid (PLLA) extruded ribbons (25.4 mm x 12.7
mm, t = 127 £ 30 um) were purchased from Zeus Inc. (Orangeburg, SC, USA). A DC
magnetron sputtering machine (Korea VAC-TEC Co. Ltd., Republic of Korea) equipped with
pure Zn (4N, VTM Co, Republic of Korea) and pure Mg (4N, iTASCO, Republic of Korea)
sputter targets was used for the deposition of the metallic layers. Medical-grade PLLA films
were cut to 16 mm x 10 mm, and three types of biodegradable hybrid materials were prepared:
Mg on PLLA (MP), Zn on PLLA (ZP), and Mg/Zn on PLLA (MZP). The area of the metallic
films was 1 cm?. The base and process pressures were 4.0x107° Pa and 0.40 Pa, respectively. The
Ar flow rate was 10 standard cubic centimeters per minute (SCCM). The deposition rate of Mg
was approximately 0.036 pm/min, with a sputtering power of 130 W, and that of Zn was

approximately 0.042 pm/min, with a sputtering power of 100 W.

2.2.2 Material characterization

Field-emission scanning electron microscopy (FE-SEM; Inspect F50, FEI) was used to
observe the morphology of the deposited metallic film surfaces and their corrosion products.
The elemental compositions of the corroded film surfaces were observed using energy-
dispersive X-ray spectroscopy (EDX; Inspect F50, FEI). Both the FE-SEM and EDX
measurements were performed at an accelerating voltage of 10 kV. The phases of the metallic
layers were analyzed by X-ray diffraction (XRD) using a diffractometer (D8 Advance, Bruker,
Germany) with Cu Ka radiation (A = 1.5406 A) operated at 40 kV and 40 mA. The scanning
range was 10 — 90° in 20 with a step size of 0.01° (50 s per step). The line profiles of the height
and the 3D images of the samples were analyzed using a confocal laser scanning microscope
(LSM; LEXT OLS4100, Olympus, Japan). A 20 x lens was used in non-contact mode. Average
values were evaluated at three points on the surface of each sample. Glass substrates were used
instead of PLLA for XRD, cross-sectional SEM, and line profiles measurements as the effect of

substrates for those measurements was negligible and both materials had amorphous
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morphologies.

2.2.3 Long term immersion test

Immersion tests were carried out to measure the change in the ROS generation rate over
the long term and to observe the corrosion behavior of the metallic films. The metallic samples
were soaked in 1x phosphate buffered solution (PBS, pH 7.4, Welgene) containing NaCl, KCI,
Na,HPO,, and KH,PO4, and stored at 37 °C in a water bath after being wrapped in parafilm to
prevent evaporation. Half of the PBS solution was replaced every day at a fixed time to simulate
human diuresis [66]. The ROS detection of the samples was also investigated at a fixed time and
temperature. Each sample was immersed in a new PBS solution and the ROS generation ability
was measured for 1 h. Samples were replaced in the original PBS solution and stored at 37 °C in
a water bath. In particular, the amount of hydrogen gas generation, pH variance, and the
releasing amount of Mg and Zn ions in the PBS solution were investigated for detailed analysis
of galvanic corrosion and ROS generation of hybrid materials during the immersion for 1 h on
day 0. The MP and MZP hybrid materials were immersed in PBS solution and the volume
change according to the H, generation was observed at the column of the inverted funnel. The
pH variance around the MP and MZP hybrid materials was measured using a pH meter (Lab 850,
SI Analytics®, Germany). Then, the inductively coupled plasma optical emission spectroscopy
(ICAP 6000 Series, Thermo, US) was conducted at 166 ~ 847 nm of wavelength range under
argon gas for analysis of Mg and Zn ion releasing amount in the PBS solution during the

immersion.

2.2.4 Spectroscopy measurements

The dye products from the -O, and H,O, were measured using a GloMax® Discover
Microplate Reader (Promega, USA). The XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide) cell proliferation kit (Abcam, UK) was used to detect -O,". When
the tetrazolium salt meets the superoxide anion, the salt turns into XTT formazan dye, and the
absorbance is detectable at the 450-nm wavelength. After immersion of the samples in the XTT
solution for specific durations, a sampling solution was prepared, and the absorbance of each
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sample was measured. There is no standard solution for -O,” owing to their instability, so the
obtained qualitative absorbance values were converted to quantitative concentrations using the
Beer—Lambert law [67]. The Beer—Lambert law is defined as 4 = £cf, where 4 is the value of
the absorbance of the material; ¢ is the molar attenuation coefficient of the material; ¢ is the
molar concentration of the species; and ¢ is the path length in centimeters that the light passes
through. Here, 4 can be measured with the instrument, ¢ refers to the value of the XTT reagent
in the reference literature (21.6 mM™' cm™) [68], and £ can be calculated from the volume (100

ul) used in the 96 microplate. Therefore, the quantitative concentration of -O,” can be calculated

. 4 .
from the equation; ¢ (mM), according to the Beer—Lambert law.

superoxide anion 27 ¢x0.303

A fluorometric H>O, assay kit (Sigma, USA) was used to measure H>O, generation. After
immersing the samples in PBS, the solution was collected at each time point and mixed with the
H,0, assay reagent. Twenty minutes after mixing, the intensity of the fluorescence product
(resofurin) was measured at Aex = 540 nm and Aem = 590 nm. The fluorescence intensity was

calculated from a standard curve of the known concentration of H,O,.
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2.3 Results and Discussion

2.3.1 Biodegradable hybrid materials

Biodegradable hybrid materials composed of biodegradable polymer substrate (PLLA) and
double anodic/cathodic metallic layers (Mg/Zn), designated as “MZP,” were fabricated to
evaluate their long-term ROS generation behavior. Additionally, hybrid materials with a single
metallic layer and PLLA (Mg/PLLA designated as “MP” and Zn/PLLA as “ZP”’) were prepared
to study the intrinsic corrosion and ROS generation properties of Mg and Zn metallic films. In
Figure 3a, images of the ZP, MP, and MZP hybrid materials are shown. The ZP sample had a
dark gray color with no gloss, whereas the MP sample had a shiny light gray color. The MZP
had a light-gray surface with mild gloss. The surface morphology of the hybrid materials in
Figure 3b shows that the ZP had a rough surface composed of Zn grains around 1 pm in size,
whereas the MP consisted of hexagonal Mg flakes densely packed almost parallel to the surface
and relatively flat, as confirmed by the strong (002) peak in Figure 3c. The surface of the MZP
was also rough, consisting of flower-like modules larger than 2 um in size and coarser than the
Zn grains on the ZP surface. The Mg anode layer, approximately 3-um thick, was deposited
onto the cathode Zn film, showing a rough surface morphology with large grains around 1 pm
in size. The surface of the Mg film on the Zn layer was composed of flower-like modules larger
than the Zn grains, as shown in Figure 3b. The XRD patterns of the MZP sample in Figure 3c
were consistent with the phase content showing a relatively similar intensity of Mg peaks but a
weaker intensity of Zn peaks compared to that of single Mg and Zn. In Figure 3d, the cross-
sectional SEM images showed distinct phases of the Mg layer on top of the Zn layer. The
elemental mapping results further verified the deposition of Zn and Mg layers. The thickness of
each metallic layer was intended to be 3 um, and the line profiles across the metallic film
interface acquired by confocal laser scanning microscopy showed that the thicknesses of the Mg,
Zn, and Mg/Zn films were close to 3 um: 2.578 + 0.386 um, 2.829 + 0.101 um, and 5.370 +

0.742 pm, respectively (Figure 4).
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Figure 3. a) Metallic films sputtered on PLLA films, b) SEM images of metal/PLLA hybrid
materials, ¢) XRD spectra of metal on the glass substrate, d) cross-sectional SEM and EDX

mapping images of Mg and Zn layer sputtered on the glass substrate (scale bar 2pm).
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Figure 4. Line profiles of height, thickness values, and 3D images of a) Zn, b) Mg, and c)

Mg/Zn films on the glass substrates analyzed by a confocal laser scanning microscope (LSM;

LEXT OLS4100, Olympus, Japan) (Mean = SD n = 3).
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2.3.2 Long term immersion test

To evaluate the long-term ROS generation behavior of the hybrid materials, immersion
tests were performed for 2 weeks. Long-term immersion tests are frequently used to assess the
long-term corrosion behavior of biodegradable metals with the cumulative volume of H, as an
indication of the change in corrosion behavior [11, 69-70]. However, unlike H,, ROS are
thermodynamically unstable and easily converted to various types of less reactive forms [25];
hence, the cumulative quantity of ROS cannot be an appropriate factor for the calculation of the
daily ROS generation rate change during the long-term immersion of biodegradable hybrid
materials. Therefore, instead of measuring the ROS concentration of the solution in which
hybrid materials had been continuously immersed, we monitored the amount of ROS formed for
an hour in fresh PBS using the samples taken out of the immersion solution at a fixed time
every day, as described in Figure 5a. The variation in the ROS generation capacity for an hour
is shown in Figure 5b and 5c¢. Both MP and MZP samples showed maximum rates of -Oy
generation on “day 07, the first immersion in PBS for an hour, whereas after 23 h, the ability to
generate -Oy” fell abruptly on “day 1.” MP samples generated approximately 15 nmol/cm?-h of
-0y on day 0, and the generation rate decreased to 3.26 nmol/cm>h on day 1. A significant
amount of -O,” was not detected on day 2 because of the complete consumption of Mg between
days 1 and 2, resulting in no electron production for the ORR. Our previous studies dealt with
artificial galvanic corrosion couples between biometals for ROS generation [23, 60, 71];
however, this study confirmed that the corrosion of a single biodegradable metal can also
generate ROS. For MZP samples, the -O, generation rate was 39.9 nmol/cm”*h on day 0, and
this fell to 23.5 nmol/cm*h on day 1. However, unlike the MP hybrid materials, because the
MZP hybrid materials still had a metallic Zn layer after the Mg film was exhausted, they
maintained their -O, generation ability until day 8, as shown in Figure 5b. Notably, -Oy
generation by the MZP hybrid materials on both days 0 and 1 was greater than that of the MP
hybrid materials. The galvanic corrosion is generally faster than the corrosion of a single
metallic entity [72-73]. As shown in Figure 6, the H, was generated about 14.34 times more in

MZP hybrid materials (0.204 ml/cm?) than in MP hybrid materials (0.014 ml/cm?) for 1 h on
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day 0. Moreover, the results of ICP-OES denoted how much Mg and Zn were oxidized and
released into the solution in which the samples were immersed for 1 h (Table 1). When the
amount of Mg ions in the solutions of MZP and MP hybrid materials was compared, about 4
times more Mg ions were measured in the solution of MZP where galvanic corrosion occurred.
The results of H, generation and ICP-OES experimentally revealed that the galvanic corrosion
accelerated the corrosion of the Mg layer and the corrosion proceeded more. Therefore, the
production amount of electrons available for ORR would be greater with the MZPs. In addition,
the corrosion process generating electrons and H, evolution and ORR consuming those
electrons occurred on the Mg film surface in the MP, whereas electrons were consumed on both
the Mg film and the cathodic Zn surface in the MZP. Moreover, as the electrochemical potential
gap between pure Zn and the -O;, is much smaller than that between pure Mg and the -O»’, as
shown in Figure 7 [25, 74], it is expected that more -O, molecules are generated on the Zn
surface. Regarding the H,O, generation behavior shown in Figure Sc, the MP hybrid materials
exhibited the same pattern as the -O, generation behavior. However, the H>O, generation rate
change from the MZP hybrid materials was very different from that of the -O; for the first two
measurements: on day 0, when the -O,” generation rate was the highest, the H,O» generation rate
was the lowest, (9.5 nmol/cm*h) among the values greater than the significant detection range,
but increased to 59 nmol/cm?* h on day 1, and then decreased again to approximately 40
nmol/cm? h on day 2 and maintained that level till day 6. Even if this is applied to in vivo cases,
when the structure of the stents is inserted into the blood vessels, the soft tissue of the vessel
wall would tightly surround the stent surface (Figure 8). That condition makes the stent strut
locally in the closed system, -O," do not turn into H,O, molecules due to a lack of protons. Also,
pH change would be insignificant in the system, so the same conditions in Figure Sc also

happens to in vivo environment.
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Figure 6. The measurement of hydrogen gas generation amount on the MP and MZP hybrid

materials for 1 h on day 0.

Table 1. Analysis of the Mg and Zn ion releasing amount in the PBS solution during immersion

testing for 1 h on day 0 by ICP-OES.

Sample Unit Mg Zn
MP 3.39 <0.1
mg/L
MZp 13.0 <0.1

* The mark (<) below indicates that the detection limit is not detected by this test method.
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their potential values)

vessel wall

Figure 8. Schematic image of stent inserted blood vessel. After the stent was inserted, because
the cell layers are soft enough, the stent tightly fits into the inner vessel wall, then the layers of

endothelial cells and smooth muscle cells surround the stent.
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This discrepancy can be explained by the stepwise ORR processes. ‘O, can be produced by
the simple addition of one electron to a dissolved oxygen molecule, as shown in Figure 7. The
addition of another electron, together with two protons (H'), to -O: can produce a H>O»
molecule. On day 0, vigorous corrosion of Mg produced a large number of electrons, which
were primarily used to produce H, bubbles and partially used to form ROS by ORR. The
massive corrosion of Mg and generation of H, bubbles resulted in an alkaline environment near
the Mg surface [75-76]. Figure 9a shows the results of pH variation depending on the system
size during the immersion test of MZP hybrid materials for 1 h on day 0. When the MZP sample
was immersed in 6 ml of PBS, the pH increased by about 0.66, showing that the surrounding
environment was alkalized. On the other hand, the pH values increased only 0.02 in the 100 ml
system and the difference elucidated that the pH change occurred very locally. When the pH
change around MP and MZP hybrid materials was measured (Figure 9b), the pH increased
more around MZP where galvanic corrosion occurred than around MP. Then, the number of
protons was reduced by about 80% and about 20% around MZP and MP, respectively, during
the immersion test for 1h. Therefore, the result would be salient causative that the already
formed -O, were difficult to combine with protons and form H,O due to a lack of protons
around MZP. Thus, the generation rate of -O, was at its maximum on day 0, while H,O,

generation was inhibited by the shortage of available protons.

21 H =T} @



07 {b) 07
o 05 3 06
g 05 ﬁ 05
E 04 E 04
g 03 - 03
X o2 %_02
< NP 002 01
os . o0 [pis]
6ml of PBS 100ml of PBS MZP MP
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system size, and b) around MP and MZP hybrid materials during the immersion test for 1 h on

day 0.
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On day 1, the Mg films were almost completely consumed, but some island-like regions
remained and the corrosion of both these island-like Mg films and the fresh Zn films contributed
to the electron supply to the ORR. As the ROS generation ability measurement was performed
in fresh PBS, the pH near the metallic film surface did not deviate significantly from 7.4,
implying a sufficient number of protons available to convert -O>™ to H,O, molecules. Therefore,
the H>O, generation rate rose to its maximum on day 1 but dropped on day 2 due to the
exhaustion of Mg. As the H,O» generation ability in Figure 5¢ from day 2 to day 6 did not show
notable fluctuations, it can be inferred that these values are the intrinsic H,O, generation levels
of the Zn layer. However, it should be noted that this hypothesis only explains the trend of -Oy
and H,O» generation rate changes on days 0 and 1 in the finite volume of PBS in vitro. It could
not provide quantitative information on conservative molecular tracking, that is, what portion of
the -0, had been converted to H,O,, water molecules, or other compounds, as -O,  generation
and H,O, formation were measured independently in different PBS with different individual
samples, using different sampling methods and molecular probes. Nevertheless, as stated above,
the Zn film alone could generate ROS, similar to the Mg film in the MP samples. Therefore, it
can be concluded that galvanic coupling of the metallic bilayer is not indispensable for the
artificial ROS generation design. It can be inferred from the generation rate values of -O, after
day 8 and those of H,O» after day 6 that Zn films were exhausted after 6 to 8 days of immersion
in PBS. Examining the long-term ROS generation behavior and sample images comprehensively,
3-um thick Mg films were completely corroded within two days, whereas Zn films of the same
thickness were exhausted after approximately 5 — 7 days. The ROS generation rate change and

total ROS generation time can be determined by the thicknesses of the Mg and Zn films.
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2.4 Conclusion

Biodegradable hybrid materials consisting of biodegradable metallic films and PLLA
substrates were prepared, and their long-term ROS generation behavior in PBS was monitored
for two weeks. Both O, and H,O, were generated seamlessly even after the complete
consumption of the anodic Mg layer in the MZP hybrid materials. -O,” and H,O, were formed by
the corrosion of a single Mg or Zn layer, meaning that metallic bilayers constituting galvanic
corrosion couples are effective but not indispensable for artificial ROS generation design.
Therefore, Mg/Zn/PLLA hybrid materials are good candidates for biodegradable hybrid stent

materials with ROS functionalization to suppress the risk of in-stent restenosis.
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Chapter 3. ROS generation behavior
by carious Mg-based alloys

3.1 Introduction

The microstructure, surface morphology, and composition of the Mg surface have a great
influence on their corrosion behavior when inserted into the human body [27]. In particular, Mg
corrosion is most active in the initial stage, and the initial surface states would be a critical role
in the establishment of stable cell-surface bonding [26-28]. The immersion test is the simplest of
the in vitro methods for investigating the degradation performance of Mg. Mg generates
electrons as it corrodes, and these electrons decompose water to generate H, [42, 77]. The
corrosion rate of the Mg can be calculated by immersing it in a solution and collecting the H»
generated by the corrosion reaction [27-28]. In most studies dealing with the corrosion rate of
the Mg, only this amount of H, generated is explained and analyzed. However, electrons
generated as the Mg corrodes can also react with dissolved oxygen in the solution to generate
ROS. ROS are actively studied in the field of medical engineering by treating cancer and killing
harmful bacteria with their excellent antibacterial activity [42-44]. In addition, they are recently
in the spotlight in the fields of catalyst and environment as well [45-46]. For this reason, it has
become important to understand the tendency of ROS generation due to Mg corrosion.

In terms of the histology of metals, multi-phase alloys inevitably produce a cathode area
and an anode area [78]. Due to the potential difference of each phase, micro galvanic corrosion
is generated between phases [79]. Then. electrons move from the anode region (low potential) to
the cathode region (high potential), and the aforementioned two reactions mainly occur on the
cathode surface (Figure 10) [80]. Galvanic corrosion has been studied to generate more
electrons as the corrosion rate is accelerated than that of single-phase metal corrosion, and as a
result, it induces more generation of ROS [23, 81] as well as H»[82-83]. Even, the thick oxide
layer produced by the active corrosion reaction on the corroded surface has been considered to
prevent dissolved oxygen from accessing the surface, creating an environment in which it is

difficult to react with electrons [84-87]. However, in our previous paper, the amount of -O;~
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generated on the first day of the Mg single-thin film was sufficiently large to that of the MZP
sample made by the artificial galvanic system [24]. In addition, even when only the Zn thin film
remained after Mg was completely melted, ROS was actively generated. In other words, it
suggested that ROS could occur a lot even in an environment where a little electron is supplied.
Through this, it was hypothesized that the generation of ROS would be an important factor in
the intrinsic properties of metals, as well as the supply of electrons.

Herein, we tried to investigate how large the amount of the electron supply, which is
represented by the corrosion rate, is a factor in the generation of ROS in the initial corrosion
stage of Mg-based alloys. In addition, based on the metallographic histology, the influence of
the microstructure and surface composition of the Mg-based alloys on ROS generation was also
studied. The corrosion tendency and ROS generation quantity of Mg-based alloys with different
corrosion rates were measured for 1h. In addition, by supplying a certain number of electrons to
minimize the influence of the natural corrosion rate that cannot be overcome, the change in the
amount of ROS generated when the electron supply rate is increased was measured. Based on
the results, the causes involved in ROS generation during immersion were thoroughly analyzed

based on metallographic factors.

26 -':I'H--i ':..'.I.lé



H,0 H,+OH 0, ‘0,

Figure 10. Schematic illustration of micro galvanic corrosion mechanism on the surface of the

Mg-based alloy.
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3.2 Experimental procedures

3.2.1 Specimen preparation

Mg - 5wt% Ca, Mg - 5wt% Ca - 1wt% Zn and Mg - 3wt% Zn alloys were prepared by
melting high-purity Mg (99.99%, provided by U&i Corp.), Ca (99.5%, procured from RND
Korea Corp.), and Zn (99.5%, procured from RND Korea Corp.) in a steel crucible (STS430) at
750 °C under argon (99.999%) atmosphere as a protective gas. The molten Mg, Ca and Zn were
stirred for 15 min, followed by 1 min of stabilization. The molten mixture was then poured into
a room temperature (RT) mold (STS430 steel). Two different ways of the Mg - 3wt% Zn alloy
billets were prepared; one was cast as a second phase precipitated as a multi-phase alloy, and
the other was homogenized at 400 °C for 24 h following ice water quenching as a single-phase
alloy. The Mg alloy billets were machined to have dimensions of ® 50 mm x 50 mm for hot
extrusion. The extrusion temperatures of Mg-Ca alloys, Mg -3wt% Zn alloys and pure Mg were
400 °C, 350 °C and 200 °C, respectively. A curved die was employed with an extrusion ratio of
39:1, and the extrusion ram speed was 0.1 mm/s. Crucially, each billet was heated to the desired
extrusion temperature before extrusion. Then, every alloy was obtained as coin specimens with

dimensions of ® 8mm x 0.8mm.

3.2.2 ROS measurement

The dye products were used as the indicator of ROS generation. -O,” were detected by
measuring the absorbance of the XTT formazan dye at a GloMax® Discover Microplate Reader
(Promega, USA). After immersion of the coin samples in the XTT solution, which was the
mixture of the XTT sodium salt (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide inner salt, Sigma, USA) in PBS (pH 7.4, Welgene Inc.) solution and PMS (N-
methyl dibenzopyrazine methyl sulfate, XTT cell proliferation kit, abcam, UK) for 1 h, a
sampling solution was taken in the 96 microplate, and the absorbance of each sample was
measured at the 450 nm of wavelength. Then, the quantitative concentration of -O, was
calculated by converting qualitative absorbance values with the Beer-Lambert law.2*

A fluorometric H,O» assay kit (Sigma, USA) was used to measure the H»O, generation.
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After immersing the samples in PBS solution, the solution was collected at 1 h and mixed with
the H>O, assay reagent. The mixtures were measured the intensity of the fluorescence product
(resofurin) at Aex = 540 nm and Aem = 590 nm at a microplate reader. The fluorescence intensity

was calculated from a standard curve of the known concentration of H,O,.

3.2.3 H; measurement

H, measurements were conducted in a 1 x PBS solution in a water bath set to 37 = 5 °C.
The coin specimens were drilled as a ®1 mm hole in the center to hang them inside of
cylindrical holder. The surfaces of the specimens were ground with SiC sandpaper up to 2000-
grit and cleaned with alcohol for 3 min in a sonic bath followed by air gun drying. The ratio of
the total surface area of the samples to the volume of the solution was set to approximately
1.70 mm?/ml. The H, evolution volume rates as functions of time were measured and calculated

by monitoring the height of the solution in the funnel system for 1h.

3.2.4 Electrochemical test

Five kinds of coin specimens were attached with electrical lines, and the attaching part was
thoroughly enveloped by epoxy resin. A potentiostat (VersaSTAT 3, AMETEK, USA) was used
for the measurements and contribution of electrochemical properties of each coin specimen
electrode such as the open circuit potential (OCP), the potential level measurement, and the
amount of the ROS generation during the application of the cathodic current in PBS solution for
1 h. The coin specimen electrodes, Ag/AgCl, and Pt plate were the working electrode, the

reference electrode, and the counter electrode, respectively.

3.2.5 Characterization

The microstructures and surface characteristics of both bare and corroded specimens were
observed by field-emission scanning electron microscopy (FE-SEM; Inspect F50, FEI). The
corroded specimens by immersion were coated with a thin layer of platinum before observation.
The energy dispersive X-ray spectroscopy (EDX; Inspect F50, FEI) was used for elemental

analysis. Phase analysis of bare and corroded Z3M samples were performed using X-ray
¥ e I:
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diffraction (XRD; D8 Advance, Bruker) with Cu Ko radiation (A = 1.5406 A) operated at 40 kV
and 40 mA. The surface chemical compositions of Z3M after the immersion were investigated
using X-ray photoelectron spectroscopy (XPS: NEXSA, Thermo Fisher Scientific) with a
monochromic Al Ka source at 1486.6 eV. The cross-section structures of oxide layer on the
specimens were observed by the transmission electron microscopy (TEM; Tecnai, FEI, USA).
The TEM samples were prepared using a dual-beam focused ion beam (FIB; Helios G4 HX, FEI,

USA).

3.2.6 Oxide layer and ZnO model test

The RF magnetron sputter (Korea VAC-TEC Co. Ltd., Republic of Korea) equipped with
ZnO (4N, VTM Co, Republic of Korea) and MgO (4N, VIM Co, Republic of Korea) sputter
targets was used for the deposition of each metal oxide layer on the masked pure Mg specimens.
Two types of samples with different thicknesses of ZnO layers were prepared by varying the
deposition time. Targets were sputtered under the base pressure of 1.7x10° mTorr and process
pressure of 3 mTorr. The Ar flow rate was 10 standard cubic centimeters per minute. The
deposition rate of ZnO was approximately 3.17 nm/min, with a sputtering power of 60 W. The
amount of ROS generation of the samples was measured under the cathodic current in PBS

solution for 1 h.
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3.3 Results and Discussion

3.3.1 Mg-based alloys

Based on the corrosion rate of the pure Mg, two types of multi-phase alloys (Mg - 5wt%
Ca and Mg - 5wt% Ca - 1wt% Zn) with a faster corrosion rate, and single and multi-phase
alloys of the Mg - 3wt% Zn with a slower corrosion rate were prepared [10, 19, 88-89]. The Mg
alloys are denoted as pM, CZ50, CZ51, Z38S, and Z3 M, corresponding to pure Mg, Mg - S5wt%
Ca, Mg - 5wt% Ca - 1wt% Zn, Mg - 3wt% Zn alloy with single-phase and multi-phase,
respectively. The surfaces of five coin specimens were observed in the backscattered electrons
(BSE) mode of the SEM, and each phase was defined through the EDS (Table 2). In the case of
the CZ50 sample, a bright Mg,Ca phase was present as a wave pattern in the dark Mg matrix
(Figure 11a i) [88-90]. The CZ51 specimen, which additionally contains 1 wt% Zn, had a
brighter island region (MgsCayZn3 phase) in a pattern similar to that of the CZ50 (Figure 11a ii)
[10, 16]. Figure 11aiii is an SEM image of the pM, which demonstrates that it is a single phase.
In the case of the Mg-Zn alloys, it was confirmed that the Z3M specimen showed a rippling
pattern of the MgZn phase and was multi-phase, whereas the Z3S specimen was single-phase
(Figure 11a iv and 11v) [19, 91]. The XRD patterns of the five bare specimens in Figure 11b
showed distinct Mg peaks from all five samples and Mg,Ca peaks from CZ50 and CZ51. It is
estimated that the Zn content of 3wt% is too low to represent the peaks of the MgZn phase [19,

92].
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Table 2. The EDS atomic percentage of each phase on the bare specimens.

Specimen Phase Mg Ca Zn (0)
a-Mg 100
CZ50
Mg,Ca 79.4 16.2 4.3
a-Mg 100
CZ51 Mg,Ca 66.2 26.8 0.8 6.2
MgsCayZn3 78.6 8.7 8.9 3.7
pM a-Mg 100
a-Mg 100
Z3M
MgZn 98.4 1.6
738 MgZn 98.8 1.2
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Figure 11. (a) SEM images of 1) CZ50, ii) CZ51, iii) pM, iv) Z3M, and v) Z3S, (b) XRD spectra

of bare specimens. (scale bar: 20pum)
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3.3.2 Immersion test

The Mg-based alloys corrode and generate electrons, and the amount of H, generated could
be an indicator of the degree of corrosion. Figure 12a shows the corrosion results of five
specimens by collecting H, generated in PBS solution for 1 h. The corrosion rate is decreases in
the order of CZ50 > CZ51 > PM > Z3M > Z3S as expected. Galvanic corrosion is the main
corrosion mechanism of CZ50, CZ51, and Z3M due to their 2™ phase, such as Mg,Ca for CZ50
and CZ51 alloys, and MgZn phase for Z3M alloy. Especially, in the case of the CZ51, the
potential difference between the Mg,Ca phase and a-Mg phase was decreased by adding Zn
[11]. It was indicated that the proper addition of Zn could minimize the galvanic corrosion by
controlling the potential of galvanic cell [11, 93-94]. The addition of a small amount of Zn to
Mg matrix increases the corrosion resistance [19, 95]. The H, generation amount of Mg-Zn
alloys is generally less than that of Mg-Ca alloys. In the case of the Z3S, the complete
dissolution of Zn in a-Mg phase especially led to the removal of galvanic cells and restrained
the micro galvanic corrosion. Then, the corrosion rate of the Z3S shows the highest corrosion
resistance.

The amount of ROS generation of the five specimens was measured during immersion in
PBS solution for 1 h (Figure 12b). The amount of -O, interestingly was inversely proportional
to the amount of H, generated, which was a corrosion tendency. In other words, CZ50, which
had the fastest corrosion, produced the lowest amount of -O>", and Z3S, which had the slowest
corrosion, generated the most -O,". On the other hand, since the amount of the HO, generation
did not show a clear trend, the measurement of -O,” would be considered a better index in
judging the ORR possibility of the specimens. The amount of H, and ROS generated
demonstrated no relationship between the number of electrons supplied by corrosion and the
amount of ROS generation.

The different tendencies of H, and ROS generated by corrosion of the specimens could be
explained in the competition of surface reactions between water decomposition and oxygen
reduction. The CZ50 responsively and vigorously produced the H as soon as immersed in PBS
solution. Its excessive corrosion depleted the chance for dissolved oxygen to react with

electrons on the surface (Figure 12c¢). On the other hand, Mg-Zn alloys, which I}avel high
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corrosion resistance and less active water decomposition reaction, could generate a lot of ROS,
the result of the ORR, because there was sufficient space for dissolved oxygen molecules to
react with electrons on the surface (Figure 12d). These results indicated that water

decomposition prevailed over ORR in surface competition.
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Figure 12. The amount of a) H, generated and b) ROS generation of the five specimens in PBS

solution for 1 h. Schematic illustration of the cathodic reaction on the ¢) CZ50 and d) Z3M

surface during the immersion test.
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3.3.3 Cathodic current test

When a cathodic current is applied, the alloys can participate in surface reactions with
more electrons than in natural corrosion. As shown in Figure 13a, when electrons were
artificially supplied to the alloy specimens, the amount of ROS generation was measured and
the movement of electrons was analyzed. The amount of H, generated from the natural
corrosion of pure Mg in PBS solution for 1 h was about 3.45 ul/cm?. At this time, the number of
electrons participating in H, generation was converted into - 0.01 mA of the current. When the
current was applied to five specimens in PBS solution for 1 h, each potential descended in the
cathodic direction, indicating that the electrons flowed from the potentiostat to the specimen as
the cathodic current (Figure 13b). The artificial supply of the electrons to five alloy specimens
shows interesting results for ROS generation. In the case of -O, the generation amount of Mg-
Ca alloys and pure Mg was decreased compared to those of general immersion, whereas the

amount of Mg-Zn alloys increased, as shown in Figure 13c.
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Figure 13. a) Schematic illustration of the corrosion of the pure Mg under a cathodic current, b)
the potential difference under a cathodic current of the five specimens in PBS solution for 1 h,

¢) the amount of ROS generation of the five specimens under a cathodic current in PBS solution

for 1 h.
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The cathodic protection would be the causative factor in the diminution of the amount of
-0y when the cathodic current was applied to Mg-Ca alloys and pure Mg which were actively
corroded in the immersion test. Electrons supplied from the potentiostat are consumed to
prevent the ionization of the anodic area on the specimens [96]. Therefore, the absolute number
of electrons participating in the surface reaction in CZ50 was descended compared to the
immersion test (Figure 14a). The amount of the magnesium ions dissolved in the PBS solution
was significantly reduced when the cathodic current was applied compared to the immersion
test in the inductively coupled plasma (ICP) measurement (Figure 14b). Additionally, the
O/Mg atomic ratio could be indirectly deduced as an indicator of the oxide layer on the
specimens [85]. Since the thickness of the oxide layer analyzed by the EDS was thinner than
that of the immersion test, it was demonstrated that the corrosion of the specimens was
protected when electrons were supplied from the potentiostat (Figure 14c). Contrary to the
results of the above-mentioned oxide layer research [84-87], it was considered that there were
other factors besides the corrosion rate of the alloys because the amount of ROS generated was

reduced even in the thin oxide layer.
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The increase in ROS generation of Mg-Zn alloys is noteworthy. The value of the cathodic
current was calculated on the basis of the natural corrosion of pure Mg in PBS solution for 1 h.
Therefore, in the case of Mg-Zn alloys, the electrons were oversupplied compared to the
immersion test. The extra electrons participated in the cathodic protection, but they seemed to
have more affinity for the oxygen reduction reaction to generate the ROS (Figure 15a). The
reason that the Mg-Ca alloys and the Mg-Zn alloys showed different ROS generation behavior
under the cathodic current applied could be the influence of the exposed surface constituent.
The alloys inevitably form an anodic phase and a cathodic phase, and micro galvanic corrosion
occurs while electrons are generated in the anodic phase and supplied to the cathodic phase.
Specifically, the Mg,Ca phase including Ca (low reduction potential) becomes the anode, and
the a-Mg matrix becomes the cathode in the CZ50 specimen. In the case of CZ51, the a-Mg
matrix phase rather than MgsCa>Zn; and the Mg,Ca phase rather than the 0-Mg matrix tend to
be anodic areas [11, 63, 94]. On the other hand, in the case of Mg3Zn alloys, the a-Mg matrix
becomes the anode, and the MgZn phase containing Zn (high reduction potential) becomes the
cathode [63]. The division of the cathodic and anodic areas is due to the difference in the
potential of each phase in the alloy. As shown in Figure 15b, the potential of the Mg,Ca phase
would exist between the OCPs of pure Mg and Ca, and electrons generated in the Mg,Ca phase
and the a-Mg matrix of CZ50 and CZ51 specimens are likely to be supplied to the H, generation
[11]. Like the corrosion mechanism of pure Mg, the Mg.Ca phase could participate in the H»
generation as a local cathode while also serving as an anode under the influence of the negative
difference effect (NDE) [63, 97]. On the other hand, Cao et al measured the corrosion potential
of Mg-Zn alloys according to the amount of Zn in their study, and the alloys with a large
amount of Zn were closer to the potential of pure Zn [98]. Therefore, it was expected that the
potential of the MgZn phase in the Z3M and Z3S specimens would be closer to the potential of
the pure Zn, and the potential would be preferred to supply electrons to the ROS generation.
These denoted that the ROS generation would be more influenced by the potential of the
cathodic phase of each specimen than the number of electrons provided by corrosion.

Another difference in surface composition could be made by the oxide layers on the

specimens during immersion in PBS solution. Oxide layers on the surface are naturally formed
¥ e 1 1|
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in the process of metal corrosion. The representative oxide layers of pure Mg and Mg-based
alloys are MgO and Mg(OH), [76, 99-100]. On the other hand, in the case of Mg-Zn alloys,
Zn(OH); is formed in the Zn-rich area, followed by the formation of a more stable form of ZnO
[101-103]. ROS generation by especially ZnO has been studied in various fields, such as
biomaterial, environmental, catalyst, etc [104-106]. Since ZnO has the properties of an n-type
semiconductor, if a cathodic current is applied to supply electrons, the electrons would be
provided to the conduction band of ZnO [35, 107]. As shown in Figure 15¢, the conduction
band of ZnO is very closely overlapped with the ORR potential for generating -O,, so it is
advantageous for supplied electrons to generate -O,” of ROS [62, 108-110]. On the other hand,
the H, evolution reaction by water decomposition is more dominant in the potential of the
conduction band of Mg(OH), [107, 111]. In Mg-Zn alloys, especially in Z3S without galvanic
corrosion, more ROS occurred because the oxide layer of ZnO was more even on the surface
than that in Z3M. Interestingly, the amount of -O, generated in Mg-Zn alloys was increased
under the cathodic current applied in spite of the cathodic protection compared to that of the
immersion test, which means that the supply of electrons affects the amount of ROS generation
to some extent. However, the cathodic current test result of the Mg-Zn alloys would be good
proof that the intrinsic properties of the alloy surface are a more important factor on the ROS

generation.
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3.3.4 Surface analysis of corroded Z3M

In order to confirm the presence of ZnO, surface analysis of the oxide layer based on Z3M
was performed. Looking at the cross section of the sample, the elements of O and P formed
oxide layers where Mg was dissolved (Figure 16a i and 16a ii). The thickness of the oxide layer
was about 90 nm, and when a cathodic current was applied, it formed thinner (Figure 16b ii)
than the immersion test sample (Figure 16b i), showing that less corrosion occurred due to

cathodic protection.

200/ nm

Figure 16. TEM images of a) the cross-section EDS analysis, and b) the thickness of the oxide

layer on the corroded Z3M surface in 1) immersion test and ii) cathodic current test.
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Components on the oxide layer were analyzed by XPS spectrum and XRD patterns.
Looking at Figure 17a, Zn and O peaks can be seen on the surface. In particular, the presence of
Zn 2p, which is a criterion for confirming the existence of ZnO, was confirmed to show the
possibility that ZnO exists [112-113]. When a cathodic current was applied compared to the Zn
2p peak in the sample of the immersion test, the Zn 2P peak had more noise and lowered
intensity, indicating that the surface was unstable (Figure 17b i and 17b ii).

In the XRD patterns, peaks of various corrosion products such as Mg(OH),, MgO, MgCl,,
and PO4 could be seen (Figure 17¢). Magnesium alloys typically form oxide layers of
Mg(OH), and MgO. These can be changed to MgCl, by CI” ions in the PBS solution, and the
dissolved magnesium ions can form MgCl, with CI™ ions directly. Also, cations in PBS and Mg
ions dissolved in PBS can combine with phosphate ions and form a phosphate layer. Unlike
Mg(OH),/MgO layers, the phosphate layer is not decomposed by CI”, and is easy to crystallize
as showing distinct peaks in XRD patterns [26, 28, 114]. In fact, amorphous regions that were
not visible on the bare surface were seen in the immersed samples. This result could also be
seen in the TEM images, where small lattices were seen between the very amorphous structures
(Figure 17d i and 17d ii). In particular, in XRD patterns, peaks showing the presence of ZnO

came out at about 34° and 36°, confirming that ZnO exists on the corroded surface of Z3M

[115-116].
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Figure 17. a) XPS survey spectrum of the corroded Z3M surface, b) high-resolution
deconvoluted XPS spectra for Zn2P on the corroded Z3M surface in i) immersion test and ii)
cathodic current test, c) XRD pattern of the bare and corroded Z3M specimens, d) TEM images
and experimental SAEDs collected on the oxide layer of the corroded Z3M in i) immersion test

and ii) cathodic current test.
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3.3.5 Oxide layer and ZnO model test

Two types of oxide layers were simulated to examine the difference in ROS generation
depending on the oxide layers. The thickness of 90 nm ZnO and MgO were separately deposited
on pure Mg, and a cathodic current was applied to measure the amount of ROS generated for 1
h. (Figure 18a) MgO generated a smaller amount of ROS than pure Mg, but ZnO produced a
much higher amount of ROS (Figure 18b). Looking at the bandgap of the two metal oxides,
unlike the conduction band of ZnO that overlaps with the ROS generation potential, the
conduction band of MgO is very high, so the supplied electrons could have participated in other
reactions besides ROS [35, 107, 117-119]. Through this experimental result, it was shown that
ZnO is more advantageous for ROS generation than other oxides.

Meanwhile, for a more accurate demonstration, Z3M was simulated and ROS generation
according to the presence of ZnO was measured. The distribution of the MgZn phase on the
Z3M specimen surface was quantified using ImageJ software, and about 30% of the MgZn
phase was on the specimen surface. (Figure 18¢) ZnO was deposited on an area of about 30%
on the pure Mg surface using RF magnetron sputtering. When ZnO was deposited on the pure
Mg surface for 30 m, the coated area appeared bluish (30% ZnO 30min, Figure 18e i). Based
on the TEM images, the ZnO coating layer was coated to a thickness of about 90 nm, simulating
the oxide layer made by immersion for 1 h. (Figure 18d). The sample deposited for 1 m (30%
ZnO_1min, Figure 18f i) was fabricated to prove the effect on ROS generation when ZnO
exists in the form of a cluster rather than a clear layer. Since the ZnO coating layer was very thin,
the region could not be clearly identified with the naked eye.

After measuring the amount of ROS generation by supplying a constant cathodic current in
PBS solution for 1 h, the pure Mg region was darkened on the surface of the 30% ZnO_30min
sample (Figure 18e ii). The 30% ZnO_Imin sample, in which the ZnO region was not visible,
also appeared the ZnO coating layer clearly, showing clearly galvanic corrosion between the
pure Mg and the ZnO coating area (Figure 18f ii). As a result of measuring the amount of ROS
generated, about 5 times more -O,” were generated in the 30% ZnO_30min sample with a ZnO
layer of 90 nm compared to pure Mg (Figure 18g). In addition, even in the 30% ZnO_1min

sample in which a precise layer was not formed, the amount of -O,” was remarkably increased
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just by the presence of ZnO. The ZnO model test showed that ZnO could produce more ROS if
it existed on the Mg surface, regardless of whether ZnO existed in the form of a clear layer or

cluster.
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Figure 18. a) Schematic illustration of oxide layer model test, b) the amount of ROS
generation in oxide layer model test under a cathodic current in PBS solution for 1 h, c¢) the
process by ImagelJ software to measure the area fraction of Zn-rich regions on Z3M specimen,
d) the cross-section SEM image of ZnO layer sputtered on pM specimen, sample images of e)
30% ZnO_30min and f) 30% ZnO 1min 1) before and ii) after ZnO model test, g) the amount

of ROS generation in ZnO model test under a cathodic current in PBS solution for 1 h.
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3.4 Conclusion

The number of electrons by corrosion rate has been considered the most important factor in
ROS generation. When measuring the actual amount of H, generated, the alloys with a fast
corrosion rate generated more H,. However, the amount of ROS generation had no correlation
with the corrosion rate. At this time, it was shown that the -O,” formed by the reaction of
dissolved oxygen with one electron was a better index to explain the ROS generation
mechanism than H>O,. Although it is difficult to provide a direct rationale for the Mg-Ca alloys
that exhibited a fast corrosion rate, it could be inferred that the water decomposition reaction
was more dominant in the surface reaction competition. Since the corrosion rate could not be
overcome as an intrinsic property of the alloys, the ROS generation behavior was investigated
by supplying the same number of electrons. When a cathodic current was supplied based on the
number of electrons generated during the natural corrosion of pure Mg in PBS solution for 1 h,
the ROS generation of Mg-Ca alloys with fast corrosion decreased, while that of Mg-Zn alloys
with slow corrosion increased. This suggests that although the supply of electrons affects ROS
generation to some extent in the appropriate range, the more ROS generation in the region
where MgZn is the cathode is related to the surface properties. This was confirmed through the
oxide layer and the ZnO model tests. As a result, it was proved that the type of cathodic phase
and the oxide film formed on the surface, that is, the intrinsic properties of the alloy surface, are

the most important factors for ROS generation.
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Chapter 4. Biodegradable Mg Electrodes

for Iontophoretic Transdermal Drug Delivery

4.1 Introduction

Transdermal drug delivery (TDD) is a painless method for systemically transporting
molecular drugs into the skin [120]. It provides a possible alternative to the traditional drug
delivery methods such as oral administration or hypodermic injection by overcoming the
various limitations including allergic reactions, risks of infection, needle phobia, bleeding, and
psychological stress to patients [121-125] and providing direct absorption via microcirculation
with less limitation on pH requirements, susceptibility to enzymes, and complicated metabolism
[126-129]. However, as the natural permeation of the foreign molecules through the skin is
extremely slow [130-131], advanced transdermal strategies with maximized drug flux but
minimal invasion are necessary.

Microneedles (MNs) are the best fit for these ambivalent requirements: as a minimally
invasive method with negligible pain, the MNs create microchannels through which drugs can
travel into the skin [132]. Moreover, MNs can easily be combined with the iontophoresis
mechanism and effectively deliver charged drug molecules [133-134]. Biocompatible metals
like stainless steel or titanium are used for MNs, with sufficient mechanical strength and
excellent electric conductivity to apply an electric field to charged drug molecules [133, 135-
139]. Despite the advantages, these metals can cause allergic reactions, local anaphylaxis
inflammation, or pigmentation by releasing toxin ions if the MNs got broken inside the skin
[140-141].

The Mg-based materials are good candidates to overcome the challenges mentioned above,
especially the danger of broken MNs, and have already been actively studied for their safety in
the fields of orthopedics, dental, and cardiology [13, 142]. As metallic materials, they have
sufficient strength to penetrate the skin and can be used as electrodes. Nevertheless, they have

not been significantly considered as MN electrodes for iontophoresis due to the severe corrosion
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generating hydrogen gas in vivo, far different from conventional electrochemical electrode
materials.

Herein, we report the application of Mg as electrochemical electrodes for iontophoretic
MNs: the H, generation behavior on both Mg anode and Mg cathode (Figure 19) was
thoroughly analyzed as a function of applied voltage together with the dye migration in the
porcine skin model to determine the optimum potential range for enhanced TDD. These
investigations are essential to overcome the difficulties arising from the application of
electrochemically active Mg to electrodes: the efficiency of drug delivery is proportional to the
strength of the electric field, but high voltage can trigger cell or skin damage [143-144]. Also,

vigorous H» generation, so the optimization for precise control of electric potential is required.
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Mg2* + 2H,0 > H, + Mg(OH),  2H,0 + 2e- > H, + 20H-

Figure 19. Schematic illustration of the iontophoretic Mg microneedle electrodes for diffusion

of drug molecules into the skin.
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4.2 Experimental Procedures

4.2.1 Fabrication of the Mg MN

The Mg plate was polished up to 2000 grit and cleaned in an ultrasonic bath with absolute
ethanol. The polished Mg plate was cut into 6 x 2 MN arrays using a fiber nanosecond laser
(Biolino series, Laservall, China), and each needle had a length and width of 1000 um and 500
um, respectively. The laser system was set up with a pulse duration of 8 ns at a central
wavelength of 1070 nm. The laser power was 20 W, the spot diameter was 60 um, and the
scanning speed was 1000 mm s'. Each needle was erected by pushing the straight pin and

sterilized in an ultrasonic bath with absolute ethanol and acetone, respectively, before use.

4.2.2 Penetration test of the Mg MN

Porcine skin was used for the penetration and dye permeation tests of the Mg MN. Porcine
samples were acquired from a local butcher shop and immediately stored at — 80 °C until further
analysis. Before the experiment, the porcine sample was thawed to room temperature by
immersing in a 1 x PBS (pH 7.4, Welgene) to prevent surface drying. Then, the porcine sample
was thoroughly cleaned with deionized water to remove subcutaneous fat, and cut into 2 x 2 cm
slabs with a thickness of 3 = 0.2 mm. PDMS (Sylgard 184, Dow Corning, USA) resin was used
as a support structure for the Mg MNs on the porcine sample. First, the PDMS resin was mixed
with a curing agent at a ratio of 10:1 (v/v). Air bubbles trapped in the PDMS were removed
using vacuum equipment, and the mixture was cured at 70 °C overnight. The red fluorescent
dye solution was prepared by dissolving Rhodamine B (0.2 mg, 0.44 mM) (Sigma Aldrich,
USA) in ethanol. The Mg MN was dipped into the dye solution and placed on the porcine
sample at a distance of 3 mm. Then, the coated Mg MNs were pushed by a finger for a while to
enable penetration into the porcine sample, followed by pressing with PDMS to secure it for 1 h.
The porcine skin marked by the Mg MN was verified with a digital camera, and the depth of a

single puncture was investigated using a 3D microscope (OLS5000, Olympus, Japan).

4.2.3 Potential measurement of the Mg and Mg alloys electrodes

Mg rectangular electrodes were used for the potential level measurement, H, generation
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test, and H,O, generation test. The electrodes were fabricated by cutting the polished plate in a
1.5 x 1 cm rectangular shape using a fiber nanosecond laser and sterilized in an ultrasonic bath
with absolute ethanol and acetone, respectively. The potential of the electrodes was measured
using a potentiostat (VersaSTAT 3, AMETEK, USA) with the Mg electrode, Ag/AgCl, and Pt
plate as the working electrode, reference electrode, and counter electrode, respectively, in 1 x
PBS solution. Then, the working electrode was connected to the DC power supply (RDP-305,
SMART, Korea) as an anode or cathode. The potential of the Mg alloy electrodes was measured

in the same manner.

4.2.4 H; generation test of the Mg and Mg alloys electrodes

The Mg rectangular electrodes were attached with long electrical lines, and the attaching
part was thoroughly enveloped by a commercial epoxy resin. Then, the two electrodes were
connected to the DC power supply as an anode and a cathode, respectively, and soaked in 1
PBS solution. The system was covered with an upside downed funnel, and the H, generated
during immersion of the Mg electrodes under applied voltage was collected in the column part
of the funnel. The volume change was observed and converted to the amount of H, generated.

The H; generation test of the Mg alloy electrodes was performed in the same manner.

4.2.5 H,0; generation test of the Mg electrodes

Two Mg rectangular electrodes as the anode and cathode were connected to the DC power
supply, and the voltage was applied to the electrodes in 1 x PBS solution for 1 h. The 50 ul
working samples captured at certain times and the 50 pl H>O, standard solutions to draw a
linear curve of the H>O, concentration were seeded into a 96-well black plate. Subsequently, 50
ul Mater Mix of the Fluorimetric Hydrogen Peroxide Assay Kit (Sigma Aldrich, USA) was
added to each well and incubated for 10 min. Fluorescence was measured using a microplate
reader (GloMax® Discover, PromegaTM, USA) with an excitation wavelength of 540 nm and
an emission wavelength of 590 nm. The fluorescence intensity values were converted into the

concentration of H>O, generated.
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4.2.6 Dye permeation test on the porcine skin

The porcine sample was coated by dropping the red dye solution of Rhodamine B (0.44
mM in ethanol). Two Mg MNs were placed on the drop-cast porcine sample at a distance 3 mm
and connected to the DC power supply as an anode and a cathode. Then, the Mg MNs were
manually pushed for a while to enable penetration into the porcine sample, followed by pressing
with PDMS to secure it for 1 h under applied voltage. Then, the Mg MN-treated porcine skin
was fixed with formaldehyde (4%) for 30 min, embedded in a frozen section compound (FSC
22 ® Clear, Leica) medium, and stored at —80 °C overnight. The frozen sample was then cut

using a single edged knife to obtain cross-sectional images of the MN insertion site.

4.2.7 Area analysis for dye migration

Cross-sectional images of the porcine samples inserted with the Mg MNs were analyzed to
quantify dye permeation during iontophoresis. Each image was uniformly cut at a certain area in
the vicinity of the Mg MN anode, and the area of the dye distribution was analyzed by Image J
software. The results are presented as the mean = SD. Statistical analysis was performed using

one-way (ANOVA) with Tukey’s test using Origin software.

4.2.8 Mg MN Characterization

The Mg MNss after insertion into the porcine sample during the 1 h period of iontophoresis
was washed with deionized water and dried. Subsequently, the Mg MN samples were coated
with a thin layer of platinum prior to imaging. SEM (Inspect F 50, FEI Company, USA) images
were captured at an acceleration voltage of 10 kV. Then, the elemental composition of the Mg
MNs was analyzed using EDS (Octane Silicon Drift Detector, AMETEK EDAX, USA) attached

to the SEM instrument.
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4.3 Results and Discussion

4.3.1 Fabrication and penetration test of the Mg MN

The Mg MN electrodes were readily fabricated with a fiber nanosecond laser (Figure 20a).
For successful transdermal drug delivery, the MNs should be able to penetrate at least 150um
into the skin [145]. However, as the average depth of skin penetration is only 10-30 % of the
total needle length [146], the Mg MNs were designed with a length and width of 1000um and
500um respectively, in 6 x 2 arrays (Figure 20b). To analyze the penetration behavior of the
Mg MNs, they were tested with porcine skin samples. The Mg MNs were dipped into the dye
solution (Rhodamine B, 0.44 mM) for visualization and inserted into the porcine skin. After
removal of Mg MNs, the porcine sample showed microchannels marked with Rhodamine B
after 1 hour (Figure 20c). The depth of a single puncture on the porcine skin was investigated
with 3D microscopy (Figure 20d and 20e). The indented mark was about 290 um deep after 1
hour of the MN insertion (Figure 20f), which was about 30 % of the total MN length. So, it can
be concluded that pure Mg MNs have sufficient strength to penetrate the skin and form

microchannels for drug transport.
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Figure 20. a) The fabrication process of the Mg microneedles, b) optical images of the 6 x 2
array of Mg microneedles, c) visualization of microchannel created by the Mg microneedles
with Rhodamine B into the porcine samples (scale bar: 2 mm), d) close up image (scale bar: 200
um), e) 3D depth microscopy profile image (scale bar: 200 um) and f) the average depth of a

single puncture on the porcine sample stained by Rhodamine B after 1 h of the Mg microneedle

insertion. (Mean + SD, n = 10)
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4.3.2 Establishment of applied potential range

In the iontophoresis application, as Mg MN electrodes act as anode and cathode or
alternately, it is necessary to analyze electrochemical reactions such as Mg corrosion and
hydrogen evolution at each electrode according to the applied voltage. As ease of use is one of
the main advantages of MNs, an electrochemical study was conducted assuming a direct current
(DC) voltage of an alkaline battery. Figure 21a shows the potential levels of each Mg electrode
when voltage was applied. Compared to the OCP of pure Mg (—1.58 V in PBS solution), the
potential of the Mg anodes slightly moved in the positive direction, while the levels of the Mg
cathodes significantly moved in the negative direction based on the OCP level as the applied
voltage increased. The potential difference between anode and cathode was almost identical to
the applied voltage. The direction to which the potential moved was influenced by overpotential,
which increased with increasing current density according to the Tafel equation. (n:
overpotential, A: Tafel slope, i: current density, and ip: exchange current density), as the
following equation; 7 = +4 xlog (i/iy). Hence, the greater the voltage applied, the more
vigorous became the chemical reaction on the Mg electrodes.

The H; generated on the Mg electrodes was measured as a function of applied voltage. The
H; generation increases as the applied voltage increases (Figure 21b). Initially, H, was rapidly
generated on the surface of Mg electrodes, and the amount gradually decreased over time
(Figure 21c¢) [76, 99-100, 147]. The H, amount after 30 min, 1 h, and 2 h was rearranged as a
function of applied voltage for the establishment of the optimum potential range (Figure 21d).
At an applied voltage of 1.2 V or higher, H, was very rapidly generated, and the electrodes got
completely dissolved between 1 h and 2 h and further measurement was impossible. In the
applied voltage range up to 1.0 V, H, generation for 30min and 1h slowly increased with the
increment of the applied voltage. So, up to 1.0 V, it can be expected that the H, generation
would not be too vigorous to prevent the transport of drugs along the surface of Mg MNs or
microchannel around MNs and their diffusion in the tissue.

Practically, alloys are more commonly used than pure Mg because of their superior
corrosion resistance and strength. Mg-Ca-Zn alloys have been actively studied as biomaterials

due to their excellent biocompatible and biodegradable properties, in addition to their controlled
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corrosion rate and strength [9-11]. As an example study, Mg-0.05Ca-1Zn was selected and its
potential levels and amount of H, were measured in the same way as pure Mg under the applied
voltage. The potential levels of the Mg-0.05Ca-1Zn electrodes shifted in a similar manner to
pure Mg electrodes (Figure 21f). The H, generation on Mg-0.05Ca-1Zn electrodes increased as
the applied voltage increased (Figure 21g), but it is noteworthy that the amount of H, with 1.2
V was almost identical to that on pure Mg with 1.0 V and did not show abrupt increment up to
1.4 V (Figure 21h). So, it can be inferred that Mg-0.05Ca-1Zn alloy MNs may show identical
or superior performance to Mg MNs up to 1.2 V and even be used at 1.4 V. By far, we assumed
H; evolution as an obstacle to drug delivery. However, adequate H» generation could physically
drive the drugs into the skin more effectively [33]. Therefore, a suitable voltage range should be
decided by comprehensively considering the driving effect of the applied voltage and the

accelerating or hindering effect of H» generation on the drug molecules.
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Figure 21. Fundamental study of Mg electrodes a) the potential of each pure Mg electrode
under the applied potential (vs. Ag/AgCl), b) H, generation and ¢) H, generation rate curves of
the pure Mg electrodes under the applied potential, d) the potential window of the pure Mg
electrodes based on the amount of H, generation at fixed times, f) the potential and g) H»
generation curve of Mg-0.05Ca-1Zn electrodes under the applied potential (vs. Ag/AgCl), h) the

potential window change of the Mg based metals based on the amount of H» generation at 1 h.
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4.3.3 Dye permeation test on the porcine skin

To test the efficacy of Mg electrodes for iontophoresis and determine the optimum voltage
range, the dye permeation test was performed with anodic and cathodic Mg MNs using
Rhodamine B solution, instead of actual drugs [146, 148-150]. The solution was loaded by a
drop-casting method on the porcine skin surface. The Mg MN electrodes were attached to the
dye-loaded porcine sample, and voltage was applied for 1h (Figure 22a). The resultant
iontophoresis effect was clearly visible with the naked eyes (Figure 22b): in control samples (0
V), the dye moved into the skin only by diffusion, whereas the dye migrated deeper and farther
with applied voltage. Previously, iontophoresis studies have been conducted at a current density
0f 0.2 — 0.5mA cm™ on MN electrodes to avoid human skin damage [134, 136, 151-153]. In this
study, the application of 0.8 V corresponds to the above-mentioned range as a current density of

0.43 mA cm? without notable change by time (Figure 22c¢).
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Figure 22 a) Schematic illustration of experimental set up of the dye migration test during
iontophoretic investigations, b) optical cross-sections images of the porcine samples after 1 h of
insertion under the applied potential (scale bar: 1mm), c) current change curve for 1 h of Mg

microneedle insertion into the porcine skin under the applied potential.
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Statistical analysis of the dyed area was conducted due to the roughness and irregularity of
the porcine skin surface. In the optical cross-section images near the Mg MN anode, the dyed
region was extracted and quantified using ImageJ software. The process is described in Figure
23a in detail. The dyed areas under applied voltage were larger than those of the control group
only depending on the intrinsic diffusion without voltage (Figure 23b). The dye was delivered
to a wider area with the increment of applied voltage, but the dyed area decreased at 1.4 V. It
can be concluded that the dye-driving effect by applied voltage was dominant within a mild H»
generation range (~ 0.5 ml cm? for 1h), but higher voltages (1.4 V ~) leading to active H»
generation (more than 2 ml cm™ for 1h) interrupted dye migration rather than driving it farther

during iontophoresis.
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Figure 23. a) The area analysis process of dye migration in the porcine samples after 1 h of Mg
microneedle insertion under the applied potential. b) area change curve of dye migration after 1

h of insertion under the applied potential. (One-way ANOVA with Turkey’s test Mean + SD n =

5, n.s = no significant *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001)
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4.3.4 Characterization of the Mg MN electrodes

The SEM images show a considerable difference between the anodic and cathodic Mg MN
electrodes after they had been attached to the porcine sample at 0.8 V for 1 h. While the needle
tip of the anode got corroded and disappeared (Figure 24a i), the shape of the cathode was
almost retained during the iontophoresis (Figure 24a ii). The EDS results showed that the
amount of oxygen was much higher in the anode (Table 3a). The SEM images in Figure 24b
show the corroded Mg MN anodes with different applied voltages. As the applied voltage
increased, the corrosion became severer and a more amount of oxygen was detected (Table 3b).
Specifically, only the tip of the needle disappeared at 0.8 V showing the maximum dyed area,
whereas, at 1.4 V, the needle almost disappeared during the 1h period. As previously discussed,
dye migration decreased at 1.4 V, which was attributed to the abrupt increase of the H»
generation during iontophoresis. Considering the anode image at 1.4 V (Figure 24b), it can also
be inferred that it became harder as time elapsed for the dye diffusion into the porcine skin
along the anodic MNs which got corroded and gradually disappeared.

Like other iontophoresis studies [151, 153], Rhodamine B dye was used to conveniently
visualize the electric field effect in this study. However, many the drug molecules have a
negative charge [154-155], then they would go to the anodes from the cathode during
iontophoresis. So, the H, generation at each Mg electrode was separately measured as shown in
Figure 24c. As the applied voltage increased, the H, generation at the cathode increased, but
much less than that at the anode. For example, the amount of H, generated on the cathode at 1.6
V was less than that on the anode at 1.2 V. This implies that negatively charged drugs can be
delivered using the Mg MNs with applied voltage up to 1.6 V, due to the slow H, generation
rate and cathodic MNs maintaining their shape for 1 h. H O, was also generated by the Mg
corrosion (Figure 24d). With the increment of applied voltage, i.e., increased H> generation, the
amount of H>O, decreased, and this seems to be the pH change by Mg ions (Figure 24e) [24,

156].
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Figure 24 a) SEM images of i) the Mg microneedle anode and ii) the Mg microneedle cathode

after 1 h of insertion into the porcine sample under 0.8 V (scale bar: 100 ym), b) SEM images of

the Mg microneedle anodes after 1 h of insertion into the porcine samples under the applied

potential (scale bar: 100 ym), ¢) H, generation curve on each pure Mg electrode under the

applied potential for 1 h, d) schematic illustration of the H, and H>O, generation mechanism on

each pure Mg electrode, ¢) total H,O, generation on the pure Mg electrodes under the applied

potential for 1 h.

Table 3. Elemental composition by EDS of a) the Mg microneedle (MN) electrodes after 1 h of

insertion into the porcine sample at 0.8 V, and b) the Mg MN anodes after 1 h of insertion into

the porcine samples under the applied potential.

a)

b)

Element Anode Cathode Element Wt
Wit%% At% Wit%  At% Control 0.2V 0.8V 1.4V
C 13.72 20.51 31.09 46.12 C 46.58 26.62 13.72 7.65
O 45.14 50.66 8.89 9.9 (0] 11.68 16.57 45.14 49.07
Mg 33.23 24.54 60.01 4397 Mg 41.75 56.8 3323 40.85
Cl 4.09 2.07 Cl 4.09 2.43
i !
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4.4 Conclusion

Biocompatible and biodegradable Mg electrodes were studied for enhancing TDD by
combining MN technology and iontophoresis. The Mg MNs formed microchannels deep
enough for drug delivery into the skin. Then, during iontophoresis, the potential levels of Mg
and Mg-based alloy were measured and their optimum voltage ranges were established based on
the amount of H, generation. The dye permeation test on the porcine skin samples obviously
proved the efficacy of the Mg electrodes for iontophoresis. The dye migrated farther as the
applied voltage increased, but the dye transport was hindered by excessive H» generation and
MN corrosion at a high applied voltage, 1.4 V. By analyzing the H, generation and MN
corrosion at each electrode, they clearly indicate that the Mg MNs are adequate for
iontophoretic TDD regardless of the polarity of the drugs. In addition, it is expected that this
study would serve as an opportunity to further expand the application of biodegradable metals

even to various electrochemical applications.
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Chapter 5. Conclusion

Mg is used in various medical engineering fields such as orthopedics and dentistry due to
its excellent mechanical properties, excellent biocompatibility, and biodegradable properties.
Despite these advantages, the most limiting reason for the use of Mg is its aggressive corrosion
rate. In particular, the dynamic corrosion process in the initial corrosion stage plays a decisive
role in cell attachment and cell-surface bonding, and determines the success of implant materials.
Therefore, it is very important to understand the corrosion mechanism of Mg. Mg and Mg-based
alloys generate corrosion products such as H,, ROS and various oxides during the corrosion
process. Therefore, through understanding the corrosion mechanism of Mg and its alloys, we
tried to control corrosion products and expand their use in the field of biomedical engineering.

First, we developed a biodegradable hybrid material that can generate ROS using a simple
coating layer of biodegradable metals Mg and Zn without external stimulation. A galvanic
couple of the two coating layers accelerated the corrosion of Mg and generated more ROS than
single metal layer. The ROS generation tendency was closely analyzed through the long-term
immersion test. Therefore, Mg/Zn/PLLA hybrid materials are good candidates for biodegradable
hybrid stent materials with ROS functionalization to suppress the risk of in-stent restenosis

Second, the ROS generation mechanism of Mg and Mg-based alloys was studied. The
corrosion rate of metal was proportional to the amount of H» generated, but not related to ROS.
As a result of measuring ROS by supplying a constant current to control the inherent
characteristics of the alloy, it was found that the supply of electrons contributes to the generation
of ROS to some extent, but the inherent surface properties of the alloy are a more important
factor. In addition, this was proved through the oxide film model tests. Through this, research
using ROS generation based on Mg materials will be able to expand not only to the field of
biomedical engineering but also to various fields such as catalysts and the environment.

Third, biocompatible and biodegradable Mg electrodes were studied for enhancing TDD by
combining MN technology and iontophoresis. The Mg MNs formed microchannels deep enough
for drug delivery into the skin. Then, during iontophoresis, the potential levels of Mg and Mg-

based alloys were measured and their optimum voltage ranges were established based on the
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amount of H, generation. The dye permeation test on the porcine skin samples obviously proved
the efficacy of the Mg electrodes for iontophoresis. By analyzing the H, generation and MN
corrosion at each electrode, they clearly indicate that the Mg MNs are adequate for
iontophoretic TDD regardless of the polarity of the drugs. In addition, it is expected that this
study would serve as an opportunity to further expand the application of biodegradable metals

even to various electrochemical applications.
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