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Abstract: Transcatheter arterial chemoembolization (TACE) is an effective method for traditional
cancer treatment. Currently, various embolic agents block the blood vessels in the TACE operation.
In this paper, the feasibility of the degradable Mg applied for TACE was explored innovatively. The
degradation behavior of Mg particles and PLLA modified Mg particles used as embolic agents in
contrast media was studied. The morphology and corrosion products were also characterized. After
two days of immersion, the pH of the contrast agent was increased to 9.79 and 10.28 by the PLLA-
modified Mg particles and unmodified Mg, respectively. The results show that the surface-modified
Mg particles with PLLA have an eligible degradation rate to release degradation products and form
an acceptable microenvironment. It is feasible to be used as an embolic agent in TACE.
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1. Introduction

As the second common disease worldwide, the incidence rate and mortality of cancer
have continued to increase in the last ten years. According to the international agency’s
report for cancer research, there were 18.1 million new cancer patients and 9.6 million
deaths in 2018 [1]. The global cancer statistics in 2020 show 19.3 million new cancer cases
and nearly 10 million deaths [2]. In short, cancer’s threat to human life and health can
still not be underestimated. In order to overcome the problems in traditional treatment,
many scholars have explored new treatments, and TACE is one of them. TACE eliminates
tumors through the simultaneous action of chemotherapeutic drugs and embolic agents. In
the treatment of liver cancer, TACE is primarily used for patients with medium-term liver
cancer, particularly those unable to receive surgical treatment [3].

TACE can be divided into four types: convention TACE (c-TACE) [4], balloon occlusion
TACE [4], drug-eluting bead TACE (DEB-TACE) [5] and trans arterial radioembolization
(TARE) [5]. The four TACE methods have their advantages and disadvantages, and the
treatment scheme needs to be considered in combination with the actual situation of
patients. On one hand, the appropriate drugs should be selected to cooperate with embolic
agents. On the other hand, the side effects caused by the early release of drugs should be
avoided as much as possible.
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Mg has important research and application value in basic science [6,7], industrial
energy [8] and other fields, among which biodegradable Mg is one of the most popular
biomedical metal materials to date. The research of biomedical Mg alloys can be traced
back to the 1870s. In 1878, Edward C. Huse inserted a Mg wire into a patient’s body as a
hemostatic bandage, found that the degradation rate of it in human body was slow, and
proved that the time required for the complete degradation of the Mg wire was related to
its diameter [9]. After that, Mg and its alloys began to receive the attention of the relevant
scholars. At the end of the 19th century, Payr put forward the idea of using Mg in surgery
and put it into practice. In 1900, when he used a Mg tube as a connector to anastomose
blood vessels, he found that placing the tube inside the blood vessel would cause blood
coagulation and, in severe cases, would cause thrombus [10]. Using the coagulation effect
of Mg, he tried to use it for the treatment of hemangioma and found that the Mg alloy can
transform early hemangioma into fibrous tissue [11,12]. In addition, he has also conducted
research on the use of Mg plates to suture human liver and spleen [10,13]. His work has
greatly promoted the application of Mg in medical fields. Subsequently, an increasing
number of scholars began to research Mg and its alloys as biomedical materials [14].

In 1907, Lambotte used a Mg plate and screw in the treatment of humeral fracture in
children. The patients recovered well after the operation, and no infection or other adverse
reactions were observed in the surrounding tissues [14,15]. Subsequently, Verbrugge et al.
also used Mg-based bone nails and plates in the treatment of humeral fractures. Three
weeks after operation, the implants had been completely degraded in the patient [16-18].
In 1940, Maier treated humeral fractures with a bone pin made of Mg. In the following 14
years, the patients recovered well without any side effects caused by the treatment [19]. In
the middle of the 20th century, Trotskii and Tsitrin used Mg-Cd alloy plates and screws to
treat pseudoarthrosis and found that new cortical bone was formed around the Mg alloy
implant. The implant itself completely degraded [20].

Although the relevant research on Mg as a biomedical material continues, the degra-
dation rate of magnesium and its alloys cannot be reduced to the expected level, and the
corrosion mechanism of magnesium is still unclear, leading to the problem that the mechan-
ical properties of magnesium and its alloys cannot be maintained for a long time. At the
same time, stainless steel and titanium (Ti) alloys are increasingly used in the biomedical
field, while Mg and its alloys are less frequently researched in the medical field. However,
with the further development of corrosion science and the progress of material processing
technology, researchers have been able to control the degradation rate of Mg and its alloys
by a variety of means, which has brought biomedical Mg alloys back into view in medical
research.

Although Mg and its alloys have been extensively studied in the biomedical field,
no researchers have tried to use Mg as an embolic agent in the TACE process. Mg is
an essential element for the human body and has been the subject of great interest in
clinical research as a biodegradable implantation due to its superior biodegradability and
biocompatibility [21]. Under a physiological environment, Mg will degrade spontaneously
to Mg?* through the electrochemical corrosion process and reduce its H,O to Hy, increasing
the local pH [22]. The research results of Bois et al. showed that rats lacking Mg had a higher
probability of thymic lymphoid carcinoma, which increased with the prolongation of Mg
deficiency [23]. Some studies have also pointed out that Mg(OH), has a preventive effect
on colorectal cancer in rats. Tanaka et al. found that colorectal cancer in rats, induced by
carcinogens, can be inhibited by Mg(OH),, and the inhibitory effect of low-dose Mg(OH),
is more substantial [24]. Our recent work also indicates that the degradation products
Mg?* and Hj can restrain the activity of tumor cells and decrease reactive oxygen species
(ROS) [25]. Therefore, a Mg-modified embolic agent seems to be a feasible way to improve
the anticancer effect of TACE, which is worth exploring (Figure 1).
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Figure 1. Effect of degradable Mg particles as embolic agents in TACE. The degradation products of
Mg can inhibit tumor, and the embolization of particles can block tumor blood supply.

According to the Pilling-Bedworth principle, Mg cannot form a dense oxide film
to prevent its further oxidation during the oxidation process [26]. Therefore, to control
the degradation rate of Mg requires surface modification. A large number of studies
have shown that surface modification technology will not only effectively slow down the
degradation rate of Mg alloys [27,28], but give them special biological functions [29,30]. It
is the most widely used technology to improve their degradation performance in vivo.

Mousa et al. prepared a layer of ceramic coating containing Zr by electrodeposition
and found that the coating can improve the corrosion resistance and biocompatibility of
the Mg alloy [29]. Gu et al. obtained a dense Mg oxide coating after alkali heat treatment
on the surface of the Mg alloy and proved that this coating can effectively improve the
corrosion resistance and biocompatibility of the Mg alloy [30]. Xu et al. successively proved
the protective effect of a micro-arc oxidation coating on Mg by measuring the weight loss
and hydrogen evolution of Mg after micro-arc oxidation in the corrosion process [31]. Zhao
et al. proved through in vivo and in vitro experiments that a chitosan coating will not
only reduce the degradation rate of the Mg alloy orthopedic implants, but also improve its
biocompatibility [32].

In the process of using Mg as an embolic agent in TACE, selecting the appropriate
coating materials can enhance its therapeutic effect. PLLA is cheap and has good biocom-
patibility and biodegradability. As a result, it has been used in many practical medical
devices and is a reasonably mature coating material. However, due to the weak binding
force between magnesium and PLLA, it is prone to falling off during use; therefore, PLLA is
not generally used alone to modify. Zeng et al. prepared a MAO/PLLA composite coating
on the surface of a magnesium alloy by micro-arc oxidation technology and found that this
coating can significantly improve the corrosion resistance of the magnesium alloy [33].

As an embolic material, the Mg particles are injected into tumor blood vessels through
microcatheters to block the blood vessels and cause tumor necrosis. In order to introduce
Mg particles into the tumor blood vessels, they must be mixed with a medical contrast
agent so that the position of the implanted Mg particles can be observed in real-time by
angiography to ensure that they can accurately reach the tumor. In this work, we produced
Mg particles and mixed the particles with the contrast agent to explore the degradation of
the Mg in the contrast agent. The results showed that the unmodified Mg degraded too
quickly in the contrast medium and would destroy the practical structure of the contrast
medium; the PLLA modified Mg can overcome these two problems. This work is the first
to explore Mg's feasibility as a tumor embolic agent. It will provide an innovative idea for
the TACE treatment of tumors, and bring a novel expansion for the clinical application of
biodegradable Mg.
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2. Materials and Methods
2.1. Materials

Suzhou Origin Medical Technology Co. Ltd., China, provided the as-casted ingots of
Mg with a high purity of 99.98% selected for this research. The chemical compositions of
the high-purity Mg (HPM) were analyzed using a plasma-atomic emission spectrometer
(ICP-AES), and the results are listed in Table 1 [34].

Table 1. Chemical compositions of HPM as analyzed by ICP-AES. Reprinted with permission from
Ref. [34]. 2020, Elsevie.

Element

Mg

Si

Fe Ni Cu Al Mn Ti Pb Sn Zn

Ppmw

Bal.

20

20 5 5 20 20 10 10 5 20

First, the HPM ingot was hot-extruded, and the extrusion temperature was 350 °C. The
Mg ingot with a diameter of 20 mm was extruded and thinned to about 1 mm. Then, three
passes of hot drawing were carried out, and the preset temperatures were 190 °C, 170 °C,
and 130 °C, respectively. Finally, Mg wires with a diameter of 0.25 mm was obtained. They
were cut into cylindrical Mg particles with a length of 0.50 mm.

In this experiment, the contrast agent with ioversol (C1gH2413N30g) as the main com-
ponent was used as the corrosion solution. Other components included aminobutanol
(C4H11NOs3), calcium sodium edetate (C19Hj,CaNyNayOs), and water. The pH was ap-
proximately 7 (6.87-7.04), as measured by a pH meter (Mettler Toledo Fe20).

2.2. Microstructure

The drawn HPM wire was hot-mounted with a metallographic inlay machine (XQ-2B),
and then the samples were polished with 240-mesh, 800-mesh, 1200-mesh, and 4000-mesh
sandpaper in turn. Afterward, the samples were polished on a polishing cloth using a
W1 diamond paste. Anhydrous ethanol was continuously added, dropwise, during the
polishing process to prevent the sample’s surface being oxidized.

The metallographic etchant of the sample was prepared, and the composition is shown
in Table 2. we used absorbent cotton balls dipped in an etchant to gently wipe the sample’s
surface, washed with absolute ethanol after etching for 10 s, and dried at room temperature.
We observed the sample under a metallographic microscope (CMM-500) and photographed
its microstructure.

Table 2. Chemical composition of HPM metallographic etchant.

Composition Nitric Acid Acetic Acid Oxalic Acid Water
Content 1mL 1mL lg 150 mL

2.3. Surface Modification

A small amount of CH,Cl, and 3 g 15 w molecular of left-handed polylactic acid
(PLLA) were added into a glass bottle; the bottle was sealed and heated in a water bath
until all of the PLLA dissolved. A CH,Cl, solution of PLLA was mixed with 0.6 g Mg
particles; this mixture was then fully vibrated to cause the Mg particles to disperse evenly
in the solution, then the glass bottle was placed in a water bath to heat, and taken out after
1 h. The Mg particles in the glass bottle were transferred to the empty bottle and dried
under a vacuum environment at room temperature for 24 hours to obtain the Mg particles
that were modified by the PLLA coating.

2.4. Corrosion Test

The ratio of embolic agent to contrast agent was 1 g:15 mL to test the corrosion rate of
the degradable Mg particles in the contrast agent. First, 0.2 g Mg particles were weighed
with an analytical balance (Denver Instrument TP-214) three times and put into three 10 mL
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beakers. Then, 3 x 3 mL of medical contrast agent were drawn with a pipette gun and
injected into the three beakers. The beakers were sealed with plastic wrap to prevent
the volatilization of the contrast agent. The three beakers were subsequently placed in a
dark place. The corrosion rate of the degradable Mg particles in the contrast medium was
characterized by measuring the change in pH of the contrast medium with immersion time.
A small amount of Mg particles was taken out from the beaker at a particular time. After
drying, the corrosion morphology was photographed by the scanning electron microscope
with EDS (SEM, Rise). Two groups of samples soaked in the contrast medium were selected
for testing.

3. Results and Discussion

Figure 2a demonstrates the microstructure of the Mg wire before being cut into par-
ticles. The grain is relatively homogeneous, with an average size of 16 um, as measured
by the line cut method (Figure 2b). Figure 2c shows that the pH of the contrast medium
changes with the immersion time of the Mg particles and the PLLA modified Mg particles.
It can be seen that the corrosion rate of the Mg particles after PLLA coating has been better
controlled. Compared with the Mg group, with a pH of 7.99 after soaking for 10 min, the
pH of the group with the PLLA coating remains below 7.86 after soaking for 40 min. After
soaking for two days, the pH of the contrast medium of the PLLA modified Mg particles is
9.79, while the pH of the contrast medium of modified Mg particles is 10.28, which further
proves that the PLLA coating can slow down the corrosion rate of the Mg particles in the
contrast medium, at least within 48 h.
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Figure 2. Metallography and the evolution of pH. (a,b) Microstructure of Mg wire before cutting into
particles. (c) The pH of the contrast medium changes with the immersion time (0-150 min) of the
Mg particles and the PLLA modified Mg particles. (d) The pH of the contrast medium after 2 days
immersion of Mg particles and PLLA modified Mg particles.

According to the research of Lou et al. [35], after soaking high-purity Mg tablets in
PBS for 24 h, the pH of the solution did not exceed 7.8. After soaking for seven days, the
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pH of the solution remained stable, between 8.2-8.3, which is far less than the pH rise rate
measured in this study. On one hand, this is related to the larger specific surface area of
the Mg particles. On the other hand, the corrosivity of the contrast media also deserves
attention.

Figure 3 demonstrates the corrosion morphology of the Mg particles soaked in a
contrast medium for 0, 1h, 2h, 2 d and 30 d at 300 x and 1000 x magnification, respectively.
It can be seen that the micromorphology of the Mg particles is flat but not smooth. The
surface of the Mg particles soaked in a contrast medium for 1 h and 2 h has a relatively
smooth corrosion film, with cracks, which should be chapped by dehydration. This shell
layer is the corrosion product formed in the initial stage of the corrosion reaction. The Mg
particles soaked in a contrast medium for 2 d and 30 d can still observe this shell layer,
but the shell is no longer flat and full of cracks and small fragments. This phenomenon
indicates that the corrosion reaction has entered another stage, and the generated flat
corrosion product shell has also been attacked.

Figure 3. Micro morphology of Pure-Mg particles after corrosion under different magnification.

The primary corrosion film of Mg in the physiological environment is Mg(OH),, which
can prevent the dissolution of anode Mg and the H, evolution reaction of the cathode
and has a protective effect. According to previous literature reports, a Mg(OH), film will
decompose in the presence of CI’, thus greatly reducing its protection. Comparing the
experimental results of Zuo, it can be found that the corrosion rate of pure Mg in the
contrast agent is much higher than that in m-SBF, artificial urine, and bile [36]. Moreover,
these solutions do not contain the I element. Therefore, it can be considered that the Mg has
a higher corrosion rate in ioversol, and then I' may have a destructive effect on Mg(OH)»,
such as CI".

Figure 4 shows the corrosion morphology of the Mg particles with PLLA modification
soaked in the contrast medium for 0,1 h,2h,3h,4 hand 2 d at 300 x and 1000 x magnifi-
cation, respectively. There is an irregular shell on the surface of the modified magnesium
particles, which is a PLLA coating. After soaking for 1 h, the PLLA shell has disappeared
but, at this time, the surface of the Mg particles is not completely covered by the corrosion
products. The flat shell, which was also seen in the previous section, appeared on the
surface of the Mg particles soaked for 2 h, and the detached PLLA has adhered to the shell.
The difference in the corrosion morphology can be seen at 2 h. The Mg(OH), film with
cracks can be observed on the surface of the pure Mg group, but no cracking of the film
is found on the surface of the PLLA-modified group. After two days of immersion, a lot
of the degradation products precipitated in the pure Mg group, while the PLLA group
was relatively smooth without a large amount of product accumulation. After that, with
the extension of the soaking time, only the cracking of the shell of the corrosion products
increased, but the fragmented corrosion products in Figure 3 could not be observed. These
results indicate that PLLA can effectively protect the magnesium matrix in contrast media.
However, it is found that the corrosion rate of the Mg particles modified by PLLA in the
contrast agent is still higher than that of the pure Mg in the PBS solutions [36], indicating
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that the chemical composition of the contrast agent is aggressivity. The protective effect of
PLLA on the magnesium particles is lost due to the corrosion of the contrast agent.

Figure 4. Micro morphology of PLLA-Mg particles after corrosion under different magnifications.

The cross-sectional SEM pictures of the PLLA-modified Mg particles were taken before
and after soaking for two days, as shown in Figure 5. The difference between the PLLA
coating and the Mg corrosion products can be seen. It can be found that the PLLA coating
has poor bonding with the Mg particles, and part of the coating does not adhere to the
surface of the particles, while the corrosion products of Mg are well bonded to the matrix,
with almost no visible boundaries. From the picture, we can measure that the thickness
of the PLLA coating is approximately 5 um, and that of the corrosion product layer is
approximately 4 pm.

Figure 5. The cross-sectional SEM pictures of the PLLA-modified Mg particles before (a) and after
soaking for two days (b).

It is shown in Figure 6a that the corrosion products of the Mg particles mostly contain
element C, followed by O, and then Mg, I and Cl. The reaction products in the second stage
of corrosion contain significantly more O and I, indicating that the reason for the cracking
and corrosion of the smooth corrosion product shell generated in the first stage is that these
two elements, particularly I, are involved in the corrosion reaction. As shown in Figure 6b,
the atomic percentage of element C in the corrosion product is the largest, followed by O, N
and I. After two days of corrosion, the atomic percentage of the elements in the product is
not significantly different from that of after one hour, which is different from the corrosion
of the unmodified Mg particles. This result indicates that the reaction mechanism between
the contrast agent and Mg particles may change after introducing the PLLA coating. The
difference of element N in Figure 6b comes from the aminobutyric alcohol in the contrast
agent. The Mg particles modified by PLLA will release lactic acid during the corrosion
process. The combination of lactic acid and aminobutyric alcohol will increase the content
of N on the surface of the particles.
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Figure 6. (a) Comparison of atomic percentages of C, O, Mg, I and Cl in point scanning at the first
and second stages after two days of Mg particle corrosion. (b) Comparison of atomic percentages of
C, N, O, Mg and I in point scanning at 1 h and 2 day of PLLA modified Mg particle corrosion.

The degradation behavior of Mg and PLLA-modified Mg in the contrast agent indicates
that the corrosion mechanism in the contrast agent is different from that in simulated body
fluid. According to the above reaction, Mg reacts with water in the contrast agent to
generate Mg(OH), and first releases Hj, as shown in Figure 7a. Due to the viscosity of
the contrast agent, the generated Mg(OH), will be evenly attached to the surface of the
Mg particles to form a passive film. With the progress of corrosion, the water in the
contrast medium gradually decreased, and the Mg(OH); shell cracked due to CI" attacking.
Subsequently, ioversol in the contrast medium decomposes due to light or other conditions
and slowly releases I, which exists in the solution as an ion. These released I" may dissolve
the Mg(OH); shell on the surface of the Mg particles and further react to form Mgl,
(Figure 7b). The mechanism at this stage is similar to the dissolution of Mg(OH), by CI".

a 2H;0+ 2e~ = H, + 20H™ b Mg(OH), + 21~ — Mgl, + 20H"
e Contrast Contrast
agent Mgl: N agent
I —
p Mg(OH): (0n- Mg(OHD;
@ Mg — 2e” - Mg?* Mg Mg

o

\/ﬁ/ + Organic d 2H,0+ 2e~ —» H, + 20H™
compound °
Contrast e Contrast
% agent : agent

Organic
PLLA v @ Mg(OH):

4

N @ Mg—2e" - Mg2t ¢

Figure 7. Mechanism of reaction between Mg and contrast agent: pure Mg (a,b) and PLLA modified
Mg (c,d).
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After surface modification, the PLLA coating on the surface of the Mg particles is
corroded by the contrast agent. The generated small molecule lactic acid will combine with
amino butanol in the contrast agent and adhere to the surface (Figure 7c). When PLLA is
corroded and the Mg surface is exposed to the contrast medium, the corrosion reaction
of Mg and water occurs, forming a Mg(OH); shell and releasing H. Subsequently, the
corrosion reaction continued. However, as the adsorption process of anion to the Mg matrix
is hindered by the PLLA coating, the Mg(OH), film’s dissolution by I" is weakened, and
the degradation rate is slowed down (Figure 7d).

In Ref. [36], we obtained the corrosion of HPM in three corrosive media. In this
study, we found that the corrosion rate of HPM in ioversol injection is higher than in
other corrosive media. In these two articles, we selected HPM provided by the same
company, which are consistent in their composition. At the same time, we chose a Mg
wire as the experimental material. Although the diameter and length are different, the
microstructure is similar. Therefore, we believe that the difference in the corrosion medium
is the main reason for the acceleration of the corrosion rate. In the EDS analysis, we found
the enrichment of the I element in the corrosion products, while the other three corrosive
media did not contain the I element; therefore, we speculate that the I element has an
accelerating effect on the corrosion of Mg. Considering that the destructive effect of CI°
on Mg(OH), has been recognized [37], we suspect that the I element also has the same
effect. The difference is that the solubility of MgCl, (40 g/100 g) is about five times that of
Mgl, (8.1 g/100 g) at room temperature; thus, the binding ability of I" is stronger, and the
damaging effect on Mg(OH), should also be more apparent.

4. Conclusions

In summary, this work studies the corrosion behavior of pure Mg particles and PLLA-
modified Mg particles in an iodofol contrast agent and explores the application of Mg as
an embolic agent for TACE. Unmodified pure Mg has a high degradation rate because
the contrast agent can decrease the protectiveness of the degradation layer. At the same
time, the consumption of I will also lead to a decrease in the effectiveness of the contrast
agent itself, which means that a pure Mg is not suitable for TACE. The PLLA-modified
Mg can sustain a slow degradation rate within at least 48 h in contrast medium, which
effectively reduces the consumption of I and also forms a suitable microenvironment with
Mg?* and H, release. These findings contribute to broadening the clinical application of
biodegradable Mg in the future.
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