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Effect of surface modification on interfacial behavior in
bioabsorbable magnesium wire reinforced poly-lactic acid
polymer composites
Wahaaj Ali 1,2, Mónica Echeverry-Rendón 1, Alexander Kopp 3, Carlos González1,4 and Javier LLorca 1,4✉

The mechanical behavior, corrosion mechanisms, and cytocompatibility at the interface of magnesium wires reinforced poly-lactic
acid polymer composites were studied by in vitro degradation study of 180 days. Surface modification of Mg wires by plasma-
electrolytic oxidation improved the interface shear strength from 10.9 MPa to 26.3 MPa which decreased to 8 MPa and 13.6 MPa in
Mg/PLA and PEO-Mg/PLA composites, respectively, after 42 days of in vitro degradation. Cross-sections of the composite showed
good cytocompatibility, although the cells tended to migrate towards the PLA regions and avoided the surface of the Mg wires.
Corrosion of Mg wires (without surface modification) was very fast in composite while corrosion of surface-modified Mg wires was
significantly reduced, hydrogen gas was suppressed and only 3% mass loss of Mg wires was found after 180 days. Finally, the
corrosion mechanisms at interface were discussed for both composites.
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INTRODUCTION
Bioabsorbable materials have the potential to replace conventional
non-degradable metallic materials such as Ti, stainless steel, etc. in a
wide range of orthopedic applications. Conventional metallic alloys
provide excellent mechanical properties and biocompatibility but
they remain in the body and may hinder the growth of natural
tissue, an important indication in the case of children. Moreover,
complications associated with the presence of a foreign element
within the body (irritation of tissues, implant corrosion, loosening of
the device, etc.)1,2 may require a second surgery for removal.
Alternatively, bioabsorbable metals (such as Mg and its alloys) and
polymers (such as Poly-Lactides, Poly-Glycolides, and their copoly-
mers) have been explored in recent years3,4. Poly-Lactides (PLA) are
easy to process and have been used successfully for drug delivery,
orthopedic implants etc.2. Nevertheless, they exhibit rather long
degradation times (typically years), low mechanical properties
(elastic modulus= 0.35–4.14 GPa) and generate acidic by-products
during degradation that can lead to an inflammatory response of
the surrounding tissue5. Mg alloys have been used for orthopedic
and cardiovascular applications in the form of fixation plates,
screws, wires, stents, etc. due to their good mechanical properties
(elastic modulus ~45 GPa) and biocompatibility. However, the
accelerated corrosion of Mg in a physiological environment can
lead to unpredictable mechanical failures, high local alkalinity, and
hydrogen gas accumulation in nearby tissues1,6,7.
Obviously, the combination of Mg and PLA in the form of

composite materials is attractive to overcome the limitations of
each other. As an example, reinforcement of PLA with Mg particles
has recently shown to provide an easy route to manufacture
composites by extrusion and thus enabled 3D printing of
personalized scaffolds3,4,8. But they accelerate the chemical and
mechanical degradation of PLA during in vitro experiments and
the supply of Mg2+ ions from composite degradation improved
in vitro cytocompatibility and in vivo bone formation3, mechanical

properties could not be improved significantly4. Nonetheless, the
reinforcement of PLA with Mg wires or fibers leads to large
improvements in stiffness and strength with respect to PLA,
accelerates the degradation of PLA, neutralize acidic by-products,
and improves biocompatibility9–11.
Further control of the degradation rate and biocompatibility of

PLA reinforced with Mg wires is associated with tailoring the PLA/
Mg interface through different strategies. They include treatment
of the Mg reinforcement surface with hydrofluoric acid8,9, saline
coupling agents3, and surfactants12 as well as electrochemical
treatments by anodizing13 and plasma-electrolytic oxidation
(PEO)14–16. In fact, orthopedic fixation devices (plates and screws)
of Mg modified by PEO have already shown excellent in vivo
performance with enhanced bone formation around the
implant1,6. Therefore, using PEO surface-modified Mg wires seems
promising to manufacture Mg/PLA composites for orthopedic
fixation devices. To enable continuous PEO surface modification of
Mg wires for use in such Mg/PLA composites, our group recently
developed a continuous PEO (C-PEO) process to manufacture
wires with a homogenous and porous oxide layer on the surface
which showed improved mechanical, corrosion and in vitro
biological performance7,17. The C-PEO technique is suitable for
the large-scale production of surface-modified Mg wires and is
expected to improve the in vitro performance of Mg/PLA
composites.
The manufacture of unidirectional Mg/PLA composites with Mg

wires modified by C-PEO is reported in this paper. Since the
mechanical properties and degradation rate of these bioabsorb-
able composites highly depend on the wire/matrix interface
behavior18,19, the investigation was devoted to measuring the
interface shear strength of Mg/PLA and PEO-Mg/PLA composites
as a function of immersion time in Simulated Body Fluid (SBF) at
37 °C by means of push-out tests19,20 and to study the
cytocompatibility near interfacial regions by direct cell culture
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tests. In addition, the corrosion mechanisms at the interface of the
Mg wires (with and without an oxide layer introduced by PEO) and
the PLA matrix were analyzed . Overall, this investigation provides
the an assessment of the modification of Mg surfaces by PEO on
the mechanical, corrosion, and biological behavior of Mg/PLA
interfaces.

RESULTS AND DISCUSSION
Morphology of Mg/PLA and PEO-Mg/PLA interfaces
A representative cross-section of the bioabsorbable PEO-Mg/PLA
composites is shown in Fig. 1a. The manufacturing method was
able to obtain a fairly regular distribution of wires in the cross-
section. The longitudinal surfaces of Mg and PEO-Mg wires are
depicted in Fig. 1b, e, respectively. The longitudinal surfaces of Mg
wires have scratches or sub-micron cracks, inevitable in the cold
drawing process, while PEO-Mg wires have a porous and
homogenous oxide layer produced by C-PEO17. The cross-
sections of the composites (Fig. 1c–g) show that the PLA matrix
is in intimate contact with the wires without any interface
porosity. In the case of PEO-Mg/PLA composites, the PLA

penetrated into the pores of the PEO oxide layer (Fig. 1g).
Moreover, the oxide layer was mainly composed of MgO and
Mg3(PO4)2, was not broken during processing, as confirmed by
EDX in our previous study7.

Degradation of Mg and PEO-Mg wires inside PLA matrix
The PEO oxide layer on Mg wires had a strong effect on the in
vitro degradation of the wires inside the PLA matrix. The hydrogen
gas generated due to corrosion of the Mg wires in the Mg/PLA and
PEO-Mg/PLA composites is plotted in Fig. 2a over the immersion
time in c-SBF at 37 °C. The presence of the PEO oxide layer
dramatically reduced the hydrogen gas release rate. The hydrogen
release volume of Mg/PLA composites increased linearly with time
during the first 100 days, followed by a plateau. After 180 days, the
hydrogen volume released by Mg/PLA (60.8 ± 3.6 ml) or (7.6 ml/
cm2) was ~8 times lower than that released by PEO-Mg/PLA
(7.4 ± 3.5 ml) or (0.9 ml/cm2). The equivalent hydrogen gas volume
normalized with respect to the original surface area of Mg wires
clearly highlights the protection effect of PLA matrix and can be
used to compare their corrosion rate with naked Mg wires17. Mass
loss of Mg wire cores (Fig. 2b) was also estimated by image

Fig. 1 Microstructure of the composites. Back-scattered electron images of (a) cross-section of the composites, (b) longitudinal surfaces of
Mg wire and (c, d) cross-section of the Mg wire embedded in the PLA matrix. e Longitudinal surface of the PEO-Mg wires, and (f, g) cross-
section of a PEO-Mg wire embedded in the PLA matrix.
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processing to prove the superior performance of PEO-Mg wires
inside the PLA matrix as plotted in Fig. 2a, both assuming that one
atom of Mg leads to the release of one molecule of hydrogen.
Representative cross-sections (Fig. 2c) confirmed that Mg wires in
Mg/PLA composites corroded faster. Pit formation was evident
after 42 days and Mg wires practically disappeared after 180 days.
On the contrary, Mg wires in PEO-Mg/PLA suffered much less mass
loss (although some pits could be observed after 180 days) due to
synergetic protection provided by the oxide layer and the PLA
matrix.
The estimations of hydrogen release from the image analysis of

the cross-section of the Mg wires are in good agreement with
hydrogen gas evolution for the whole period in the case of PEO-Mg/
PLA and for the first 42 days in Mg/PLA. The total hydrogen gas
volume released after 180 days in Mg/PLA was only 62% of the
theoretical volume after the complete corrosion of the Mg wires.
This difference, however is in agreement with previous reports21,22

and could be attributed to leakages or oxygen reduction reactions
likely to occur during slow corrosion of Mg23,24.

Degradation of PLA matrix in presence of Mg wires
DSC and GPC were used to assess the degradation of pure PLA
and PLA matrix in presence of Mg wires (with and without PEO)
from the glass transition temperature (Tg) and the average
molecular weight (Mw), which are summarized in Table 1 for the
as-manufactured condition and after 180 days in vitro degradation
c-SBF at 37 °C. The short-term in vitro study (7, 14, 28, and 42 days)
did not show significant changes in Tg and Mw and are not
included. Tg and Mw of the as-manufactured samples decreased
very slightly in the presence of Mg and PEO-Mg wires, in
agreement with the previous studies that showed the addition
of magnesium catalyzes the hydrolysis of PLA during high
temperature processing4. After in vitro degradation of 180 days,

Tg did not change in pure PLA coupons, but its Mw dropped, most
likely due to the random chain scission of PLA oligomers triggered
by hydrolytic degradation, as its mass was not changed5. On the
contrary, the presence of Mg wires led to sharp drops in Tg and Mw

to 42.1 oC and 84,000 g/mol, respectively, but the oxide layer on
PEO-Mg wires reduced this drop and limited the degradation of
the PLA matrix. However, it should be noted that the PLA matrix
underwent localized degradation at the wire/matrix interface in
the short-term degradation study (see below). The volume of
polymer involved in the local degradation was insufficient to
influence the GPC and DSC tests in bulk samples.

Interface shear strength
Two representative load-displacement curves of the push-out
tests on Mg/PLA and PEO-Mg/PLA composites are plotted in Fig.
3a. They have the typical shape reported in the literature25,26. The
initial concave zone is followed by a linear region that stands for
the elastic bending of the thin slice of composite in the groove of

Fig. 2 Degradation of the composites in c-SBF at 37 °C. a Hydrogen gas evolution and (b) mass loss of Mg wire core estimated by image
processing as a function of immersion time in c-SBF at 37 °C for Mg/PLA and PEO-Mg/PLA composites. Here, (♦) represents the hydrogen gas
volume estimated by mass loss in b in a using the equation of an ideal gas. c Representative cross-sections of Mg wires after 42 and 180 days
of degradation with and without PEO oxide layer.

Table 1. Glass transition temperature (Tg) and average molecular
weight (Mw) in the as-processed condition and after in vitro
degradation of 180 days in c-SBF at 37 °C.

Tg (°C)

Time PLA Mg/PLA PEO-Mg/PLA

As-processed 55.2 49.4 50.9

180 days of degradation 55.8 42.1 44.7

Mw (g/mol) x 105

Time PLA Mg/PLA PEO-Mg/PLA

As-processed 4.1 3.25 3.3

180 days of degradation 2.62 0.84 1.03
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stage. Further deformation led to the onset of non-linearity which
could be attributed to the progression of a crack at wire/matrix
interface, most likely from the bottom of the slice to the top (as
the ratio of elastic moduli EMg/EPLA > 1225). The non-linear region
ended with the complete facture of the interface at the peak load.
Afterwards, the load drops abruptly and the wire pushed out from
the matrix against friction forces. The interfacial shear strengths,
following Eq. (6) were 10.9 ± 1.6 MPa and 26.3 ± 1.3 MPa for Mg/
PLA and PEO-Mg/PLA composites, respectively. The oxide layer
created by PEO improved the interface shear strength by 2.5. This
behavior was induced by the penetration of PLA into the pores of
oxide layer, providing a mechanical interlock effect as confirmed
in Figs. 3b, c. Fractured PLA ligaments coming out from the pores
of the oxide layer are clearly seen in Fig. 3c. where ductile tearing
of the PLA ligaments attached to the pores of PEO oxide layer
could be observed under SEM. Finally, it should be noted that the
load drop after the peak was smaller in PEO-Mg/PLA composite as
compared with the Mg/PLA composite. Neither plastic deforma-
tion of the PLA matrix nor of the Mg wire was observed after the
test on the top and bottom surfaces of the slice. Thus, the non-
linear region in the push out curves before the peak have to be
associated to the progressive crack propagation at the interface
and the area under the load-displacement curves is a rough
qualitative estimate the interface toughness, which was much
higher in the PEO-Mg/PLA composite.
The load-displacement curves of the push-out tests on

composites immersed in c-SBF during 7, 14, 28, and 42 days are
plotted in Figs. 4a, b for the Mg/PLA and PEO-Mg/PLA composites,
respectively. The interface shear strength (calculated from peak
load before first abrupt load drop) is plotted in Fig. 4c as a
function of degradation time. The interface shear strength of the
Mg/PLA composite increased slightly after 7 days of immersion
and then decreased up to 8.1 ± 2.1 MPa after 42 days. More
interestingly, the stress necessary to push-out the wires (indicated
by the plateau region after the drop from the peak load) increased
with degradation time. The interface strength of the PEO-Mg/PLA

composite decreased with degradation time up to 13.6 ± 3.2 MPa
after 42 days. The variation of the shear stress necessary to push-
out the wires from the PLA matrix did not change with
degradation time. The differences in stress necessary to push-
out the wires after interface fracture between Mg/PLA and PEO-
Mg/PLA can be associated with the interlock effect of the
corrosion products around the wire in the former (Fig. 5a), which
do not appear the in the latter (Fig. 5b). Overall, the PEO oxide
layer on the Mg wires improved the shear strength retention and
toughness of the interface during immersion in c-SBF.

Direct cell-interface interaction
MC3T3-E1 Pre-osteoblasts were seeded on the cross-section
composites for understating cell-material interaction. This infor-
mation is relevant because the fabrication of customized
orthopedic plates by machining can expose the Mg wires,
affecting the behavior of cells near the implant. 1 h after seeding,
cells are moving away from the locations occupied by the Mg
wires towards the PLA, irrespective of the presence of the PEO
oxide layer (Fig. 6a, b). Corrosion of Mg began as soon as it came
in contact with the culture medium, leading to a near-surface
increase in alkalinity and the release of hydrogen gas, and both
phenomena triggered the migration of the cells to PLA regions.
Cells on PLA regions could attach and proliferate rapidly, forming
a monolayer to fully cover the surface after 24 h while avoiding
the regions of Mg wires as shown by blue arrows in Fig. 6e, f.
However, some cells migrated on regions of Mg wires after 24 h
due to continuous proliferation and/or formation of passivation
layer over Mg wire regions (Figs. 6e, f).
In Live/Dead assay, cells were seeded with lower density than in

the proliferation experiments to clearly observe the live and dead
cells after 24 h. The cells try to avoid regions of Mg wires and
preferred attachment on regions of PLA matrix (Fig. 7) but some
cells successfully migrated back to the Mg wires due to the
formation of a passivation layer. The fraction of dead cells on the

Fig. 3 Characterization of interface shear strength. a Representative load-displacement curves of the push-out tests in Mg/PLA and PEO-
Mg/PLA composites. b Secondary electron image of the bottom surface of the slice after the push-out test. c Higher magnification view of b in
which yellow arrows point to the ductile tearing of the PLA ligaments stuck in the pores of oxide layer.
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transversal cross-section is negligible, still proving the biocompat-
ibility of the composites in general. Many cells were also found
residing on edge of Mg wires (yellow circles) in order to avoid
direct contact with Mg. Overall, it showed that cells are not likely
to proliferate on the surface of Mg wires which is relevant for the
design of Mg/PLA composite implants as the final implant shape
can be achieved by either machining from a parent plate (which
exposes Mg wire cross-sections to the surface) or compression in
molds with the final shape. This latter strategy (in which Mg wires)
are encapsulated within the PLA matrix thus seems preferable
from the biocompatibility viewpoint.

Corrosion mechanisms at Mg/PLA interface
In our previous investigation, the corrosion of Mg wires (with and
without PEO surface modification) directly exposed to c-SBF was
analyzed in detail; see ref. 17. We concluded that –in the absence
of a PEO oxide layer– localised corrosion was accelerated by the

presence of chlorine ions and led to the fast corrosion of the wires
which significantly deteriorated their mechanical integrity within
only 24 h. On the contrary, on PEO functionalized wires localised
corrosion was suppressed by the oxide layer due to the formation
of a dense corrosion layer containing O, Ca, and P beneath the
PEO oxide layer, while still on top of the typical porous oxide layer
resulting from the progressive oxidation of Mg to form Mg(OH)2.
The dense corrosion layer slowed down the diffusion of chlorine
ions, limiting localised corrosion and enhancing the mechanical
integrity of the wires, whose strength was still above 100 MPa
after 96 h in c-SBF.
In the case of the Mg/PLA composites, corrosion of Mg wires

began when water molecules and chlorine ions quickly diffused
(<1 day) into the PLA matrix and reached the wire surfaces. It is
generally accepted that the primary corrosion reaction for
magnesium involves the hydrogen evolution reaction (HER)27

Mgþ 2H2O ! 2MgðOHÞ2 þ H2 " (1)

Fig. 4 Effect of immersion in c-SBF at 37 °C on interface mechanical properties. a Load-displacement curves of the push-out tests after 0, 7,
14, 28, and 42 days of immersion in c-SBF at 37 °C for Mg/PLA composites. b Idem for PEO-Mg/PLA composites. c Influence of immersion time
in c-SBF on the interface shear strength. Here (*) represents p < 0.05 obtained by the one-way analysis of variance (ANOVA).
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Fig. 5 Interface fracture mechanisms. a, b Secondary electron image of the bottom surface of the Mg/PLA and PEO-Mg/PLA interfaces after
the push-out test after 42 days immersion in c-SBF at 37 °C.

Fig. 6 Interaction of pre-osteoblasts cells with the composite cross-sections. a, b Secondary electron micrographs of MC3T3-E1 pre-
osteoblasts on the cross-sectional surface of the Mg/PLA and PEO-Mg/PLA composites, respectively, after 1 h of seeding the cells. c–f Idem
after 24 h of seeding the cells. Cells indicated with orange arrows tend to move away from Mg wires to PLA matrix. Thick blue arrows show the
formation of a monolayer of cells between Mg wires. Red arrows show cells that are either dead or moved back to Mg wires after the
formation of a passivation layer on top of the Mg wire cross-section.
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but the role of the oxygen reduction reaction (ORR)

Mgþ 2H2Oþ O2 ! 2MgðOHÞ2 (2)

cannot be ruled out, and it was pointed out recently in several
studies that reported less hydrogen collection (~40%) than
expected during bio-corrosion of magnesium21,24. In particular,
Wang et al. reported that the contribution of ORR to the total
cathodic process was up to 16.5% during the slow corrosion of
high-purity Mg28. The limited amount of hydrogen released (as
compared with the theoretical one) during the degradation of our
composite samples seems to indicate that the ORR played an
important role29.
The Mg(OH)2 layer formed during corrosion can react with

chlorine ions, leading to soluble MgCl2 and OH− ions according to

Mg OHð Þ2 þ 2Cl� ! MgCl2 þ 2OH� (3)

and allowing the ingress of corroding fluids to the Mg wire
surface. MgCl2 (where Mg2+ can be dissociated) and OH- ions can
react with the PLA by-products or diffuse outside the PLA matrix
into the c-SBF solution according to several studies3,9,11. As a
result, the formation rate of Mg(OH)2 on the Mg wires was higher
than the dissolution rate and a thick Mg(OH)2 layer was formed on
the wire surface (Fig. 8a). This layer was neither dense nor
continuous due to the localized chlorine attack, still allowing the
progress of the wire corrosion. Moreover, the corrosion layer
expanded inwards and outwards due to the increase in volume
associated with the oxide formation and subjected the PLA
around the wire to tensile hoop stresses. These tensile stresses
were large enough to promote the cracking of PLA around wires
in our previous study on the corrosion of Mg/PLA interfaces with
wires of 100 µm in diameter, following a theoretical model30. The
same model predicts that the corrosion layer around the Mg wires
of 300 µm in diameter (Fig. 8b) was not thick enough to promote
PLA cracking. Instead, the interaction of OH- ions with the
polymeric chains in an alkaline environment facilitated the
progressive hydrolysis and retreat of PLA at the interface.
The possible degradation mechanisms of PLA are presented in

Fig. 931,32. Hydrolysis of PLA chains in neutral or acidic
environments takes place by cleavage of ester bonds into two
chains having carboxylic and alcohol end groups (Fig. 9a).
However, PLA degrades much faster in alkaline environment31

which is most likely to be the cause of degradation of PLA at the
interface of Mg wires because the pH can increase up to 10 near
the corrosion layer of Mg23. Vaid et al.31 reported rapid
degradation of PLA fibers at a pH value of 10 compared to
neutral (pH value 7.4) and acidic (pH values 2 and 3) environ-
ments. Therefore, high pH at the interface of the corrosion layer
can accelerate alkali-assisted hydrolytic degradation of PLA by

possible mechanisms of intra-chain (Fig. 9b)31 and end-chain
scissions (Fig. 9c)32. During intra-chain scission, OH- ions hydrolyze
PLA chains by randomly attacking the carbonyl group of esters,
resulting in two smaller chains with an alcohol end group. While in
end-chain scission, OH- ions attack the carbonyl group nearest to
the alcohol end group of PLA chain and form a six-membered
lactide ring which converts into 2 molecules of lactic acid after
further hydrolysis. Lactic acid is highly soluble in water and,
therefore, can diffuse out of the PLA matrix and/or remain with
water at the interface or in bulk PLA.
The elemental analysis by EDX along the corrosion line in Fig. 8b

is plotted in Fig. 8c. It shows the presence of Mg and O, confirming
the formation of Mg(OH)2 as a main corrosion product. Low
amounts of carbon were also detected (Fig. 8d) and the
concentration increased with the distance to the surface of the
Mg wire, revealing the interaction of PLA degradation products
with corrosion products of the Mg wires. The C source could be
lactic acid, a by-product of the alkaline hydrolysis of PLA (Fig. 9b,
c), or magnesium acetate formed after the reaction of Mg with
-COOH released by hydrolysis of PLA according to ref. 33.

Mg2þ þ 2R� COOH ! R� COOHð Þ2Mgþ 2Hþ (4)

The completely corroded Mg wire inside the PLA matrix is
shown in Fig. 10. The initial cross-section of the Mg wire is
depicted with a dashed blue line. It shows that Mg wire expanded
by the accumulation of corrosion products and the physical
retreat of the PLA matrix. EDX maps confirm that corrosion
products are made of Mg(OH)2 while there are some carbon-rich
(dark) regions indicating the presence of some PLA matrix not
being fully degraded. It should be noted that traces of Ca and P
(that are present in c-SBF) were not found in the corrosion
products of the Mg wire even after complete degradation. They
are typically found in the corrosion layer when Mg wires are
directly exposed to c-SBF17, but the PLA matrix stopped the
penetration of Ca2+ and PO3�

4 ions towards the wire surface27.
Interface shear strength between Mg wire and PLA matrix is

dictated by the corrosion mechanisms at the interface. The
strength increased from 10.9 MPa to 14.8 MPa after 7 days of
in vitro degradation due to the accumulation of corrosion
products at interface (expansion of corrosion layer) which
increased the compressive normal stresses at interface. Soon,
PLA also started to retreat by physical degradation due to the
combination of alkali-assisted hydrolytic degradation and tensile
hoop stresses. The retreat of PLA relaxed the compressive normal
stresses at interface which caused the gradual reduction of
interface shear strength with immersion time.

Fig. 7 Representative images of Live/Dead staining on transversal surface of PEO-Mg/PLA composite. Yellow circles show the position of
wires. Cells stained in green and red are live and dead, respectively.
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Corrosion mechanisms at PEO-Mg/PLA interface
The corrosion mechanisms at PEO-Mg/PLA interfaces after 42 and
180 days of immersion in c-SBF are depicted in the back-scattered
electron images in Figs. 11 and 12, respectively. Corrosion of the
Mg wire core was very limited, even after 180 days of immersion,
because corrosion products filled the cracks and pores in the PEO
oxide layer and blocked the diffusion of water. The PEO oxide
layer did not show corrosion after 42 days and only slight
corrosion after 180 days. Since there is no corrosion layer growth
outside the PEO oxide layer, the PLA matrix was not subjected to
tensile stresses associated with the volumetric expansion induced
by corrosion. Thus, the degradation of the PLA after 42 days of
immersion was very limited (Fig. 11b) and likely to occur by alkali-
assisted hydrolytic degradation (Fig. 9b, c) caused by slight
corrosion of Mg wires beneath the PEO oxide layer. However, the

degradation-affected zone of the PLA matrix around the interface
was noticeable after 180 days (Fig. 12a). PLA in this region became
softer due to degradation and leached out during the sample
preparation. Overall the physical degradation of PLA at the PEO-
Mg/PLA interfaces was very mild in comparison with the Mg/PLA
interfaces (Fig. 10).
The PEO oxide layer was porous and contained micro-cracks7;

therefore, water and chlorine ions could reach the Mg wire by
diffusion through the PLA matrix and pores/cracks of the oxide
layer, leading to initial corrosion according to Eqs. (1)–(3).
However, further corrosion of the Mg wire cores was suppressed
because corrosion products filled the cracks and pores, blocking
water diffusion. The PEO oxide layer did not show corrosion after
42 days and only slightly after 180 days since it is mainly
composed of MgO and Mg3(PO4)2 which are sparingly soluble in
water and slow diffusion of water through the PLA matrix

Fig. 8 Degradation mechanisms in Mg/PLA composites. Back-scattered electron images of the (a) cross-section of corroded Mg wire inside
PLA matrix of composite after 42 days of in vitro degradation, b Detail of the corrosion layer at higher magnification. c, d EDX analysis along
the yellow line in b shows the elemental composition in Mg, O, and C. The blue-shaded region shows the width of the corrosion layer.

W. Ali et al.

8

npj Materials Degradation (2023) 65 Published in partnership with CSCP and USTB



Fig. 9 Degradation processes of PLA. a Hydrolysis degradation of PLA in neutral and acidic environments. b Hydrolysis of PLA in alkaline
environments through intra-chain. c Idem through end-chain attack by hydroxyl ions31,32.

Fig. 10 Degradation of Mg wires in Mg/PLA composites. Back-scattered electron image of the cross-section of a completely corroded Mg
wire in Mg/PLA composite after 180 days of in vitro degradation. The spatial distribution of Mg, O, and C obtained by EDX is plotted in the
adjacent figures. The dashed blue lines indicates the initial Mg wire cross-section.

W. Ali et al.
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provided additional protection. However, MgO is less stable than
Mg3(PO4)2 in an aqueous solution of Cl- ions34. Therefore, the
corrosion of PEO oxide layer proceeded to form Mg(OH)2 through
the reaction of MgO with water, according to ref. 35

MgOþ H2O ! MgðOHÞ2 (5)

This reaction disturbed the structure of the PEO oxide layer and
might cause minor degradation of Mg3(PO4)2 as shown by small
traces of P in the corrosion layer (Fig. 13), but most of the PEO
oxide layer remained intact (Fig. 12) since PO3�

4 can neither diffuse
out nor penetrate in PLA matrix36. The EDX maps of the interface
region in Fig. 13 also confirmed the presence of P in the PEO oxide
layer. At the same time, a corrosion layer was developed below
the PEO oxide layer and also outwards. It was mainly formed by
Mg(OH)2 with small traces of C and P.
Hence, the proposed corrosion mechanism also explains and

confirms the trend observed in the reduction of interface shear
strength of PEO-Mg/PLA composite. The strength never increased
with immersion time (as opposed to the initial behavior in Mg/
PLA) because the PEO oxide layer suppressed the corrosion of Mg
wires and did not allow accumulation of corrosion products after

42 days (Fig. 11b). These mechanisms also indicated that the sharp
drop of interface shear strength till 14 days was most likely due to
the degradation of PLA present in pores of the PEO oxide layer as
PLA ligaments were not observed in the pores of pushed-out
wires (Fig. 5b). Afterwards, the gradual decrease of strength could
be attributed to the slight physical degradation of PLA at the
interface (Fig. 11b). Overall, PEO surface modification improved
the interfacial performance between Mg wires and PLA matrix in
as-manufactured as well as in degraded conditions by protecting
the Mg wires from corrosion.
In summary, the effect of PEO surface treatment of Mg wires on

the interface behavior of Mg/PLA composites was studied by
means of push-out mechanical tests, in vitro degradation in
simulated body fluid and direct cytocompatibility. It was found
that the presence of a PEO oxide layer significantly increased the
toughness and shear strength of the interface by a factor of ~2.5
due to the mechanical interlocking of PLA into the pores of the
PEO oxide layer and the chemical interactions of the PLA with the
oxide layer. Immersion in simulated body fluid led to a reduction
in strength and toughness even though the mechanical perfor-
mance of the interfaces comprising of PEO oxide layer were

Fig. 11 Degradation mechanisms in PEO-Mg/PLA composites. a Back-scattered electron image of the cross-section of corroded PEO-Mg wire
in PEO-Mg/PLA composite after 42 days of in vitro degradation. b Higher magnification image of the interface region. Red arrows show
degradation of PLA matrix, while green arrows show the corrosion of Mg wires below the PEO oxide layer.

Fig. 12 Degradation mechanisms in PEO-Mg/PLA composites. a Back-scattered electron image of the cross-section of corroded PEO-Mg wire
in PEO-Mg/PLA composite after 180 days of in vitro degradation. b Higher magnification image of the interface region. Red arrows show
degradation of PLA matrix which was very soft and leached out during grinding process while green arrows show corrosion of Mg wires
below PEO oxide layer.
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always better in comparison. The proposed degradation mechan-
isms for both groups (Mg/PLA and PEO-Mg/PLA) explain and
confirm the profound corrosion protection effect of PEO on the
Mg wires during immersion in fluids, not only leading to less
degradation on the Mg wires but also to less deterioration of the
surrounding PLA matrix.
The trends in the degradation of interface strength were in

agreement with the corrosion mechanisms observed at the
interface. In the absence of a PEO oxide layer, corrosion was
triggered by the degradation of the Mg wires, which led to the
formation of a corrosion layer that grew inwards and outwards. At
the same time, PLA retreated by physical degradation accelerated
by the tensile hoop stresses induced by the expansive corrosion
layer. Mg wires were completely corroded after 180 days of
immersion in simulated body fluid. On the contrary, the PEO oxide
layer efficiently suppressed the corrosion of Mg wires (only 3%
mass loss after 180 days) and limited the degradation of the PLA
matrix at the interfaces.
Direct tests as well as Live/Dead assays showed good

biocompatibility of the composite cross-sections, irrespective of
the presence of the PEO oxide layer. Cells migrated towards PLA
regions and formed a monolayer, however avoided the surface of
the Mg wires which suggests that Mg/PLA composites should be
manufactured in such a way that the Mg reinforcement is
preferentially fully encapsulated within the PLA matrix.

METHODS
Fabrication of Mg /PLA and PEO-Mg/PLA composites
Magnesium Y-RE-Zr alloy WE43MEO (Meotec GmbH, Aachen,
Germany) with an elemental composition of 1.4–4.2% Y, 2.5–3.5%
Nd, <1% (Al, Fe, Cu, Ni, Mn, Zn, Zr), and balance Mg (in wt-%) was
chill-casted and wires were manufactured by indirect extrusion to
produce rods with 6 mm in diameter (Meotec GmbH, Aachen,
Germany) followed by successive cold drawing and annealing
steps to achieve a diameter of 0.3 mm (Fort Wayne Metals
Research Products Corp., Indiana, USA). The surface of the Mg
wires was modified using C-PEO by passing the wire through a

phosphate-based electrolyte bath (Kermasorb®, Meotec GmbH,
Aachen, Germany), facilitating process parameters as reported
previously7. This process led to a homogeneous and porous oxide
layer on the wire surface of ~8 µm in thickness. Details of the
processing, microstructure, and performance of C-PEO modified
Mg wires are reported into further detail in refs. 7,17. Pellets of
medical-grade copolymer of PLA (Purasorb PLDL 7038, Corbion,
Netherlands) were used as raw material for preparing pure PLA
coupons and the polymer matrix of the composites.
Composite laminae were manufactured in three steps30.

Firstly, unidirectional Mg wire laminae of either Mg or PEO-Mg
wires (modified by C-PEO) were transferred from a spool to a
plate with custom-designed winding mechanism under tension.
The distance between wires was ~0.25 mm. Then, a PLA/
chloroform (1 g/20 ml) slurry was poured onto the wire laminae,
the chloroform evaporated and the PLA was precipitated among
the wires. In the second step, PLA laminae with a thickness of
0.35 mm were prepared by hot pressing of pellets in a hot mold
cavity at 220 °C and cut to the desired dimensions. In the third
step, wire, and PLA laminae were alternatively stacked into a
mold of 120 mm × 12 mm × 2mm and consolidated by hot
pressing at 180 °C, leading to fully dense unidirectional Mg wire
reinforced PLA composites with an average wire volume fraction
of 20%. In addition, PLA coupons with the same dimensions
were manufactured by hot pressing of pellets.

In vitro degradation
In vitro degradation tests of the PLA, Mg/PLA, and PEO-Mg/PLA
specimens were carried out at 37 °C in Simulated Body Fluid (c-
SBF) with a composition (per liter) of 8.035 g NaCl, 0.355 g
NaHCO3, 0.225 g KCl, 0.231 g K2(HPO4).3H2O, 0.311 g MgCl2.6H2O,
0.292 g CaCl2, 0.072 g Na2SO4, 6.118 g Tris base and 40ml 1 M HCl
to achieve pH of 7.436. Samples were cut to a dimension of
12mm×12mm x 2mm. Cross-sections perpendicular to the wires
(where the Mg wires were exposed to the solution), were sealed
with a vinyl spray coating (Full Dip, Spain) to ensure that
degradation occurs by diffusion through the thickness of the
sample and not by pipeline diffusion along the wire/polymer

Fig. 13 Degradation mechanisms of Mg wires in PEO-Mg/PLA composites. SEM and EDS maps of enlarged view of corroded PEO-Mg wire in
PEO-Mg/PLA composite after 180 days of in vitro degradation. White arrows points to traces of C and P in the corrosion layer developed
outside PEO oxide layer.
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interface from exposed ends. Samples were divided into short-
term (7, 14, 28, and 42 days) and long-term (180 days) degradation
studies and placed in a container with 200 ml of Simulated Body
Fluid (c-SBF) which leads to a ratio between c-SBF volume to
sample mass of ~450ml/g (>30mL/g, as recommended by ISO
1581437) and c-SBF volume to Mg wires surface area of 0.27 ml/
mm2 (>0.2 ml/mm2, as recommended by ASTM G3138). Since there
is no current standard for degradation testing of bioabsorbable
metal/polymer composites such as Mg/PLA, we choose a volume
of buffer solution above the minimum limits defined by both ISO
15814 (for degradation of PLA) and ASTM G31 (for corrosion of
metals). Moreover, corrosion of Mg wires inside composite
samples in the long-term study (180 days) was tracked by a
hydrogen gas evolution setup involving glass containers, funnels,
and burettes as reported in ref. 39. Samples were taken from
immersion medium at set time points and dried under vacuum at
room temperature. The degradation mechanisms were ascer-
tained in the scanning electron microscopy (SEM) (Apreo 2S LoVac
ThermoScientific, Netherlands), using secondary and back-
scattered electron modes at 10 kV after gold sputtering. Energy
dispersive X-ray microanalysis (EDX) was also performed to
ascertain the composition of degradation products.
Mass loss of Mg wires inside the PLA matrix was calculated by

image analysis of wire cross-sections in the degraded samples. To
this end, samples were extracted after in vitro study and
embedded in an epoxy resin. They were grinded and polished
to obtain clear images of the Mg wire in the cross-sections. Optical
images (BX51 Olympus, Japan) of the wire cross sections were
taken randomly. 5 and 15 images were taken from samples
subjected to short-term (7, 14, 30, 42 days) and long-term
degradation (180 days), respectively, and processed in ImageJ
software. The area of the uncorroded regions in the Mg wire cross-
sections was used to estimate the average mass loss.

Push-out tests
Wire push-out tests were performed on Mg/PLA and PEO-Mg/
PLA composites to evaluate the mechanical properties at the
interfaces. Intact and degraded composite samples with dimen-
sions of 12 mm × 12 mm × 2mm were embedded in an epoxy
resin (SpeciFix resin system, Struers, Denmark). They were
grinded with 1200 and 4000 SiC papers to prepare thin slices
of the composite (perpendicular to the wire direction) with an
approximate thickness of 0.6 mm. Grinding was performed
carefully from both sides of the sample (perpendicular to the
wire) to use the middle section of the sample for the push-out
test. Finally, both sides of samples were polished with 1 µm
diamond suspension, followed by water and ethanol cleaning
and drying in air.
The schematic of the experimental setup of the wire push-

out test is shown in Fig. 14. Push-out tests of the wires were
carried out in the thin slices that were placed on a stainless
steel support with a groove of 500 µm in width. The wire to be
tested was positioned manually at the center of groove with
the help of an optical microscope and the slice was fixed with a
tape. The support was attached to the XY stage to position the
indenter punch over the desired wire. A stainless steel flat
punch with 180 µm in diameter was machined in-house and
fixed to the upper cross-head of an Instron Universal Testing
Machine (Minneapolis, MN, USA) equipped with 100 N Instron
load cell. The diameter of the flat punch was selected to
minimize the plastic deformation of the Mg wire during the
push-out test. The compressive load was applied on the wire
under displacement control at 200 nm/s. A total of 4 and 5
wires were pushed out for each as-manufactured and
degraded condition. The pushed-out wires were far away from
each other to avoid any stress distortion induced by the
presence of nearby pushed-out wires.

Fig. 14 Characterization of interface mechanical properties. a Schematic of the wire push-out test conducted on thin slices of the
composites, b experimental setup for push-out test and enlarged image showing the punch/wire region.
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The average interfacial shear strength between the Mg wire and
PLA matrix was calculated assuming full debonding according to

τ ¼ Pmax

2πRl
(6)

where Pmax, R and l represent the maximum load recorded during
the push-out test (which indicates the onset of wire sliding at the
interface), the wire radius and the thickness of the composite slice,
respectively. The samples were also analyzed by SEM after testing.

Thermal characterization of PLA matrix
The thermal characteristics of as-manufactured and degraded
samples of the PLA coupons and composites were analyzed by
differential scanning calorimetry (Q200, TA Instruments, USA) by
two heating cycles performed at 10 °C/min. The glass transition
temperature (Tg) from the 2nd heating cycle of DSC was used as
an indicator of PLA matrix degradation because Tg values of 1st
heating cycle artificially increase (in case of sample degradation)
by physical aging of the polymer. The molecular weight of
samples was also measured by gel permeation chromatography
(GPC) (GPC 2414, Waters).

Direct cell-interface cytocompatibility
A pre-osteoblast cell line from mouse calvarial MC3T3-E1 sub-clone 4
(ATCC CRL-2593) was used to study the direct interaction of cells with
the composite interfaces. Composite plates of 12mm× 5mm×2mm
were cut and cross-sections showing Mg wires/PLA interfaces were
grinded with 4000 SiC paper, cleaned with water and then sterilized
with ethanol. Samples were placed (perpendicular to the wire
direction) in 24 well-plate and alpha-MEM medium (Invitrogen, USA)
supplemented with 10% Fetal Bovine Serum (FBS) (Invitrogen, USA)
and 1% penicillin/streptomycin (Invitrogen, USA) containing MC3T3-
E1 pre-osteoblast cells was added directly to the wells. The cell
concentration was kept at 20,000 cells/cm2 and 10,000 cells/cm2 for
SEM and Live/Dead assays, respectively. Afterwards, the plate was
maintained at 37 °C in a humidified 5% CO2 atmosphere. Cell
morphology was observed by SEM after 1 h and 24 h. Cells were
washed with DPBS and fixed to the surface of samples with 4% PFA
solution for 15min. Afterwards, cells were dehydrated by serial
immersion in ethanol/H2O solutions with increasing concentration
(30%, 50%, 70, 80%, 90%, and 100%) of ethanol for 10min each and
analyzed by SEM to study cell attachment. Cell behavior at interfacial
regions was also assessed by Live/Dead assay (Invitrogen, USA).
Culture medium was removed after 24 h incubation of cells on the
cross-sectional surface of samples and then samples were washed by
DPBS solution (with Ca and P). Then staining solution of DPBS (with
Ca and P) (Gibco) containing 4 μM Calcein-AM and 2 μM Ethidium
homodimer-1 was added to plates followed by incubation for 20min
at 37 °C. Finally, samples were inverted and imaged under a confocal
microscope (Olympus FV3000, Japan).
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