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Abstract: Magnesium AZ31 alloy has been chosen as bio-resorbable temporary prosthetic implants
to investigate the degradation processes in a simulating body fluid (SBF) of the bare metal and the
ones coated with low and high-molecular-weight PEO hydrogels. Hydrogel coatings are proposed to
control the bioresorption rate of AZ31 alloy. The alloy was preliminary hydrothermally treated to
form a magnesium hydroxide layer. 2 mm discs were used in bioresorption tests. Scanning electron
microscopy was used to characterize the surface morphology of the hydrothermally treated and PEO-
coated magnesium alloy surfaces. The variation of pH and the mass of Mg2+ ions present in the SBF
corroding medium have been monitored for 15 days. Corrosion current densities (Icorr) and corrosion
potentials (Ecorr) were evaluated from potentiodynamic polarisation tests on the samples exposed
to the SBF solution. Kinetics of cumulative Mg ions mass released in the corroding solution have
been evaluated regarding cations diffusion and mass transport parameters. The initial corrosion rates
for the H- and L-Mw PEO-coated specimens were similar (0.95 ± 0.12 and 1.82 ± 0.52 mg/cm2day,
respectively) and almost 4 to 5 times slower than that of the uncoated system (6.08 mg/cm2day).
Results showed that the highly swollen PEO hydrogel coatings may extend into the bulk solution,
protecting the coated metal and efficiently controlling the degradation rate of magnesium alloys.
These findings focus more research effort on investigating such systems as tunable bioresorbable
prosthetic materials providing idoneous environments to support cells and bone tissue repair.

Keywords: bioresorbable implants; magnesium alloy; PEO; anomalous sorption; swelling; biocompatibility;
corrosion

1. Introduction

In vivo and in vitro tests disclose that hydrogels represent a new type of functional
polymeric material widely used in biomedicine because of their softness, high tissue water
content, and good tissue compatibility. They may be applied in wound dressing, drug
sustained-release carriers, oral protection, and scaffolding materials if they possess the
required mechanical properties [1–5]. Although they are still developing, hydrogels have
great potential for future clinical treatment. Several reviews have underlined the increasing
development of new bone scaffolding materials with improved biocompatibility, non-
immunogenicity, and toxicity, with a controlled degradable absorption and degradation
rate that best match the formation of new bone acting as a bioactive interface between bone
and metal rigid bone implants [6–10].
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Rigid metals such as steel, titanium, and chrome-cobalt are widely used in prosthetic
medicine applications due to their superior mechanical properties; however, local chronic
inflammation, long-term endothelial dysfunction, retards in re-reendothelialization, throm-
bosis, and release of toxic metal ions are often observed and required secondary surgeries
to remove them [10–17]. Biocompatible hydrogels, which are commonly utilized as not
invasive scaffolding materials, have been described to potentially act as biomimetic and
biomechanically active interfaces [18–23], presenting adequate porosities and structural
properties to form three-dimensional structures with a large surface volume ratio able to
favor osteogenic cells colonization [18,19,22].

Furthermore, advanced hydrogels may present multifunctional properties specifically
designed to improve bone healing outcomes; enrichment with bioactive molecules, such as
extracellular matrix proteins, adhesive peptides, growth factors, hormones, and silica or
carbon-based nanoparticles, may be used to improve physicochemical as well as mechanical
and biological properties of such polymeric scaffolding interfaces [18,19]. These structural
hydrogels have been proposed as bio-mechanically active interfaces for implants’ early
osteointegration [22]. The last few years have experienced significant advancements in
hydrogel preparation by combining various organic and inorganic components to improve
hydrogel physicochemical properties, enabling them to be cutting-edge biomaterials to
translate into clinical applications [4–6].

Parallely, bioresorbable metal implants have been proposed to overcome long-term
criticisms [6–10] of permanent metal implants. Among the candidate bioresorbable mate-
rials, magnesium attracted significant consideration for its lightweight, high mechanical
specific properties, and compatibility with human physiology [8,9].

Magnesium-based implants possess osteoconductive properties experimentally testi-
fied by clinical trials where augmented peri-implant area bone apposition was observed [6].
Early studies [7–10] on bone fracture treatments have shown that Mg decreased the time
for callous bone generation. The osteo-conductivity exhibited by magnesium has been
suggested to derive from ion exchange with the biological environment [7–9]. Mg ions are a
crucial co-factor for many enzymatic metabolic activities [6,8], facilitating tissue healing [9].
Moreover, they are rarely toxic and readily excreted [10].

Nevertheless, magnesium can’t be straightforwardly used as a structural material
since it has extremely low intrinsic fracture toughness and high corrosion threats [10].
Magnesium alloys with improved mechanical and corrosion properties that do not contain
high concentrations of metals that may induce long-term tissue damage [15–20], such as
Ni, Al, Zr, and other rare earth metals, are then to be considered [11–25]. However, these
alloys are described to embrittle and lose structural properties [14] due to magnesium’s low
electrochemical potential fostering severe corrosion in chloride-containing environments
like the human body [26,27]. Developing new technological solutions to reduce and control
their degradation rates will favor the broader utilization of biodegradable temporary
implants [22].

Corrosion rate control is mandatory to avoid excessive bio-resorption and loss of
mechanical strength before tissue healing is accomplished [5]. Several techniques have
been proposed to reduce and control the corrosion kinetics [14,22–29]. Among these, simple
alkali heat treatment and polymer coatings [23,30–39] or more complex procedures such
as Ion implantation [27–29] or micro-arc oxidation [34–36] can be adopted. Biodegradable
polymer coatings represent the more accessible and well-performing technology [40–47].

The major weakness of using magnesium alloy in structural biomedical applications
is its low corrosion resistance in electrolytic environments. This characteristic, if controlled,
can be an intriguing property to developing bioresorbable orthopedic implants. Moreover,
released magnesium ions play a stimulatory role in the growth of new bone tissue [27–30].

In our previous study, we chose the magnesium alloy AZ31 as a suitable bioresorbable
bone implant material for its low contents of Al (3%) and Zn (1%) and good biocompatibil-
ity [11,12] and Poly-β-hydroxybutyrate (PHB) as a biocompatible and biodegradable [32]
coating that successfully shield and controlled magnesium alloy corrosion rate [23]. How-
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ever, although already used in several biomedical applications, tissue reaction to PHB
degradation by-products is still wondered [42,43]. PHB and its copolymers naturally
biodegrade in carbon dioxide and water by the human metabolism. Typical subcutaneous
tissue reactions related to an increase in collagen deposition were reported in rats after
implantation of PHB and attributed to mononuclear giant cell infiltration [43].

Bone remodeling processes repair the damage by removing and replacing the damaged
tissues with new bone; this healing process can be strongly favored by using biocompatible
and biomechanically active hydrogels that can be “designed” to reproduce bone-compatible
and biomimetic structural interface with the rigid implants.

Due to their mechanical, physiological, and biomimetic characteristics, hydrogels
can be good alternative candidates to control corrosion while supporting cells and tissues
during bone repair, survival, proliferation, and differentiation, providing an idoneous
microenvironment and extracellular matrix [48–53].

Coatings based on hydrophilic polymeric and ceramic-polymeric hybrid gels have
been suggested for their tunable properties and biocompatibility advantages [39,48–56].
These synthetic polymeric hydrogels have been successfully adopted as tissue substitutes
and drug delivery vehicles [39,44–49] with improved cytocompatibility and osteoindictiv-
ity [52]. Moreover, adding functional nanoparticles in polymeric hydrogels has further
enhanced their mechanical and biological properties, overwhelming their often-criticized
mechanical deficiencies [49,52,55]. In vitro experiments supported the hypothesis of the
formation of hybrid ceramic-polymeric hybrids mating silica nanoparticles and acrylic
hydrogels with significantly improved mechanical properties [39] and cell adhesion for
murine fibroblasts and primary cultures of human OB [52]. In vivo, tests have shown a
biomechanical activity of these hybrid coatings that favors the ability of OB to migrate from
cancellous bone and adhere and colonize the peri-implant tissues [51].

Stable hydrogels are formed by polyethylene oxide (PEO) in the presence of aqueous
media. When tested in the human body, PEO creates a stable to slightly soluble in the
body fluids hydrogel that allows calcification inside the hydrogel, favoring the bone-
bonding properties of the polymer [54]. Although PEO is water-soluble, swelling and
dissolution depend on water activity and molecular weight [49,55]. Moreover, due to its
hydrodynamic behavior [57–59], PEO hydrogel coatings reduce tissue adverse reactions
to some biomaterials by shielding their intrinsic thrombogenicity [44,47]. These highly
swollen water-soluble polymers may extend into the bulk solution [49], protecting the
coated implant from plasma protein adsorption and avoiding platelet adhesion primarily
by steric repulsion [45–47].

PEO hydrogel coatings could reduce the adhesion of microbial agents [45], resulting
in promising coatings to prevent infection on medical implant surfaces. Their effectiveness,
however, could be impaired by hydrolysis of the adhesive interface of the PEO chains to
the implant surface as the morphological changes observed for swelling experiments in
SBF [60].

Finally, the hydrogel interactions with body aqueous environments can affect struc-
tural and chemo-physical materials properties. Due to the different origins, functions,
and clinical pathologies, physiological water may present different compositions and
properties that need to be investigated to understand any possible hydrogel material
properties modification.

The present work will evaluate the corrosion of a magnesium alloy (AZ31) exposed
to SBF when coated with polyethylene oxide (PEO) of different molecular weights and
when only hydrothermally treated to form a protective magnesium hydroxide layer.
Our study will assess the protective coating potentials of a high molecular weight PEO
(Mw = 4,000,000) since it is reported to swell to a greater extent and to form structural hy-
drogels able to reduce corrosion [54–56]. A PEO of lower molecular weight (Mw = 600,000)
has been tested for comparison.
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2. Results and Discussion
2.1. Morphological Characterisation of the Specimen’s Surfaces

The scanning electron microscopy (SEM) images (150 to 250×) of the surface of the
uncoated hydrothermally treated and PEOs-coated specimens are reported in Figure 1A–C,
respectively. The hydrothermally treated AZ31 magnesium alloy exhibits a continuous
surface with visible micron grains of the magnesium hydroxide. Conversely, PEO-coated
specimens are characterized by a homogeneous coating covering and adhering to the
magnesium hydroxide [53].
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Figure 1. Electronic and optical microscopy characterization of the hydrothermally treated AZ31 and
PEOs coatings surfaces. (A) AZ31 hydrothermally treated, (B) 600,000 Mw PEO, (C) 1,000,000 Mw
PEO, and (D) micrograph of PEO anomalous sorption behavior in pure water (authorized elaboration
from [49]).
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Figure 1D shows a micrograft of the anomalous sorption experimentally observed [49]
at 37 ◦C for L-Mw and H-Mw PEO tablets immersed in distilled water. Polyethylene oxide
(PEO) is a nonionic polymer with good water affinity undergoing anomalous sorption,
swelling, and dissolution in pure water. Figure 1D shows this anomalous sorption mecha-
nism associated with swelling and relaxation of the initially dry polymer [49]: a sharp front
divides the dry, unpenetrated core from the external swollen layer (Figure 1D). The swollen
fronts move at a constant rate in the unpenetrated core. The authors have widely described
this anomalous sorption phenomenon, identified as Case II, and how it can be used in
control release applications for glassy and semicrystalline polymers with high affinity with
the penetrant molecules [39,49,57,58].

Hydrogel water uptakes and solubilities are described to be significantly affected
by external water activity [61] and polymer molecular weight [49]. From PEO molecular
dynamic studies of flocculation processes [47], due to the molecular helicoidal conformation
of poly(ethylene oxide) macromolecules with the ether oxygens outside, they are expected
to behave differently than in pure water when in the presence of blood plasma containing
several metal ions (see Table 4 in Section 4.1). Moreover, PEO swelling is strongly dependent
on pH, higher in acid (pH < 7.4) than in basic (pH > 7.4) environments [56] and lower
than those observed in the presence of pure water. As indicated in Figure 1D, these highly
swollen water-soluble polymers may extend into the bulk solution [49], shielding the coated
metal implant from corrosion predominantly by a steric ions repulsion mechanism [45–47].

2.2. Potentiodynamic Polarisation Tests

The polarization curves can obtain insights into the corrosion rate, passivity, pitting
susceptibility, and the electrochemical system’s cathodic and anodic behavior. Natural cor-
rosion current Icorr and corrosion potential Ecorr intensities determine the type and the rates
of anodic and cathodic electrochemical processes at the metal/corroding solution interface.

The larger the corrosion current density, the higher the corrosion rate and, hence, the
lower the corrosion resistance of the metal [53,54].

The corrosion resistance tests of bare and PEOs coated AZ31 alloy specimens in the
presence of SBF were conducted by potentiodynamic polarisation tests. Polarization curves
of the AZ31 and the PEOs coated AZ31B disks in SBF solution are displayed in Figure 2.
Corrosion current densities (Icorr) and potentials (Ecorr) are determined from the intersection
of the linear portions of the anodic and cathodic polarization curves reported in Figure 2.
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Ecorr represents the corrosion potential where current density significantly increases
up to its critical value according to the dissolution behavior of the metal.

The value of the corrosion current densities for the PEO-coated specimens are two
to three folds lower than that of the uncoated AZ31 alloy. Because corrosion currents are
proportional to the corrosion rate [38], a significant improvement in corrosion resistance is
attained by both PEO coatings. The presence of the hydrogels could sterically hinder ion
migration, reducing the reactions occurring at the metal interface. The H-Mw PEO behaves
better than the L-Mw PEO among the two coatings.

The corrosion in the aqueous media of magnesium follows the reaction of water
molecules with the metal-producing magnesium hydroxide and molecular hydrogen,
implying the anodic reaction

Mg→Mg2+ + 2e− (1)

and the cathodic reaction
2H2O + 2e−→H2 + 2OH (2)

The latter, (Equation (2)), determines an increase of the solution pH [53–55], as experi-
mentally observed in our corrosion tests reported in Figure 3a.

Gels 2023, 9, x FOR PEER REVIEW 9 of 18 
 

 

 
Figure 3. (a) pH of the SBF corroding medium, (b) mass of Mg2+ corrosion ions released in the SBF. 
The SBF corroding medium at 37 °C was refreshed daily. 

Both PEO-coated Mg AZ31 specimens exhibited significantly different corrosion be-
havior in the curves compared to the uncoated system (Figure 3a). The pH values of the 
corroding medium for the H-Mw and L-Mw PEO-coated metal specimens rise from 7.4 to 
steady values ranging from 7.6 and 8.0, respectively (blue and red curves in Figure 3a). 

In contrast, the uncoated Mg AZ31 specimens (black curve in Figure 3a) presented, 
since the first day of immersion in the corroding SBF solution, a subtle increase of pH 
denoting a higher basic behavior with pH values raising from 8.4–9.2 after 15 days of ex-
posure. 

For the uncoated samples, a second step rise of pH is observed on days 8–9. This 
event could be attributed to a collapse of the porous Mg(OH)2 [52,53]. The layer of porous 
hydroxide film, in fact, only moderately protects metal from the corroding SBF, only par-
tially hindering and slower corrosion process [56,57]. Even if only marginally soluble in 
water, the magnesium hydroxide suffers from severe chemical modification in the pres-
ence of chloride ions. Reacting with Cl− forms the highly soluble magnesium chloride and 
gaseous hydrogen [57], accompanied by a progressive increase of the external solution 
basicity and embrittlement of the Mg(OH)2 layer. 

Figure 3. (a) pH of the SBF corroding medium, (b) mass of Mg2+ corrosion ions released in the SBF.
The SBF corroding medium at 37 ◦C was refreshed daily.



Gels 2023, 9, 779 7 of 16

After hydrothermal treatment, the alloy surface is covered by a magnesium oxide
passivation layer. When this passivation layer is not protected during the polarisation tests,
the metal cation transport controls the anodic Mg dissolution kinetic at the metal interface
beneath the Mg(OH)2 passivation layer.

The porous structure of the Mg(OH)2 passivation layer does not efficiently hinder elec-
trolyte mobility and diffusion in the aqueous medium. The cathodic reactions imply charge
transfer freely occurring underneath and on the passivation hydroxide that can finally col-
lapse, further increasing charge transfer and rapid advancement of the corrosion processes.

The uncoated alloy’s significantly higher natural corrosion current depends on the
higher mobility charged species generated at the metallic interface by the failure of the
passivation layer. For the PEO-coated alloy, conversely, the exchange current density from
the cathodic reaction is reduced because the presence of the hydrogel acts as a physical
barrier that retards water penetration and electrons and ions transport.

The anodic metal passivation and dissolution rate reduction occur as the PEO coatings
significantly slow the diffusive mass transport of anions and cations [56].

Moreover, the formation of polar secondary PEO-Mg2+ bonds at the metal–polymer
interface, which reflects the high number of sterically exposed Oxygens in the PEO hydrogel
structure [47], may further hinder anodic reactions [56].

The layer of PEO coating is also retarding the diffusion in the bulk hydrogel of the
anions from the SBF corroding medium to the metal interface resulting in a final natural
corrosion current of about two to three folds lower than the bare AZ31 specimens.

The shift of the two PEO-coated alloy corrosion potential (Ecorr) towards the anodic
direction of natural corrosion potential and the related passivation denote that the hydrogel
is acting as a steric barrier that strongly hinders anions migration from the corroding
solution to the cathode [56].

2.3. Wettability

Contact angle measurements investigated the surface wettability of AZ31 Mg alloy.
The contact angles of water on the hydrothermally treated and HMw and LMw PEO-coated
specimens are reported in Table 1.

Table 1. Water contact angles for AZ31 Mg alloy hydrothermally treated with the formation of a
Mg(OH)2 (first column), hydrothermally treated + L-Mw PEO surface coating (second column), and
hydrothermally treated + H-Mw PEO coating (third column).

AZ31 Mg Alloy + Mg(OH)2
AZ31 Mg Alloy +

Mg(OH)2 + L-Mw PEO
AZ31 Mg Alloy +

Mg(OH)2 + H-Mw PEO

* 42.2◦ ± 0.4◦ * 63.1◦ ± 0.4◦ ** 62.3◦ ± 0.3◦

* significant difference (p < 0.05), ** highly significant difference (p < 0.01).

The tests confirmed that the magnesium hydroxide layer of the hydrothermally treated
specimens is homogeneous.

A mild hydrophilic water contact angle of 42.2◦ is shown by the hydrothermally
treated AZ31 alloy. Conversely, the PEO polymer coatings increased the contact angles to
63.1◦ for the L-Mw PEO and 62.3 for the H-Mw PEO. These values are in the range of those
reported in the literature [62,63].

The lower the hydrophilic nature of the PEO-coated external layer, the lower the
surface wettability and the expected corrosion rate [52–55].

The surface wettability plays a relevant role in the corrosion and biological response of
implanted devices because it affects the diffusion of water and solution electrolyte diffusion
as well as the processes of corrosion and cell activity at the peri-implant area.

This could become particularly critical for magnesium alloy prostheses that, once
whetted by the body fluids, activate corrosion and resorption processes that, if occurring at
a high rate, are risky for their functionality [57].
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The wettability of the hydrothermally treated magnesium specimens is higher (lower
contact angle) than those of the PEO coatings. The lower wettability (higher contact angle)
protects the metal surface, slowing erosion and lengthening implant functionality.

2.4. Simulating Body Fluid (SBF) Corrosion Tests

From the previous discussion, it can be inferred that an implanted magnesium prosthe-
sis corrosion process and ions release in its surrounding biological environment are directly
related to the electrochemical character of the reduction and oxidation reactions occurring
between the metal interface and the external wetting electrolytic solution (plasma or SBF).

The results of 15-day SBF corrosion tests on L-Mw and H-Mw PEO-coated and un-
coated alloy specimens are reported in Figure 3. The pH change of the SBF solution and the
mass of the Mg2+ ions released have been recorded daily and are reported in Figure 3a,b,
respectively.

Both PEO-coated Mg AZ31 specimens exhibited significantly different corrosion be-
havior in the curves compared to the uncoated system (Figure 3a). The pH values of the
corroding medium for the H-Mw and L-Mw PEO-coated metal specimens rise from 7.4 to
steady values ranging from 7.6 and 8.0, respectively (blue and red curves in Figure 3a).

In contrast, the uncoated Mg AZ31 specimens (black curve in Figure 3a) presented,
since the first day of immersion in the corroding SBF solution, a subtle increase of pH denot-
ing a higher basic behavior with pH values raising from 8.4–9.2 after 15 days of exposure.

For the uncoated samples, a second step rise of pH is observed on days 8–9. This
event could be attributed to a collapse of the porous Mg(OH)2 [52,53]. The layer of porous
hydroxide film, in fact, only moderately protects metal from the corroding SBF, only
partially hindering and slower corrosion process [56,57]. Even if only marginally soluble in
water, the magnesium hydroxide suffers from severe chemical modification in the presence
of chloride ions. Reacting with Cl− forms the highly soluble magnesium chloride and
gaseous hydrogen [57], accompanied by a progressive increase of the external solution
basicity and embrittlement of the Mg(OH)2 layer.

The increased pH observed on days 9–10 can be related to the collapse of the magne-
sium hydroxide layer and further metal exposure to the corroding medium.

The daily mass of Mg2+ released from the uncoated and PEO-coated magnesium is
reported in Figure 3b as a function of the exposure day (from 1st to 15th). The daily mass
released by the uncoated samples (black line in Figure 3b) is constantly higher than those
registered for the L-Mw and H-Mw PEO-coated samples (red and blue lines, respectively).

Consistently with the measurements of anodic and cathodic polarisation curves of
Figure 2, a higher tendency to release Mg2+ ions should be expected for the bare alloy speci-
mens vs. the hydrogel-coated ones; the natural corrosion currents of AZ31-coated PEOs are in
fact, two folds lower than that of the bare alloy; namely 2.41× 10−3 and 6.38 × 10−3 mA cm−2,
respectively, for H-Mw and L-Mw PEO-coated vs. 2.26 × 10−1 mA cm−2 of the uncoated
specimens. These electrochemical observations confirm the different corrosion processes
hypothesized for bar and PEO hydrogel-coated AZ31 Mg alloy following immersion in the
SBF. PEO coatings induce a higher diffusion resistance and lower cations and anions steric
mobilities. It can be hypothesized that the degradation rate of the AZ31-coated PEO hydro-
gels could be significantly affected by the chemo-physical and diffusive characteristics of
the coating film. In particular, acting as a membrane, it can steadily control the diffusive
flux of the ionic species, principally Cl− anions from the SBF solution to the metal surface
and the counter-diffusion of Mg2+ ions toward the external solution. The hydrothermally
induced magnesium hydroxide, less stable and brittle in the presence of chloride ions, does
not similarly warrant a stable and efficient corrosion control.

The cumulative amounts of magnesium ions daily released in the SBF solution (data
taken from Figure 3b) from the bare and PEO hydrogel-coated AZ31 alloy are plotted as a
function of the testing time in Figure 4.
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Figure 4. Cumulative Mg2+ Ions mass losses for bare thermally treated AZ31 Mg alloy and L-Mw
and H-Mw PEO coated specimens. In the window: details of the initial part of the release curves
with the evaluation of Mg ions time lag.

A linear, steady, constant flux of Mg ions has been observed since early testing times
(black line in Figure 4) for the bare alloy. The slope of this curve is reported in the diagram
and is a measure of the corrosion rate that, in our case, is 6.08 ± 0.4 mg/cm2day.

A more complex behavior is observed in the early stages of the corrosion tests for the
PEO-coated samples, and it needs a more detailed interpretation. Magnification of the
initial portion of their cumulative Mg ions loss is reported in the left upper window of
Figure 4.

An initial upward shape can be observed for both curves before attaining a steady
constant slope. This transient behavior is characteristically observed in membrane perme-
ability experiments. It is associated with the initial saturation of the polymeric interface
followed by the diffusion of the sorbed species in the still unsaturated membrane core [49].

In the presence of the PEO hydrogels acting as membranes, a diffusive control is
exerted on the mobility and permeation of the electrolytes present in the external corroding
solution and those generated at the metal interface. This diffusive resistance is evident
in a retard in reaching steady-state permeation (time lag). Time lags in our tests have
been extracted from the intercept on the time scale (tlag) of the curves’ steady linear part:
1.11 ± 0.10 and 1.32 ± 0.05 days for L-Mw and H-Mw PEOs, respectively.

However, constant Mg ions release over the entire corrosion test is observed only for
the H-Mw PEO-coated specimens. The corrosion rate evaluated from the steady slope of
the the H-Mw PEO curve is reported in Figure 4, and it is almost four times lower than that
of the uncoated system, namely, 0.95 and 6.08 mg/cm2day, respectively.

In contrast, after the time lag and an initial linear portion of the curve, a progressive
increase in ion release rate is observed for L-Mw specimens (red line in Figure 4). The
initial corrosion rate evaluated for L-Mw PEO-coated is 1.82 ± 0.52, higher than that of
the H-Mw PEO. After the 11th day, the Mg2+ ions release rate reaches values comparable
to that of the uncoated metal disks (not statistically different values of 5.97 ± 0.7 and
6.08 ± 0.4 mg/cm2day reported on the corresponding curves in Figure 4).

Permeability tests [58,59] characterize the permeation and diffusion coefficients of
ions and molecules in polymers. The different concentrations of magnesium ions steadily
generated by the corrosion reactions at the metal interface and that of the sane ions in the
external corroding solution (daily refreshed) are the driving force for material flux.
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Table 2 reports the swelling and diffusion parameters of L-Mw and H-Mw PEOs
measured in the swelling and corrosion tests in the SBF aqueous medium.

Table 2. L-Mw PEO and H-Mw PEO coatings swelling and corrosion protection parameters.

PEO Swelling Rate,
µm/h

Swelling Ratio,
%

Dry Thickness 1,
µm

2 Hydrogel
Thickness, µm

tlag,
Days

DMg+2

cm2/s
Corrosion Rate,

mg/cm2day

L-Mw
600,000 * 468 ± 20 277.6 ± 18 * 252 ± 16 * 999.7 * 1.11 ± 0.10 1.70 ± 0.5 × 10−8 * 1.82 ± 0.52

H-Mw
4,000,000 ** 180 ± 13 260.5 ± 12 * 246 ± 11 * 942.0 * 1.32 ± 0.05 1.32 ± 0.3 × 10−8 * 0.95 ± 0.12

1 measured by gravimetric method, 2 optically measured after swelling test. * significant difference (p < 0.05),
** highly significant difference (p < 0.01).

Steady swelling ratios of 277.6 ± 18% and 260.5 ± 12% (the initial dry thickness) were
reached after 0.54 h and 1.46 h for L-Mw and H-Mw PEOs, corresponding to 468 ± 20
and 180 ± 13 µm/h, respectively. SBF solution swells but does not dissolve H-Mw PEO
film [64–68]; however, it could partially dissolve longer than the L-Mw PEO. The increased
pH and Mg2+ ions release rate observed after 7–8 days of exposure to SBF in the L-Mw
coated PEO could be attributed to a progressive dissolution of the protective coating (see
Figure 4).

In our cumulative Mg ions mass loss curves, the diffusive resistance for their transport
got from experimental transient time lags observed for the PEOs coated specimens. The
diffusion coefficients of Mg+2 ions are evaluated using the standard time lag equation [58,59]:

DMg
2+ = l2/6 tlag (3)

where the tlag is the time lag (* 1.1 ± 0.1 and * 1.3 ± 0.2 days), l is the swollen coating
thickness expressed in cm (* 0.099 ± 0.1 cm and * 0.094 ± 0.1 cm), and DMg

2+ is the
resulting diffusion coefficients, which in our testing condition are * 1.70 ± 0.5 × 10−8 and
* 1.32 ± 0.3 × 10−8 cm2/s for L-Mw and H-Mw PEO, respectively. Mg2+ ions diffusion
coefficients, which account for the mutual cation and anion self-diffusion coefficients D+
and D− and solubilities in the polymer, are lower than those expected and observed for
hydrophilic polymers (generally of the order of 10−6 cm2/s) [64]. Due to the polar nature
of the hydrogel matrix, a dual-mode sorption behavior can be hypothesized [65–67]. The
Mg2+ cations diffusion in the PEO bulk coating toward the external SBF solution is slowed
down by the temporary immobilization of the matrix polar groups [47]. It also occurs to
the counter diffusion of the Cl− ions directly involved in the metal corrosion process. The
polymer film, therefore, acts as a physical barrier that sterically hinders electrolyte anions
migration from the external SBF corroding solution to the metal [68–70].

3. Conclusions

The PEO dip-coating method is a simple process for surgical bioresorbable implants
to improve and control their bio-corrosion rate.

The polymer coating, coupled with hydrothermal treatment, forms a magnesium
hydroxide film on the alloy metal surface, favoring hydrogen bonding with the PEO oxygen
and improving the adhesion between the polymer coating and the magnesium surface. The
potentiometric data demonstrates that the hydrogel polymeric coatings sterically hinder
the transport of Mg cations from the metal substrate. The hydrogel film acts as a membrane
that steadily controls the diffusion of Cl− ions from the SBF solution to the metal surface
and the counter-diffusion of released Mg2+ metal ions toward the surrounding solution.
SBF corrosion test showed that under the same experimental conditions, the loss rate of
magnesium ions is significantly reduced by the presence of the polymer hydrogel coating.
The initial corrosion rates for the H- and L-Mw PEO-coated Mg alloy are similar (0.95 ± 0.12
and 1.82 ± 0.52 mg/cm2day, respectively) and almost four to five times slower than that of
the uncoated system (6.08 mg/cm2day), respectively.
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Polymeric and hydrogel coatings, while enhancing the corrosion resistance of magne-
sium alloy, can also be used according to their diffusive characteristics to design targeted
bio-resorption times. The control of the resorption rates after implantation of and, hence, of
the Mg2+ ions concentration in the biological fluids could broaden the application areas
of these systems. Magnesium and its alloys could be used as bioresorbable lightweight,
structural orthopedic implants, maintaining mechanical integrity over a planned time scale
before complete resorption is replaced by natural tissue [31,32].

In the limits of a single specific simulating body fluid (SBF), the use of only two
limiting PEOs molecular weights and the absence of a viscoelastic mechanical character-
ization of the SBF swollen polymers, this preliminary study demonstrates that the PEO
hydrogel coating can effectively avoid, in a potential clinical application of this Mg alloy,
the detrimental effect of an intense and uncontrolled release in the body of Mg ions by
reducing the metal degradation rate. Further clinical in vivo testing is then needed to
confirm these expectations.

4. Materials and Methods
4.1. Materials

Magnesium AZ31 12 mm bars (Auremo GmbH, Saarbrücken Germany) with the
chemical composition reported in Table 3 were used to prepare the bioresorbable metal
disc specimens. Reagent grade polyethene oxide (PEO) of average Mw’s 600,000 and
4,000,000 (Sigma-Aldrich catalog 182,028 and 189,464, respectively) were used to coat the
Mg alloy disks.

Table 3. Chemical composition of the as-received AZ31 Magnesium bar.

Metal Wt %

Mg 96.12
Al 2.89
Zn 0.92
Mn 0.05
Si 0.01

Cu + Ni + Fe 0.01

Simulated body fluids solutions mimicking blood plasma containing the ionic species
reported in Table 4 have been prepared according to standard accepted procedures [71],
resulting in an aqueous medium with a water activity of 0.975 (determined by vapor
pressure measurements) and pH of 7.4.

Table 4. The concentration of inorganic ions in blood plasma and SBF.

Ions Plasma, mmol/L SBF, mmol/L

Na+ 142.0 142.0
K+ 5.0 5.0

Mg2+ 1.5 1.5
Ca2+ 2.5 2.5
Cl− 103.0 147.8

(HCO3)− 27.0 4.2
(HPO4)2− 1.0 1.0
(SO4)2− 0.5 0.5

pH 7.2–7.4 7.4

4.2. Preparation of Mg Alloy Disks and PEO Films and Coatings on Metal Disks
4.2.1. Magnesium Alloy AZ31 Specimens

Disks with dimensions of 2 mm thickness were cut from a 12 mm bar of AZ31 magne-
sium alloy mechanically ground with 1200 SiC paper. Before undergoing coating proce-
dures, the specimens were ultrasonically cleaned in acetone, rinsed in ethanol and distilled
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water, and hydrothermally treated for 2 h at 100 ◦C to obtain a uniform and homogeneous
Mg(OH)2 sample surface with improved anticorrosion and adhesion properties [52].

4.2.2. Preparation of PEO Coating Solutions and Film and Coating Deposition

L-Mw and high Mw PEO were dissolved in analytical grade chloroform (Sigma-
Aldrich-Italia s.r.l., Milano, Italy) at a concentration of 5 wt%. Dip coating of the AZ31 alloy
disks in the PEOs solutions and solution film casting on glass support were then carried
out, followed by solvent evaporation at 20 ◦C for 24 h. The PEO films (detached from
the glass support) and the polymer-coated and hydrothermal-treated control AZ31 alloy
specimens were stored in a dry environment.

4.2.3. PEOs Film and Coating Thickness Measurements

The thicknesses of the dry and equilibrated SBF solution cast films were measured
with an optical stereo scan microscope (Leica EZ4 W). The dry cast films of L-Mw and
H-Mw PEO films were equilibrated in the SBF solution until constant swollen thickness
was reached. Swelling rates (µm/h) and ratios (%) for the two polymers were evaluated
from the times needed to get a steady thickness teq and from its final value lsw according to:

Swelling rate = (lsw − ldry)/teq (4)

and,
% Swelling ratio = 100 lsw/ldry (5)

An indirect measure of the disk’s polymeric coatings thickness was gravimetrically
determined. The specimen weight increase after the coating and drying procedures was
attributed to the forming of a thin polymer film. Considering a uniform distribution of the
film on the surface area of the metal disk (3.47 cm2), and for both polymers, a density of
1.21 g/cm3 (Sigma-Aldrich product specifications), the gravimetric calculated mean coating
thicknesses were 252 ± 16 µm and 246 ± 11 µm for L-Mw and H-Mw PEO, respectively.

4.3. Surface Morphological Characterisation

The surface morphologies of the hydrothermally treated specimens before and after
PEOs coating were analyzed by scanning electron microscopy (FEI Scios™ Hillsboro,
OR, USA).

4.4. Electrochemical Analysis

Electrochemical measurements were made utilizing a Model 600 series electrochemical
analyzer workstation (CH Instrument Inc., Austin, TX, USA) with three electrodes: the hy-
drothermally treated and PEOs coated specimens were used as the working electrode (1 cm2

of effective exposed area), platinum as a counter-electrode and a saturated calomel reference
electrode. A 50 mL deoxygenated SBF thermostat at 37 ± 0.2 ◦C served as an electrolyte.
Scanning 2 mV/s from −2 V to −1 V obtained potentiodynamic polarisation curves.

The natural corrosion current (Icorr) and corrosion potential (Ecorr) were determined
by extrapolating the intercepts of the anodic and cathodic lines at the zero current potential.

4.5. AZ31 Alloy Degradation Tests

The metal corrosion tests in SBF of the reference uncoated and PEOs-coated magne-
sium AZ31 alloy specimens were conducted at 37 ± 0.2 ◦C. The solution volume/sample area
ratio was 30 mL/cm2 (the standard requirement is a value of 20 mL/cm2 to 40 mL/cm2).
Compositions of the SBF used in our corrosion test and human blood plasma are compared
in Table 4.

The coated and reference specimens were immersed in flasks with SBF solution.
Equal volumes of corroding solution were collected daily to measure their pH and the
concentration of magnesium ions detected by the inductively coupled Agilent 7850 ICP
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plasma mass spectrometer. After each sampling, SBF solutions were renewed daily during
the 15 days of corrosion tests.

Inductively coupled plasma mass spectrometry evaluated corrosion rates as daily
released Mg2+ ions mass (mg/cm2 per day).

4.6. Statistical Analysis

Four measures for each experiment were taken, and the data were expressed as the
mean and the standard deviation (Mn ± SD).

Comparisons among values for all groups were performed by one-way analysis of
variance (ANOVA). Differences were considered significant (*) for p < 0.05 and highly
significant (**) for p < 0.01.
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6. Bayramoǧlu, G.; Kaya, B.; Arıca, M.Y. Procion Brown MX-5BR attached and Lewis metals ion-immobilized poly(hydroxyethyl

methacrylate)/chitosan IPNs membranes: Their lysozyme adsorption equilibria and kinetics characterization. Chem. Eng. Sci.
2002, 57, 2323–2334. [CrossRef]

7. Liu, T.; Chen, Y.; Apicella, A.; Mu, Z.; Yu, T.; Huang, Y.; Wang, C. Effect of porous microstructures on the biomechanical
characteristics of a root analogue implant: An animal study and a finite element analysis. ACS Biomater. Sci. Eng. 2020,
6, 6356–6367. [CrossRef]

8. Salahshoor, M.; Guo, Y. Biodegradable orthopedic magnesium–calcium (MgCa) alloys, processing, and corrosion performance.
Materials 2012, 5, 135–155. [CrossRef]

9. Witte, F.; Ulrich, H.; Rudert, M.; Willbold, E. Biodegradable magnesium scaffolds: Part 1: Appropriate inflammatory response. J.
Biomed. Mater. Res. 2007, 81, 748–756. [CrossRef]

10. Wu, Z.; Curtin, W.A. Brittle and ductile crack-tip behavior in magnesium. Acta Mater. 2015, 88, 1–12. [CrossRef]
11. Windhagen, H.; Radtke, K.; Weizbauer, A.; Diekmann, J.; Noll, Y.; Kreimeyer, U.; Schavan, R.; Stukenborg-Colsman, C.; Waizy, H.

Biodegradable magnesium-based screw clinically equivalent to titanium screw in hallux valgus surgery: Short term results of the
first prospective, randomized, controlled clinical pilot study. Biomed. Eng. Online 2013, 12, 62. [CrossRef]

12. Wu, G.; Ibrahim, J.M.; Chu, P.K. Surface design of biodegradable magnesium alloys-A review. Surf. Coat. Technol. 2013, 233, 2–12.
[CrossRef]

13. Chen, S.; Guan, S.; Li, W.; Wang, H.; Chen, J.; Wang, Y.; Wang, H. In vivo degradation and bone response of a composite coating
on Mg-Zn-Ca alloy prepared by microarc oxidation and electrochemical deposition. J. Biomed. Mater. Res. Appl. Biomater. 2011,
100, 533–543. [CrossRef] [PubMed]

https://doi.org/10.3390/gels8040246
https://www.ncbi.nlm.nih.gov/pubmed/35448147
https://doi.org/10.1016/j.mtcomm.2023.107039
https://doi.org/10.3390/nano10081511
https://www.ncbi.nlm.nih.gov/pubmed/32752105
https://doi.org/10.3390/gels8040247
https://doi.org/10.1126/science.aaf3627
https://www.ncbi.nlm.nih.gov/pubmed/28473537
https://doi.org/10.1016/S0009-2509(02)00141-0
https://doi.org/10.1021/acsbiomaterials.0c01096
https://doi.org/10.3390/ma5010135
https://doi.org/10.1002/jbm.a.31170
https://doi.org/10.1016/j.actamat.2015.01.023
https://doi.org/10.1186/1475-925X-12-62
https://doi.org/10.1016/j.surfcoat.2012.10.009
https://doi.org/10.1002/jbm.b.31982
https://www.ncbi.nlm.nih.gov/pubmed/22120974


Gels 2023, 9, 779 14 of 16

14. Sezer, N.; Evis, Z.; Ko, M. Additive manufacturing of biodegradable magnesium implants and scaffolds: Review of the recent
advances and research trends. J. Magnes. Alloys 2020, 9, 392–415. [CrossRef]

15. Aversa, R.; Petrescu, V.; Apicella, A.; Petrescu, I.T. The basic elements of life’s. Am. J. Eng. Appl. Sci. 2016, 9, 1189–1197. [CrossRef]
16. Aversa, R.; Tamburrino, F.; Petrescu, R.V.V.; Petrescu, F.I.T.; Artur, M.; Chen, G.; Apicella, A. Biomechanically inspired shape

memory effect machines driven by muscle like acting NiTi alloys. Am. J. Appl. Sci. 2016, 13, 1264–1271. [CrossRef]
17. Jacobs, J.J.; Hallab, N.J.; Skipor, A.K.; Urban, R.M. Metal Degradation Products: A Cause for Concern in Metal-Metal Bearings?

Clin. Orthop. Relat. Res. 2004, 417, 139–147. [CrossRef] [PubMed]
18. Aversa, R.; Petrescu, R.V.; Petrescu, F.I.T.; Perrotta, V.; Apicella, D.; Apicella, A. Biomechanically tunable nano-silica/p-hema

structural hydrogels for bone scaffolding. Bioengineering 2021, 8, 45. [CrossRef]
19. Schiraldi, C.; D’Agostino, A.; Oliva, A.; Flamma, F.; De Rosa, A.; Apicella, A.; Aversa, R.; De Rosa, M. Development of hybrid

materials based on hydroxyethyl methacrylate as supports for improving cell adhesion and proliferation. Biomaterials 2004,
25, 3645–3653. [CrossRef]

20. Aversa, R.; Petrescu, R.V.V.; Petrescu, F.I.T.; Apicella, A. Biomimetic and evolutionary design driven innovation in sustainable
products development. Am. J. Eng. Appl. Sci. 2016, 9, 1027–1036. [CrossRef]

21. Xu, R.; Yang, X.; Suen, K.W.; Wu, G.; Li, P.; Chu, P.K. Improved corrosion resistance on biodegradable magnesium by zinc and
aluminum ion implantation. Appl. Surf. Sci. 2012, 263, 608–612. [CrossRef]

22. Gramanzini, M.; Gargiulo, S.; Zarone, F.; Megna, R.; Apicella, A.; Aversa, R.; Salvatore, M.; Mancini, M.; Sorrentino, R.; Brunetti,
A. Combined microcomputed tomography, biomechanical and histomorphometric analysis of the peri-implant bone: A pilot
study in minipig model. Dent. Mater. 2016, 32, 794–806. [CrossRef] [PubMed]

23. Wang, L.; Aversa, R.; Houa, Z.; Tian, J.; Liang, S.; Ge, S.; Chen, Y.; Perrotta, V.; Apicella, A.; Apicella, D.; et al. Bioresorption
Control and Biological Response of Magnesium Alloy AZ31 Coated with Poly-β-Hydroxybutyrate. Appl. Sci. 2021, 11, 5627.
[CrossRef]

24. Li, L.; Gao, J.; Wang, Y. Evaluation of cyto-toxicity and corrosion behavior of alkali-heat-treated magnesium in simulated body
fluid. Surf. Coat. Technol. 2004, 185, 92–98. [CrossRef]

25. Liu, C.; Xin, Y.; Tian, X.; Chu, P.K. Corrosion behavior of AZ91 magnesium alloy treated by plasma immersion ion implantation
and deposition in artificial physiological fluids. Thin Solid Film. 2007, 516, 422–427. [CrossRef]

26. Wang, J.; Tang, J.; Zhang, P.; Li, Y.; Wang, J.; Lai, Y.; Qin, L. Surface modification of magnesium alloys developed for bioabsorbable
orthopedic implants: A general review. J. Biomed. Mater. Res. Appl. Biomater. 2012, 100, 1691–1701. [CrossRef] [PubMed]

27. Femiano, F.; Femiano, R.; Femiano, L.; Nucci, L.; Santaniello, M.; Grassia, V.; Scotti, N.; Aversa, R.; Perrotta, V.; Apicella, A.; et al.
Enamel Erosion Reduction through Coupled Sodium Fluoride and Laser Treatments before Exposition in an Acid Environment:
An In Vitro Randomized Control SEM Morphometric Analysis. Appl. Sci. 2022, 12, 1495. [CrossRef]

28. Wang, X.; Zeng, X.; Wu, G.; Yao, S.; Lai, Y. Effects of tantalum ion implantation on the corrosion behavior of AZ31 magnesium
alloys. J. Alloy. Compd. 2007, 437, 87–92. [CrossRef]

29. Zhou, H.; Chen, F.; Yang, Y.; Wan, H.; Cai, S. Study on process of ion implantation on AZ31 magnesium alloy. Key Eng. Mater.
2008, 373, 342–345. [CrossRef]

30. Orlowski, M.; Rübben, A. Bioresorbable Metal Stents with Controlled Resorption. U.S. Patent Application No 12/524,702, 2008.
31. Bertsch, T.; Borck, A. Biocorrodible Metallic Implant Having a Coating or Cavity Filling Made of Gelatin. U.S. Patent Application

No. 11/850,346, 2008.
32. Zharkova, I.I.; Staroverova, O.V.; Voinova, V.V.; Andreeva, N.V.; Shushckevich, A.M.; Sklyanchuk, E.D.; Kuzmicheva, G.M.;

Bespalova, A.E.; Akulina, E.A.; Shaitan, K.V.; et al. Biocompatibility of electrospun poly(3-hydroxybutyrate) and its composites
scaffolds for tissue engineering. Biomeditsinskaya Khimiya 2014, 60, 553–560. [CrossRef]

33. Adden, N. Implant of a Biocorrodable Magnesium Alloy and Having a Coating of a Biocorrodable Polyphosphazene. U.S. Patent
Application No. 12/192,729, 2009.

34. Zhang, X.P.; Zhao, Z.P.; Wu, F.M.; Wang, Y.L.; Wu, J. Corrosion and wear resistance of AZ91D magnesium alloy with and without
micro-arc oxidation coating in Hank’s solution. J. Mater. Sci. 2007, 42, 8523–8528. [CrossRef]

35. Xu, X.; Lu, P.; Guo, M.; Fang, M. Cross-linked gelatin/nanoparticles composite coating on micro-arc oxidation film for corrosion
and drug release. Appl. Surf. Sci. 2010, 256, 2367–2371. [CrossRef]

36. Jo, J.H.; Hong, J.Y.; Shin, K.S.; Kim, H.E.; Koh, Y.H. Enhancing biocompatibility and corrosion resistance of Mg implants via
surface treatments. J. Biomater. Appl. 2012, 27, 469–476. [CrossRef]

37. Salunke, P.; Shanov, V.; Witte, F. High purity biodegradable magnesium coating for implant application. Mater. Sci. Eng. B 2011,
176, 1711–1717. [CrossRef]

38. Wong, H.M.; Yeung, K.W.; Lam, K.O.; Tam, V.; Chu, P.K.; Luk, K.D.; Cheung, K.M. A biodegradable polymer-based coating to
control the performance of magnesium alloy orthopaedic implants. Biomaterials 2010, 31, 2084–2096. [CrossRef] [PubMed]

39. Granchi, D.; Ciapetti, G.; Stea, S.; Savarino, L.; Filippini, F.; Sudanese, A.; Zinghi, G.; Montanaro, L. Cytokine release in
mononuclear cells of patients with Co-Cr hip prosthesis. Biomaterials 1999, 20, 1079. [CrossRef]

40. Witte, F.; Hort, N.; Vogt, C.; Cohen, S.; Kainer, K.U.; Willumeit, R.; Feyerabend, F. Degradable biomaterials based on magnesium
corrosion. Curr. Opin. Solid State Mater. Sci. 2008, 12, 63–72. [CrossRef]

41. Gray-Munro, J.E.; Seguin, C.; Strong, M. Influence of surface modification on the in vitro corrosion rate of magnesium alloy AZ31.
J. Biomed. Mater. Res. 2009, 91, 221.

https://doi.org/10.1016/j.jma.2020.09.014
https://doi.org/10.3844/ajeassp.2016.1189.1197
https://doi.org/10.3844/ajassp.2016.1264.1271
https://doi.org/10.1097/01.blo.0000096810.78689.62
https://www.ncbi.nlm.nih.gov/pubmed/14646711
https://doi.org/10.3390/bioengineering8040045
https://doi.org/10.1016/j.biomaterials.2003.10.059
https://doi.org/10.3844/ajeassp.2016.1027.1036
https://doi.org/10.1016/j.apsusc.2012.09.116
https://doi.org/10.1016/j.dental.2016.03.025
https://www.ncbi.nlm.nih.gov/pubmed/27063459
https://doi.org/10.3390/app11125627
https://doi.org/10.1016/j.surfcoat.2004.01.004
https://doi.org/10.1016/j.tsf.2007.05.048
https://doi.org/10.1002/jbm.b.32707
https://www.ncbi.nlm.nih.gov/pubmed/22566412
https://doi.org/10.3390/app12031495
https://doi.org/10.1016/j.jallcom.2006.07.074
https://doi.org/10.4028/www.scientific.net/KEM.373-374.342
https://doi.org/10.18097/pbmc20146005553
https://doi.org/10.1007/s10853-007-1738-z
https://doi.org/10.1016/j.apsusc.2009.10.069
https://doi.org/10.1177/0885328211412633
https://doi.org/10.1016/j.mseb.2011.07.002
https://doi.org/10.1016/j.biomaterials.2009.11.111
https://www.ncbi.nlm.nih.gov/pubmed/20031201
https://doi.org/10.1016/S0142-9612(99)00004-6
https://doi.org/10.1016/j.cossms.2009.04.001


Gels 2023, 9, 779 15 of 16

42. Shishatskaya, E.I.; Volova, T.G.; Gordeev, S.A.; Puzyr, A.P. Degradation of P(3HB) and P(3HB-co-3HV) in biological media. J.
Biomater. Sci. Polym. Ed. 2005, 16, 643–657. [CrossRef]

43. Gogolewski, S.; Jovanovic, M.; Perren, S.M.; Dillon, J.G.; Hughes, M.K. Tissue response and in vivo degradation of selected
polyhydroxyacids: Polylactides (PLA), poly(3-hydroxybutyrate) (PHB), and poly (3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHB/VA). J. Biomed. Mater. Res. 1993, 27, 1135. [CrossRef]

44. Mori, Y.; Nagaoka, S.; Takiuchi, H.; Kikuchi, T.; Noguchi, N.; Tanzawa, H.; Noishiki, Y. A new antithrombogenic material with
long polyethylene oxide chains. Trans.-Am. Soc. Artif. Intern. Organs 1982, 28, 459–463.

45. Roosjen, A.; de Vries, J.; van der Mei, H.C.; Norde, W.; Busscher, H.J. Stability and effectiveness against bacterial adhesion of
poly(ethylene oxide) coatings in biological fluids. J. Biomed. Mater. Res. 2005, 73, 347–354. [CrossRef] [PubMed]

46. Amiji, M.; Park, K. Surface modification of polymeric biomaterials with poly(ethylene oxide), albumin, and heparin for reduced
thrombogenicity. J. Biomater. Sci. Polym. Ed. 1993, 4, 217–234. [CrossRef] [PubMed]

47. Gaudreault, R.; van de Ven, T.G.; Whitehead, M.A. Mechanisms of flocculation with poly(ethylene oxide) and novel cofactors.
Colloids Surf. A: Physicochem. Eng. Asp. 2005, 268, 131–146. [CrossRef]

48. Nagaoka, S.; Naka, A. Clinical application of antithrombogenic hydrogel with long poly (ethylene oxide) chains. In High
Performance Biomaterials; Routledge: Abingdon, UK, 1990; Volume 11, pp. 119–121, ISSN 0142-9612. [CrossRef]

49. Apicella, A.; Cappello, B.; Del Nobile, M.A.; La Rotonda, M.I.; Mensitieri, G.; Nicolais, L. Poly(Ethylene oxide) (PEO) and different
molecular weight PEO blends monolithic devices for drug release. Biomaterials 1993, 14, 83–90. [CrossRef]

50. Rahmany, M.B.; Van, D.M. Biomimetic approaches to modulate cellular adhesion in biomaterials: A review. Acta Biomater. 2013,
9, 5431. [CrossRef]

51. Xin, Y.; Liu, C.; Zhang, X.; Tang, G.; Tian, X.; Chu, P.K. Corrosion behavior of biomedical AZ91 magnesium alloy in simulated
body fluids. J. Mater. Res. 2007, 22, 2004–2011. [CrossRef]

52. Annunziata, M.; Aversa, R.; Apicella, A.; Annunziata, A.; Apicella, D.; Buonaiuto, C.; Guida, L. In vitro biological response to a
light-cured composite when used for cementation of composite inlays. Dent. Mater. 2006, 22, 1081–1085. [CrossRef]

53. Zhang, Y.; Liu, M.; Pei, R. An in situ gelling BMSC-laden collagen/silk fibroin double network hydrogel for cartilage regeneration.
Mater. Adv. 2021, 2, 4733–4742. [CrossRef]

54. Sun, S.; Cui, Y.; Yuan, B.; Dou, M.; Wang, G.; Xu, H.; Wang, J.; Yin, W.; Wu, D.; Peng, C. Drug delivery systems based on
polyethylene glycol hydrogels for enhanced bone regeneration. Front. Bioeng. Biotechnol. 2023, 11, 1117647. [CrossRef]

55. Lee, H.B.; Raghu, A.V.; Yoon, K.S.; Jeong, H.M. Preparation and Characterization of Poly(ethylene oxide)/Graphene Nanocom-
posites from an Aqueous Medium. J. Macromol. Sci. 2010, 49, 802–809. [CrossRef]

56. Setia, H.; Thakur, A.; Wanchoo, R.K. Structural Parameters and Swelling Behaviour of pH Sensitive Poly (Vinyl alcohol)/Poly
(Ethylene oxide) and Poly (vinyl alcohol)/Xanthan Gum Hydrogels. J. Polym. Mater. 2012, 29, 401–409.

57. Hopfenberg, H.B.; Apicella, A.; Saleeby, D.E. Factors affecting water sorption in and solute release from glassy ethylene-vinyl
alcohol copolymers. J. Membr. Sci. 1981, 8, 273–282. [CrossRef]

58. Sarti, G.C.; Apicella, A. Non-equilibrium glassy properties and their relevance in Case II transport kinetics. Polymer 1980,
21, 1031–1036. [CrossRef]

59. Verdon, S.L.; Chaikof, E.L.; Coleman, J.E.; Hayes, L.L.; Connolly, R.J.; Ramberg, K.; Merrill, E.W.; Callow, A.D. Scanning electron
microscopy analysis of polyethylene oxide hydrogels for blood contact. Scanning Microsc. 1990, 4, 341–349.

60. Banat, R.; Tinçer, T. Study on the properties of crosslinking of poly(ethylene oxide) and hydroxyapatite–poly(ethylene oxide)
composite. J. Appl. Polym. Sci. 2003, 90, 488–496. [CrossRef]

61. Thijs, H.M.; Becer, C.R.; Guerrero-Sanchez, C.; Fournier, D.; Hoogenboom, R.; Schubert, U.S. Water uptake of hydrophilic
polymers determined by a thermal gravimetric analyzer with a controlled humidity chamber. J. Mater. Chem. 2007, 17, 4864–4871.
[CrossRef]

62. Kahp, Y.S.; Sangyong, J. Control over Wettability of Polyethylene Glycol Surfaces Using Capillary Lithography. Langmuir 2005,
21, 6836–6841. [CrossRef]

63. Luo, K.; Wang, L.; Chen, X.; Zeng, X.; Zhou, S.; Zhang, P.; Li, J. Biomimetic Polyurethane 3D Scaffolds Based on Polytetrahydrofu-
ran Glycol and Polyethylene Glycol for Soft Tissue Engineering. Polymers 2020, 12, 2631. [CrossRef] [PubMed]

64. Scally, S.; Davison, W.; Zhang, H. Diffusion coefficients of metals and metal complexes in hydrogels used in diffusive gradients in
thin films. Anal. Chim. Acta 2006, 558, 222–229. [CrossRef]

65. Apicella, A.; Nicolais, L.; Astarita, G.; Drioli, E. Hygrothermal history dependence of moisture sorption kinetics in epoxy resins.
Polym. Eng. Sci. 1981, 21, 18–22. [CrossRef]

66. Borrmann, D.; Danzer, A.; Sadowski, G. Water Sorption in Glassy Polyvinylpyrrolidone-Based Polymers. Membranes 2022, 12, 434.
[CrossRef]

67. Apicella, A.; Nicolais, L.; Astarita, G.; Drioli, E. Effect of Thermal History on Water Sorption, Elastic Properties and the Glass
Transition of Epoxy Resins. Polymer 1979, 20, 1143–1148. [CrossRef]

68. Aversa, R.; Petrescu, R.V.V.; Apicella, A.; Petrescu, F.I.T. One can slow down the aging through antioxidants. Am. J. Eng. Appl. Sci.
2016, 9, 1112–1126. [CrossRef]

69. Hornberger, H.; Virtanen, S.; Boccaccini, A.R. Biomedical coatings on magnesium alloys-A review. Acta Biomater. 2012,
8, 2442–2455. [CrossRef] [PubMed]

https://doi.org/10.1163/1568562053783678
https://doi.org/10.1002/jbm.820270904
https://doi.org/10.1002/jbm.b.30227
https://www.ncbi.nlm.nih.gov/pubmed/15736286
https://doi.org/10.1163/156856293X00537
https://www.ncbi.nlm.nih.gov/pubmed/8476792
https://doi.org/10.1016/j.colsurfa.2005.04.044
https://doi.org/10.1016/0142-9612(90)90126-B
https://doi.org/10.1016/0142-9612(93)90215-N
https://doi.org/10.1016/j.actbio.2012.11.019
https://doi.org/10.1557/jmr.2007.0233
https://doi.org/10.1016/j.dental.2005.08.009
https://doi.org/10.1039/D1MA00285F
https://doi.org/10.3389/fbioe.2023.1117647
https://doi.org/10.1080/00222341003603701
https://doi.org/10.1016/S0376-7388(00)82315-7
https://doi.org/10.1016/0032-3861(80)90033-6
https://doi.org/10.1002/app.12695
https://doi.org/10.1039/b711990a
https://doi.org/10.1021/la050878+
https://doi.org/10.3390/polym12112631
https://www.ncbi.nlm.nih.gov/pubmed/33182432
https://doi.org/10.1016/j.aca.2005.11.020
https://doi.org/10.1002/pen.760210104
https://doi.org/10.3390/membranes12040434
https://doi.org/10.1016/0032-3861(79)90307-0
https://doi.org/10.3844/ajeassp.2016.1112.1126
https://doi.org/10.1016/j.actbio.2012.04.012
https://www.ncbi.nlm.nih.gov/pubmed/22510401


Gels 2023, 9, 779 16 of 16

70. Zhu, Y.; Wu, G.; Zhao, Q.; Zhang, Y.H.; Xing, G.; Li, D. Anticorrosive magnesium hydroxide coating on AZ31 magnesium alloy by
hydrothermal method. J. Phys. Conf. Ser. 2009, 188, 012044. [CrossRef]

71. Kokubo, T.; Kushitani, H.; Sakka, S.; Kitsugi, T.; Yamamuro, T. Solutions able to reproduce in vivo surface-structure changes in
bioactive glass–ceramic A–W. J. Biomed. Mater. Res. 1990, 24, 721–734. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1088/1742-6596/188/1/012044
https://doi.org/10.1002/jbm.820240607
https://www.ncbi.nlm.nih.gov/pubmed/2361964

	Introduction 
	Results and Discussion 
	Morphological Characterisation of the Specimen’s Surfaces 
	Potentiodynamic Polarisation Tests 
	Wettability 
	Simulating Body Fluid (SBF) Corrosion Tests 

	Conclusions 
	Materials and Methods 
	Materials 
	Preparation of Mg Alloy Disks and PEO Films and Coatings on Metal Disks 
	Magnesium Alloy AZ31 Specimens 
	Preparation of PEO Coating Solutions and Film and Coating Deposition 
	PEOs Film and Coating Thickness Measurements 

	Surface Morphological Characterisation 
	Electrochemical Analysis 
	AZ31 Alloy Degradation Tests 
	Statistical Analysis 

	References

