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Magnesium is an important base material for non-permanent implants, even though its corrosion
rate in the human body is usually elevated for most applications. In order to reduce that rate, polymer
coatings can be a better option than heavy-metal containing Mg alloys. In this work, random copolymers
of PMMA and PMA A were synthesized and used for coating pure Mg by simply immersing Mg coupons
into a diluted copolymer solution. It has been shown by SEM analysis and quantitative adsorption
analysis that the copolymers have adsorbed onto the Mg surface. All the coated materials presented a
lower corrosion rate than the uncoated Mg, reaching close to 100% reduction for most of the copolymer
up to 6 hours of testing. The copolymers with 5, 8 and 13% of PMAA in their composition showed

the best performances as corrosion controllers.
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1. Introduction

Magnesium is a bioabsorbable and biocompatible metal,
however, its inadequate corrosion rate (too high) restrains
wide application as temporary implants'. Nowadays, Mg
alloys presents suitable corrosion rates, however, toxic
elements such as rare earth elements and aluminum narrow
their medical applications due to the release of toxic oxidized
compounds?. In order to reduce the corrosion rate, polymer
coatings are one of the most promising strategies to protect
Mg and its alloys®. The presence of selected chemical groups
in the polymers chains favors anchoring the polymer onto
Mg surface and the formed film protects the metal just long
enough to play its structural role and further be eliminated®.

Several examples of the use of polymer coating to
reduce the corrosion rate of magnesium-based materials for
biological applications can be found on the review published
by Agarwal et al.in 20167. Despite the wide use of several
polymeric materials as coatings, poly(methyl methacrylate)-
co-poly(methacrylic acid), PMMA-co-PMAA, to the best of
our knowledge, have not been tested for corrosion protection
of magnesium-based materials. This work presents a proof-
of-concept that such materials reduce the corrosion rate of
pure magnesium and should be considered as an option for
coating magnesium-based materials oriented to a biomaterial.
Moreover, the procedure to manufacture the coating proposed
here is quite simple what brings more interest over the system.

Polymethyl methacrylate (PMMA) has been used in
bone cements for orthopedic applications and presents
good biocompatibility with human tissues, however, its use
as a polymer coating for Mg is still poorly investigated®’.
Jin etal.'’ evaluated a PMMA spin coated in a ZK60 alloy and
found that a PMMA film with a thickness of about 470 nm
provides good protection against corrosive attack in simulated
body fluids (SBF) and observed good cell adhesion as well as
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cell viability. The applied coating method was spin coating
and no information on the adhesion of the film to the metallic
surface was provided. Mijamder and coworkers have used
a chemical approach to attach silane to the surface of the
AE42 alloy planned for coronary stents, after that a layer
of PMMA was deposited. The corrosion rate was decreased
and the material showed good biocompatibility!!. None of
those examples tested PMMA/PMAA copolymers.

Magnesium surface exposed to the regular atmosphere
oxidizes and reacts promptly with humidity, generating MgO
and Mg(OH),". The protective layer formed, particularly
in aqueous media, is not stable due to the solubilization of
Mg** at pH<I2 and to the presence of chloride ions, that
replace the hydroxyl ions on the surface and makes the layer
more water soluble'*'*. On the other hand, MgO is prone to
coordinate with several chemical groups such as carboxylic
acid'>!%, what opens an opportunity to create new polymeric
coatings bearing such groups in order to provide good
coating-surface interactions and, therefore, good adhesion.

In this work, poly(methyl methacrylate)-co-poly(methacrylic
acid) copolymers, PMMA-co-PMAA, presenting several
compositions, had their adsorption ability to Mg surface
investigated along with their effects on decreasing Mg
corrosion rate. The presence of an acidic repetitive unit (bearing
-COOH) was intended to enhance the interactions' between
the copolymer and the MgO layer formed when the surface
is exposed to the air after polishing'®, creating a more
homogenous and stable coating. One interesting feature
of this type of copolymer is that several characteristics of
the material, such as the relative composition, molar mass,
copolymer architecture, among others, can be changed in
order to optimize the property one is looking for - coating
formation and its efficiency, for instance.

Even though PMMA-co-PMAA is not considered
biodegradable, it has been shown to present low (or none)
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toxicity'” and only a small quantity of the polymer bounded
to the metal surface is necessary, what may allow the use of
such material in medical applications. Furthermore, keeping
the copolymer molecular weight below renal filtration
threshold (30-40kDa)'® would allow the copolymer to be
climinate from the body via the urinary tract. The major goal
here is to generate a promising type of coating for Mg that
can be applied by a very easy and convenient procedure,
such as dip coating.

2. Materials and Methods

All copolymers were synthesized by free radical
polymerization. Five different contents of poly (methacrylic acid)
were obtained by changing the initial monomer concentration
ratios: 95% of methyl methacrylate: 5% methacrylic acid;
92:8;90:10: 87:13 and 85:15. The reactivity ratio for those
monomers are IMMA=0.55 and rMAA=1.56". A higher
PMAA content is expected in the copolymers compared with
the initial monomer concentration ratios. The monomers
(Sigma-Aldrich) were passed through a column of basic
alumina in order to remove the inhibitors. All syntheses
were carried out at 70 °C using AIBN as initiator under
argon atmosphere and magnetic stirring. The reaction was
stopped when the solution became too viscous to be stirred
(usually around 1 h). The polymeric materials were then
dried in an oven at 70 °C.

All produced copolymers were characterized by Fourier-
Transformed Infrared Spectroscopy (FTIR), Proton Nuclear
Magnetic Resonance ('"H-NMR) and Gel Permeation
chromatography (GPC). FTIR spectra were obtained in a
Prestige 21 spectrophotometer (Shimadzu). Solutions of
the copolymers in tetrahydrofuran (THF) were added to
KBr pellets and dried for FTIR experiments.'H-NMR was
carried out in a Varian Mercury 300 MHz spectrometer in
deuterated chloroform. GPC was performed in a Shimadzu
system equipped with two Phenomenex columns (10* and
10° A). The elution solvent was THF with 0.3% triethylamine.

High purity magnesium (99.97%) samples with
10 x 10 x 2 mm? dimensions were ground up to 600# silicon
carbide paper. The samples were ultrasonically cleaned
in acetone for 10 min, dried in air, and then coated by
immersion in a copolymer concentration in THF solution
followed by drying in air. Two different procedures were
followed depending whether the sample would be used for
surface characterization or corrosion rate studies. For surface
characterization, only half of the sample was kept in contact
with the solution (10 mg mL") in order to create a limit
between coated and uncoated surface regions. For hydrogen
evolution tests, the samples were completely immersed in a
copolymer solution in THF (2 mg mL™") for 24 h.

The coated surfaces of the samples were silver coated
(15 nm) and then analyzed using scanning electron microscope
(SEM — Hitachi TM3000).

Quantitative adsorption was evaluated by measuring
the equilibrium concentration of the copolymer solutions
in THF after being in contact for 24 hours with standard
magnesium pieces. The initial blank solution concentration
(nominal) served as reference. GPC RI detector area ratio of
the copolymer signal in sample and reference chromatograms
was used to determine the equilibrium concentration after
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24h (C), that was then used to calculate the mass of polymer
adsorbed per area of metal (q,) according to Equation 1.

qe=(C0—Ce)/(v*areaMg) (1)

where: q_ is the amount of copolymer adsorbed per area
of the sample
C, is the copolymer nominal concentration before adsorption
C, is the copolymer equilibrium concentration (after adsorption)
v is the total volume of copolymer solution used
area, is the area of the Mg sample

For hydrogen evolution tests, coated and uncoated samples
were immersed in a 0.9% NaCl (wt.%) aqueous solution
and the evolved volume of hydrogen gas registered at room
temperature via an inverted burette filled with the same
saline solution. The corrosion of Mg is an electrochemical
process, and, when immersed into a chloride solution, Mg
reacts with water producing Mg(OH), on the surface and
H, gas is released. Each Mg atom oxidized to Mg** generates
one hydrogen molecule so the volume of H, produced at
constant pressure and temperature is proportional to the
mass of Mg oxidized. In water, chloride ions replace the
hydroxyl on the metal surface producing a more soluble
MgCl,. That is the reason why the corrosion of magnesium
is faster in the biological media and in saline solutions (as
the one used in this work in order to emulate some of the
biological conditions). The following reactions summarize
the corrosion process in salt water:

Mg—)Mg2+ +2e” 2
2H,0+2¢” —Hy+20H™ 3)
Mg”* +20H™ —Mg (OH), 4)
Mg(OH ), +2CI™ —MgCl, + 20H" ©)

3. Results and Discussion

Five PMMA-co-PMAA copolymers of different MAA
contents (5-15%) were obtained in this work as white solids.
The global reaction yields are shown in Table 1.

The average molar masses in Table 1 are within a
broad range, which can be explained by the intrinsic
reactivities as well as by other factors, such as gel effects.
The PMMA-PMAA 95:05 presents the highest molar mass as
well as the highest molar mass dispersivity index (Mw/Mn),
probably because the reaction mix was more viscous in that
case, particularly towards the end of the reaction which
probably triggered gel effects.

The FTIR spectra of the materials exhibited the carbonyl
signal (ester/carboxylic acid) at 1732 cm™ and OH signal
near 3500 cm!, attributed to the COOH group, present in all
copolymers. However, due to the hygroscopic behavior of
these materials, it might be also associated to residual water.

The '"H-NMR data confirmed the molecular structure
of the polymeric materials. The expected signals at
0.83/1.01 ppm (C-CH,); 1.81/1.94 ppm (CH,); 3.59 ppm
(O-CH,) are observed”. PMMA-PMAA 95:05 1H-NMR
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Table 1. Syntheses yields and average molar masses (Mn, number averaged and Mw, mass averaged).

Material Yield (%) Mw (kDa)* Mn (kDa)* Mw/Mn
PMMA-PMAA 95:05 67.1 71.2 2.33
PMMA-PMAA 92:08 66.8 48.1 29.8 1.61
PMMA-PMAA 90:10 56.2 8.06 5.30 1.52
PMMA-PMAA 87:13 62.1 5.33 1.93
PMMA-PMAA 85:15 64.8 20.6 10.6 1.94

*comparable to PMMA standards

was not acquired due to its low solubility in CDCL,. FTIR
and 1H-NMR are not presented, the authors can provide
such data by request anytime.

Figure 1 presents an interface of coated and uncoated
regions as well as details of the coated surfaces of magnesium
samples obtained by immersion of part of the pieces in
different copolymer solutions. The copolymers with lower
contents of poly (methacrylic acid) show smoother surfaces
than those of higher content.

The presence of PMAA in the materials was intended to
increase the interaction with the magnesium surface since
carboxyl polar groups with lone electron pairs can bind to
metals®. On the other hand, polar groups also increase the
interpolymer interactions (internal hydrogen bonds) as well
as hydrophilicity, what may be the reason for the alveolar
patterns as seen on Figure 1h and j. Due to the hydrogen
evolution results (see below), such alveolar patterns seem
to be an upper layer on a more homogenous one, since
both copolymers related to Figure 1h and j have shown a
good protective effect against corrosion. This would not be
expected if the magnesium surface was in direct contact
with the saline solution, even partially. The hypothesis here
is that once the magnesium surface is completely coated, an
upper layers builds up exhibiting this alveolar pattern. Since
it is not expected that the copolymers present quasi-block or
block architectures (not so different reactivity ratios), phase
separation is not a plausible explanation for the pattern, since
it is unlike to occur.

It is worth to note that all copolymers formed thin films
on the samples by a very simple procedure (dip coating in
a diluted solution).

Figure 2 shows the amount of polymer adsorbed when
standard magnesium samples were immersed in the copolymers
THF solutions. PMMA-PMAA 92:08 was not used for this
test because it has presented solubility issues. The PMMA-
PMAA 85:15 stands out among the studied materials, with
up to 5 pg of copolymer adsorbed per mm? of surface, all
others reaching up to 3 pg per mm? Due to data scatter,
the models tested to fit the data (Langmuir and Freundlich
isotherm models) were not able to describe all the cases.
Even though the GPC-based method is quite convenient and
should be able to measure concentrations in the range of the
C, values presented here, it is clear the low precision for the
particular experimental conditions presented. For example,
in Figure 2d, as GPC measures the remaining copolymer
concentration after equilibrium, the lowest two C, values
were determined to be quite similar and also close to the
detection limit (high relative error). Because of that, q,,
that depends on C_ according to equation 1, ended up to
be quite different for those two concentrations, since C is

also different for each sample. Besides such limitations, the
method estimates well the amount of copolymer adsorbed on
the surface taking into account the equilibrium concentrations
(C,) altogether, although the points scatter hinders the build
of a reliable isotherm adsorption graph. Also, in the case
that the affinity of the copolymers to the Mg surface is quite
high, q, are not considerably different comparing all the C_
values since the adsorption plateau has been reached for
this concentration range (surface saturated with copolymer
even for the lowest concentrations used). That could be the
reason why q_ does not show any obvious trend with C,
this hypothesis can be proved if lower C, values are used,
what is out of the scope of this work. Here, such tests were
useful to estimate the magnitude of the copolymer mass per
area unit on the Mg surface.

All coatings of different copolymers were able to decrease
magnesium corrosion rates in saline solution as shown by
the H, evolution data in Figure 3. Classical saline solution
(NaCl 0.9% , wt.%) was chosen to provide the chloride
ions present in biological fluids. As mentioned, Cl" plays a
very important role in accelerating Mg corrosion in vivo'??!,

PMMA-PMAA 90:10 has shown to be the less effective
coating, although it decreased the volume of evolved
hydrogen by more than 80% after 5 hours, compared to
uncoated magnesium. One explanation for the relatively
low performance of this particular material probably relies
on a low average molar mass combined with a relative high
hydrophilicity (10%), increasing the copolymer water solubility
and leading to faster dissolution during the experiment. This
find highlights the fact that hydrophilicity (composition) and
molar mass can be both tuned simultaneously in order to
reach maximum performance and adjust the corrosion rate
as close as possible to the one needed.

The corrosion process of all other coated samples was
suppressed by almost 100% over a 6 hours period, showing
the potential of this simple coating technique to generate
corrosion-protected magnesium. It is worth to mention
that the material presenting the second lowest molar mass,
PMMA-PMAA 87:13, of relative high hydrophilicity, showed
the second worst surface protection. In this investigation, the
protection mechanism was not directly accessed, however,
it is expected that, as mentioned, a continuous film acts as a
hydrophobic barrier on the surface of magnesium, decreasing
the corrosion rate by controlling the water and ionic species
access to the Mg surface.

In order to access to the most important factors for the
corrosion protection presented on Figure 3, the relevant
parameters of all materials studied are summarized on Table 2.

As can be seen on Table 2, the two materials with the
lowest molar mass are the ones that are less effective to
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(c)

Copolymer

Figure 1. SEM/BSE micrographs of magnesium coupons where only half of the surfaces were immersed in copolymer THF solutions.
Regions indicated by arrows are magnified on the correspondent images at right. The five materials are shown: photomicrographs a
and b, PMMA-PMAA 95:05; ¢ and d, PMMA-PMAA 92:08; ¢ and f, PMMA-PMAA 90:10; g and h, PMMA-PMAA 87:13; i and j,
PMMA-PMAA 85:15.
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Figure 2. Adsorbed polymer mass per area (q.) as a function of the final equilibrium concentration (C)): a) PMMA-PMAA 95:05; b)
PMMA-PMAA 90:10; c) PMMA-PMAA 87:13; d) PMMA-PMAA 85:15.
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Figure 3. Hydrogen evolution due to magnesium corrosion for
the coated and uncoated samples. Inset shows in detail the low
H, evolution of the most effective coating materials. Lines are to
guide the eyes only.

avoid hydrogen emerging, even though the performance
of PMMA-PMAA 87:13 is close to the most effective.
The materials with the highest and the lowest hydrophobic
content (95 and 85%, respectively) are both very effective,
suggesting that composition is not crucial for corrosion
protection. On the other hand, the surface patterns observed
on electron microscopy (Figure 1) seem to follow the order
of hyphobicity, going from a smooth pattern for the most
hydrophobic material to a “alveolar” pattern for the less
hydrophobic one, in a continuous way. The pattern observed
does not seem to correlate with the hydrogen evolution results.

Once again, the goal here was only to prove that
PMMA-PMAA materials with different molar masses and
compositions can somehow protect the magnesium surface
from corrosion. But, based on the data on Table 2, one can
speculate that the molar mass is the most important factor

for the protection effectiveness (maybe there is a threshold
of molar mass, above which the protection is better), and the
composition controls the pattern of the film on the surface
(not correlated with corrosion protection). A systematic study
on these factors is necessary to confirm that and to measure
the exact effect of each one on magnesium corrosion.

As cited before, a low molar mass turns the material not
only more soluble but also increases the rate of solubilization
thus speeding up the disassemble of the film. Higher
molar mass polymers present more chain entanglement
and the dissolution kinetic is heavily controlled by chain
disentanglement®, so the copolymers with high molecular
weight tend to stay on the surface and protect the surface
longer, as observed here.

Magnesium materials to be applied in biological system
usually must keep their properties longer than a few hours.
Even though the goal of this work is only to produce a proof-
of-concept and not a final biomaterial product, in Figure 4 the
hydrogen evolved from a coated sample is depicted within a
period of days. The results of the uncoated sample are shown
for comparison. The hydrogen evolved from the coated one
in approx. 4 days (~5SmL/mm?) is less than what is evolved
by the uncoated one in less than 6 hours (~6,5 mL/mm?).

Thus, results presented here indicate the potential of
PMMA-co-PMMA, a very simple polymer material to be
obtained, as a corrosion reducer for magnesium-based alloys
to be applied in biological systems. The amount of copolymer
employed to achieve a considerable protective effect is very
low (maximum of 6 pg/mm?, Figure 3) what minimizes the
risk of toxicity. Also, the human renal filtration threshold is
considered to be in the range of 30-50kDa'® and three out of
5 copolymers studied here are below that limit, so that they
are not supposed to accumulate in the human body. Further
systematic study of the materials and procedures proposed
here, including biological tests, can lead to polymer-coated
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Surface Pattern

Material Hydrophobic index* Mn (kDa, Table 1) (Figure 1) Corrosion protection**
95:05 95% 71.2 Smooth Best
92:08 92% 29.8 Smooth Best
90:10 90% 5.30 Smooth/Alveolar Worst
87:13 87% 5.33 Alveolar Better
85:15 85% 10.6 Alveolar Best

* initial MMA content before polymerization; ** based on hydrogen evolution tests
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Figure 4. Hydrogen evolution during long time test. Sample coated
with PMMA-PMAA 85:15 and uncoated are shown. Lines are to
guide the eyes only.

magnesium materials useful for biomedical and/or other
purposes.

4. Conclusions

Random copolymers of PMMA and PMAA were able
to form polymer films on the surface of metallic magnesium
by simply immersing them into a THF solution. The films
are evident on SEM images and were able to protect the
magnesium samples against corrosion in aqueous medium
(NaCl 0.9%).

All' materials adsorbed to the magnesium surface, yielding
a minimum density of around 3pg per mm?.

One material, PMMA-PMAA 90:10, the one with the
lowest molar mass average, has shown a worse performance
that the others concerning the corrosion protection by
H, evolution, even though it decreased the hydrogen evolution
by 80% in 5 h compared to the uncoated sample. The other
4 materials tested showed better performance and suppressed
the H, evolution by nearly 100% within 6 h. Molar mass
seems to be the most important factor for corrosion protection
effectiveness: materials above 10.6kDa (3 materials) showed
better protection than the others (2 materials) based only on
hydrogen evolution tests. Long term test showed corrosion
suppression for more than 75 h. The protection procedure
proposed here has shown a good potential to control magnesium
corrosion in saline aqueous media.
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