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ARTICLE INFO ABSTRACT

Keywords: Mg is a typical biodegradable metal widely used for biomedical applications due to its considerable mechanical
Mechanical property properties and bioactivity. Biodegradable polymers have attracted great interest owing to their favorable pro-
Interface

cessability and inclusiveness. However, it is challenging for the degradation rates of Mg or polymers to precisely
match tissue repair processes, and the significant changes in local pH during degradation hinder tissue repair.
The concept of combining Mg with polymers is proposed to overcome the shortcomings of materials, aiming to
meet repair needs from various aspects such as mechanics and biology. Therefore, it is essential to systematically
understand the behavior of biodegradable Mg/polymer composite (BMPC) from the design, manufacturing,
mechanical properties, degradation, and biological effects. In this review, we elaborate on the design concepts
and manufacturing strategies of high-strength BMPC, the “structure-function” relationship between the micro-
structures and mechanical properties of composites, the variation in the degradation rate due to endogenous and
exogenous factors, and the establishment of advanced degradation research platform. Additionally, the interplay
among composite components during degradation and the biological function of composites under non-
responsive/stimuli-responsive platforms are also discussed. Finally, we hope that this review will benefit

Biodegradation
Stimuli-responsiveness
Tissue engineering

future clinical applications of “structure-function” integrated biomaterials.

1. Introduction

With the development of modern society, the incidence of various
tissue injuries caused by accidents and population aging is on the rise.
Researchers are dedicated to advancing tissue engineering for the repair
and replacement of damaged and/or lost tissues and structures [1]. To
minimize damage to autologous tissues and mitigate adverse reactions
such as immune rejection caused by allogeneic grafts, extensive re-
searches are conducted on biomaterials to overcome these challenges.
Among various biomaterials, metals are one of the oldest and most
widely studied material categories. Currently, the most commonly used
metal biomaterials in clinical practice include mechanically superior
titanium alloys, cobalt alloys, and stainless steel.

However, traditional biologically inert metal materials face chal-
lenging issues, including slow tissue repair rates and the need for sec-
ondary surgeries for removal. In contrast, biodegradable metals exhibit
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biological activity, and their degradation by-product (mainly metallic
ions) facilitate the acceleration of local tissue healing. Moreover, the
metabolized products can be excreted from the body, alleviating the
contradiction between patients and outdated medical devices. In 2016,
the American Society for Testing and Materials (ASTM) released ASTM-
F3160 as a reference standard for the development and testing of
biodegradable metal materials. Biodegradable metals are defined as
“initially apparent foreign substances or substances that can be metab-
olized or assimilated directly or indirectly by cells and/or tissues
through expected degradation [2]”. Currently, the main biodegradable
metals that meet this standard are Mg, Zn, Fe (iron), and their alloys.
These biodegradable metals are considered revolutionary medical ma-
terials due to two significant advantages. (i) They do not require sec-
ondary surgeries for removal, reducing the burden on patients. (ii) Their
comprehensive mechanical properties are superior to other biodegrad-
able materials such as polymers, ceramics, and bio-glass. Their
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mechanical properties are closer to natural bone than other
non-degradable metals. Therein, Mg has relatively weaker mechanical
properties but a modulus closer to that of natural cortical bone than
other biodegradable metals, thereby reducing “stress shielding” effects.
Therefore, Mg has garnered significant attention from researchers in the
field of bone repair. By alloying or deformation processing, Mg alloys
with Young’s modulus in the range of 37.5-65.0 GPa and ultimate
tensile strength in the range of 190-250 MPa can be obtained [3]. Zn
alloys have slightly higher mechanical properties, with Young’s
modulus ranging from 90.0 to 105.0 GPa and ultimate tensile strength
ranging from 100 to 520 MPa [4,5]. Fe alloys exhibit the strongest
mechanical properties, with Young’s modulus and ultimate tensile
strength fluctuating within the range of 200-205 GPa and 540-1000
MPa, respectively [6] (Fig. 1A).

In addition to biodegradable metals, biodegradable polymers are
extensively utilized in the medical field due to their wide availability of
source materials and ease of processing. Biodegradable polymers are
defined as “polymers that degrade into normal metabolites or products
both in vitro and in vivo that can be eliminated from the body with or
without further metabolic transformation” [7]. Biodegradable polymers
can be classified into natural biodegradable polymers and synthetic
biodegradable polymers based on their sources. At present, the
commonly used natural biodegradable polymers in the medical field
include cellulose, starch, alginate, chitosan, hyaluronic acid, and
collagen. Synthetic biodegradable polymers include esters, amides,
ethers, urethanes, or hybrid systems [8]. Among them, poly (lactic acid)
(PLA) is derived from plant sources such as corn stalks, and it is pro-
cessed through ring-opening polymerization. PLA finds widespread use
in surgical sutures, drug encapsulation, tissue engineering scaffolds,
organ anti-adhesion protection, and other fields. Its biocompatibility is
also certified by the U.S. Food and Drug Administration (FDA).

Although biodegradable metals or polymers have their respective
advantages, their individual disadvantages are also quite evident. Tak-
ing Mg for example, the major issue with Mg metal is its rapid degra-
dation rate (standard electrode potential —2.37 V vs. SCE). Its structural
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integrity is compromised before tissue repair, leading to poor mechan-
ical compatibility [9,10]. Additionally, the rapid degradation of Mg
results in adverse reactions such as the release of large amounts of H; gas
and strong alkalinity around Mg. Therefore, proper protection strategies
are required to improve the corrosion resistance [11,12]. Compared to
Mg metals, Zn and Fe metals exhibit better corrosion resistance, but they
often degrade too slowly in the body, potentially persisting after tissue
repair. For biodegradable polymers, their mechanical strength is rela-
tively low (Young’s modulus less than 7.0 GPa), making it challenging to
meet the mechanical compatibility needs for some tissue repair (e.g.
cortical bone: Young’s modulus ranges from 14.0 GPa to 20.0 GPa) [13].
Furthermore, their degradation products often consist of small mole-
cules with acidic groups, causing local pH imbalance and inflammation
in physiological environments [14]. More importantly, most synthetic
polymer materials exhibit bioinert and lack cell recognition signals on
their surfaces, thus hindering cell adhesion, proliferation, and differ-
entiation [15].

To overcome their respective shortcomings, previous researchers
borrowed the design concept of composites, allowing biodegradable
metals and polymers to complement each other’s characteristics and
maximize their functionality (Fig. 1B). Combining the advantages of
both metals and polymers, composites attract widespread attention
globally. As shown in Fig. 1C, according to the Web of Science database,
the number of publications related to biodegradable metal/polymer
composites has sharply increased over the past decade. Among them, the
number of papers related to BMPC is significantly larger than those
related to biodegradable Zn (or Fe)/polymer composites. Therefore,
topics related to biodegradable Mg and their composites are relatively
new and hot, and we mainly discussed BMPC in this review. The visual
network graph in Fig. 1D illustrates the prominent research areas in the
field of BMPC. Most studies revolve around the interface bonding, me-
chanical properties, corrosion, degradation, ion release, as well as
biocompatibility and tissue engineering applications of Mg/polymer
composites. These areas also represent the future development trends of
biodegradable metal/polymer composites.
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Fig. 1. (A) Comparison of mechanical properties of biodegradable metals and polymers with natural trabecular bone and cortical bone [3,5,6,16-22]. (B) Design
concepts for biodegradable metal/polymer composites. (C) A total number of publications since 2013 on biodegradable metal/polymer composites retrieved from
Web of Science databases. (D) Network visualization plot of hot research words in the field of BMPC.

75



X. Wang et al.

Although BMPC are increasingly widely used in tissue engineering,
most of the work in this field lacks well-established material composite
strategies and comprehensive evaluation systems for material perfor-
mance in tissue engineering applications. This deficiency leads to a lack
of systematic analysis regarding the interactions and mechanisms be-
tween implanted degradable materials and cells/tissues. Therefore, it is
crucial to establish a comprehensive understanding of the factors
influencing the performance of BMPC at various stages, from processing
to biological applications.

In this review paper, based on our expertise in composite design, we
first introduced representative enhancement methods and processing
techniques for biodegradable Mg/composites, elucidating the tough-
ening mechanisms of these composites. Subsequently, we discussed
endogenous and exogenous factors influencing the mechanical proper-
ties, local environmental composition, and degradation rates of com-
posites, revealing the interactions and mechanisms among composite
components during degradation. Especially, considering the disparities
between in vitro platforms and in vivo physiological environment [23],
we introduced a real-time degradation research platform, which better
mimicked in vivo environmental factors in evaluating biodegradable
materials degradation. Furthermore, we reviewed the potential molec-
ular mechanisms of these biodegradable composites in repairing various
tissues in the body, including bone, cartilage, blood vessels, nerves, and
other tissues. Finally, building on the existing biological activity of these
BMPC, we discussed strategies for constructing intelligent platforms that
enhance tissue repair capabilities through their stimuli-responsiveness.

2. Design, manufacturing, and strengthening mechanism

Although biodegradable materials have their advantages, their
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disadvantages are also obvious. Combining biodegradable polymers
with Mg allows the achievement of various functionalities by adjusting
their components, structures, and forms. The composite of these two
materials can leverage their strengths and compensate for their weak-
nesses. This approach not only addresses the poor mechanical compat-
ibility issue in composites but also overcomes the problems caused by
the overly alkaline or acidic local microenvironments resulting from
their respective degradation products. It maximally meets the re-
quirements for tissue repair.

The development of BMPC with high strength involves three aspects:
the Mg reinforcement phase, the polymer matrix, and the interface be-
tween the two components. Our research group has accumulated some
experience in these areas, leveraging precise microfabrication of Mg and
synthesizing various microstructures, including micro or nanoparticles,
ultrafine fibers, fiber networks, rods, sheets, etc. Additionally, tech-
niques like severe plastic deformation are employed to enhance the
mechanical compatibility of the composites during the preparation of
BMPC (Fig. 2). In the following section, we will elaborate on three parts
including the preparation of the Mg reinforcement phase, processing of
the polymer matrix, and the interface bonding of BMPC.

2.1. Reinforcement phase design

Considering the perspective of the reinforcement phase in compos-
ites, Mg with densely packed hexagonal structures, unlike other metals,
have limited slip systems, making it challenging to obtain high-quality,
micro-scale reinforcement metals through convenient processing or
synthesis methods. Take Mg as an example; due to its highly reactive
nature, it is difficult to achieve highly precise micro-nano reinforcement
phases through bottom-up approaches. Unremitting efforts are paid to

Fig. 2. Shape and processing method of reinforcement phase in BMPC with high strength and toughness.
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overcome the processing bottleneck of Mg microstructures and
contribute to the production of Mg/polymer composites with rein-
forcement phase morphologies primarily including particle, fiber,
network, sheet, rod, and mixed forms. Examples of these will be dis-
cussed below.

2.1.1. Particle reinforcement

Particle reinforcement is one of the most common methods for
strengthening composite. It achieves the isotropic formation of com-
posites through the non-continuous enhancement of discrete particles.
Specifically, the proportion of Mg particles in the composite can be
flexibly adjusted, allowing easy molding adjustments based on existing
processing techniques. The particle reinforcement method is widely
applied in various polymer-based materials, enhancing both the me-
chanical performance and biological functionality of composites
simultaneously [24,25]. Unlike other reinforcements, small particles are
more prone to agglomeration, leading to a decrease in the mechanical
properties of the composites. Reportedly, the addition of Mg micro/-
nanoparticles to PLA resulted in changes to the PLA crystal structure. A
small amount of Mg could be uniformly dispersed in the PLA matrix,
acting as a heterogeneous nucleating agent. It resulted in an increment
of the PLA crystallinity. However, an excess of Mg could lead to partial
agglomeration, which was detrimental to PLA crystallization. Particu-
larly during PLA processing, when the molecular chains were in an
amorphous state and needed to rearrange to form an ordered crystalline
structure, Mg impeded this process, leading to a decrease in the crys-
tallinity of the PLA [26]. Therefore, it is not advisable to incorporate
excessive amounts of particles in composites.

2.1.2. Fiber reinforcement

Fibers are a common reinforcement in composites, notably, carbon
fibers used in resin composites, offering strength comparable to steel but
with a significantly lower strength-to-weight ratio. In the field of
degradable materials, continuous Mg microfibers also serve as re-
inforcements for polymer materials. For example, Ali et al. [27] utilized
continuous AZ31 Mg alloy fibers to create a unidirectionally reinforced
PLA composite, mimicking the microstructure of natural “bamboo”.
These materials exhibit remarkable bending strength, holding substan-
tial value in the field of orthopedic fixation devices.

2.1.3. Network reinforcement

Compared to unidirectionally reinforced polymers by fibers, two-
dimensional or three-dimensional fiber networks can enhance the
anisotropy of composites, addressing fixation issues essential for their
use in orthopedic devices. For instance, Li et al. [28] employed
two-dimensional fiber weaving techniques, incorporating rational AZ31
Mg alloy fiber weaving angles (15°, 30°, 45°, and 60°) to ensure fiber
continuity. This approach mitigated problems related to decreased
load-bearing capacity caused by perforations in composite bone plates,
enabling the plate to exhibit exceptional resistance to impact loads.
When the weaving angle of the AZ31 Mg alloy fiber network was set at
30° with a volume fraction of 12 %, the composite plate achieved
maximum tensile and shear strengths of ~82.0 MPa and ~82.4 MPa,
respectively.

2.1.4. Sheet reinforcement

Compared to fiber reinforcement methods, Mg sheets used as rein-
forced phases offer a convenient way to achieve high-strength composite
plates. As the volume percentage of Mg sheets increases, their strength
gradually approaches the mechanical strength of pure Mg. This not only
imparts excellent mechanical properties to the composite but also slows
down the corrosion rate of the Mg due to the protection of polymers. For
instance, Cai et al. [29] utilized the Mg-2Zn sheet as a reinforcing phase
and hot press method to prepare the Mg-2Zn/PLA composite plate.
When the volume percentage of the Mg-2Zn sheet reached 80 %, the
tensile strength and bending strength of Mg-2Zn/PLA composite plates
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(120 mm x 12 mm x 2.5 mm) reached their maximum values, ~116
MPa, and ~230 MPa, respectively.

2.1.5. Rod reinforcement

In addition to sheet reinforcement, which significantly improves
mechanical properties by increasing the proportion of Mg in composites,
transforming the shape of the reinforcing Mg and employing appropriate
processing techniques can yield rod-shaped composites to meet diverse
requirements. For instance, Muhammad et al. [30,31] utilized AZ31 Mg
alloy rods with a diameter of 2.44 mm as a reinforcing phase in com-
posites. By combining injection molding techniques, they obtained AZ31
Mg alloy/PLA composite rods with a diameter of 4 mm. Through
appropriate surface modifications, the tensile strength and bending
strength of the composite rods increased from ~60 MPa to ~118 MPa to
about ~131 MPa and ~245 MPa, respectively.

2.1.6. Mixed reinforcement

To meet the mechanical and biological requirements for tissue
repair, it is necessary to composite two or more reinforcing phases with
polymers. For instance, to address the need for bone defect repair in oral
bacterial growth environments, we integrated pure Mg sheets and MgO
nanoparticles into poly(caprolactone) (PCL) [32]. We employed a
combination of “casting method + electrospinning” for composite pro-
cessing, sandwiching Mg sheets in the middle and exposing MgO
nanoparticles on the surface. This resulted in an Mg-MgO/PCL-guided
bone tissue regeneration membrane with a Janus structure. Leveraging
the plastic deformation advantage of Mg sheets, the composite mem-
brane provided ~0.91 N mm ™" of supportive force to the flexible PCL
membrane, aiding in maintaining the growth space for oral bone tissues.
Furthermore, the embedded MgO nanoparticles not only further
increased the supportive force of the composite membrane (~0.94 N
mm™!) through heterogeneous nucleation but also provided its mem-
brane with long-lasting broad-spectrum antibacterial capabilities, owing
to their inherent chemical properties. Furthermore, Ali et al. [33]
developed a BG/Mg/PLA hybrid composite by incorporating AZ31 Mg
wires (with diameters of 313 pm) and bioactive glass (BG) fibers (with
diameters of 20-40 pm) into PLA (Fig. 3A, B). In this case, the Mg wires
with high elongation limited the cluster formation of BG fibers and the
expansion of cracks in the composite, a phenomenon referred to as the
“positive hybrid effect”. The resulting hybrid composite exhibited me-
chanical strength comparable to cortical bone (tensile strength: ~137
MPa; elastic modulus: ~13.4 GPa; at a BG fiber content of 25 vol% and
Mg wire content of 30 vol%). The composite also had a good mainte-
nance of mechanical properties during the degradation process.

Among the various Mg metal reinforcement phases, it is undeniable
that the presence of reinforcement phases in the form of fibers, sheets, or
rods can significantly improve the mechanical properties of BMPC, and
the improvement degree in mechanical properties is positively corre-
lated with the volume percentage of Mg metal. In contrast, the
improvement degree in the form of micro/nanoparticles or short fibers is
smaller, and it may even lead to a decrease in BMPC performance due to
the presence of agglomeration phenomena. Therefore, the reinforce-
ment phase should be flexibly selected according to the usage
conditions.

2.2. Manufacturing methods

From the perspective of the polymer matrix in composites, although
increasing the polymer’s molecular weight can significantly enhance the
mechanical properties of the composite, there is a direct correlation
between polymer molecular weight and cost. Therefore, it is economi-
cally impractical to increase the strength of composites by improving the
molecular weight of polymers. To overcome this challenge, utilizing
physical methods for further processing of Mg/polymer composites to
achieve high strength and toughness is a more ideal approach. Adhering
to this concept, several famous research groups worldwide developed
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innovative methods including injection molding, equal channel angular
extrusion (ECAP), hot pressing, hot drawing, stretching, rolling, additive
manufacturing, etc. These methods enable the BMPC with high strength
and toughness.

2.2.1. Injection molding

Injection molding is one of the most utilized methods to transform
thermoplastic polymers into complex and high-precision products. The
primary process involves the reciprocating motion of the screw in the
barrel of an injection molding machine, utilizing frictional heating to
melt the incoming thermoplastic resin. Subsequently, the polymer melt
is forced into the mold cavity and then cooled for shaping [34]. Injection
molding can process granules and powders, with the final shape of the
product determined by the mold, such as cylinder, plate, rod, and film
[35]. Differing from common injection molds, Muhammad et al. [30,31]
designed a cylindrical mold chamber containing an AZ31 Mg alloy rod.
When the PLA pellet melt flowed into the mold chamber from the in-
jection machine, the chamber also applied pressure around the rod.
After cooling, a composite rod wrapped with a PLA coating was ob-
tained. When the diameter of the AZ31 Mg alloy rod was 2.44 mm and
the composite rod’s diameter was 4 mm, the tensile strength and
bending strength of the Mg-MgFo/PLA composite rod reached ~131
MPa and ~245 MPa, respectively.
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2.2.2. ECAP

In the field of metallurgy, ECAP is a process of shearing deformation
that compresses polycrystalline samples into specialized molds,
achieving high strain levels. It primarily refines the material’s grains
through pure shearing effects during deformation, thereby significantly
enhancing the material’s mechanical and physical properties. Thermo-
plastic polymers can also undergo shear deformation to achieve mo-
lecular orientation through ECAP processing. The controllable
orientation of polymer molecular chains can be induced with ECAP
without altering the sample’s geometric shape [36].

To effectively enhance the mechanical strength of PLA, Li et al. [37]
designed a multi-channel mold to induce shear deformation in PLA
through ECAP techniques. This not only resulted in varied preferred
orientations of molecular chains in the crystalline and amorphous re-
gions of PLA but also created distinct microstructures. After two rounds
of ECAP processing, PLA’s bending strength increased from ~98 MPa to
~167 MPa. Meanwhile, the fracture toughness of PLA processed three
times with ECAP rose from ~1.6 MPa m'/? to ~3.3 MPa m'/2. After 16
weeks of in vitro degradation in phosphate buffer saline (PBS), the
bending strength of the ECAP-processed PLA samples remained signifi-
cantly higher than the initial strength of the unprocessed PLA samples.
Despite numerous studies that report significant mechanical improve-
ments in polymers post-ECAP, research on the polymer channel design
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and the mechanism of shear deformation under ECAP still requires
further exploration.

2.2.3. Hot pressing

Hot pressing refers to a process of manufacturing powdered or flake
materials under heated and pressurized conditions. This powder inte-
gration process has a long history in the powder metallurgy industry. For
Mg/polymer composites, the polymer materials are first heated to their
melting point. Then, the polymer materials bridge and adhere to each
other across the Mg under pressure, ultimately achieving monolithic
molding of the composite.

In the study of Li et al. [38], high-strength AZ31 Mg alloy/PLA
composite was first calculated by finite element analysis to optimize the
distribution manner for obtaining the highest bending strength of AZ31
Mg alloy fibers in PLA matrix under the same volume percentage. Sub-
sequently, they bonded the unidirectionally arranged Mg alloy fibers
and PLA through thermal pressing. After pressurizing for 15 min at 5
MPa and 190 °C, they obtained a composite plate with relatively
consistent theoretical and actual bending strengths. When the volume
percentage of AZ31 Mg alloy fibers was 40 %, the tensile strength,
bending strength, and impact strength of the composite were ~108 MPa,
~190 MPa, and ~150 kJ m’z, respectively. Ali et al. [39] also con-
ducted similar work to Li’s but with some differences. To enhance the
mechanical strength of the Mg/PLA composite further, they increased
the average molecular weight of PLA to a range of 90,000-120,000
g/mol, and the Mg fiber content reached up to 50 vol%. After being
subjected to higher heating temperature (190 °C) and insulation, the
tensile strength and flexural strength of the Mg/PLA composite sheet
were ~164 MPa and ~245 MPa, respectively. The elastic modulus and
flexural modulus were ~12.9 GPa and ~12.3 GPa, respectively.

2.2.4. Hot drawing

Although the use of fibers or fiber network reinforcement has yielded
composites with high bending strength, there remains a gap in meeting
the strength requirements of load-bearing human bones. To achieve
higher strength in bone fixation devices, Cai et al. [40] obtained Mg-2Zn
alloy fibers unidirectionally reinforced PLA (Mg/PLA) composite plates
based on their earlier works. They further obtained tougher composite
rods enhanced by Mg-2Zn fibers through multiple passes of hot drawing
at 80 °C (Fig. 3C). As shown in (Fig. 3D, E), the diameter of the com-
posite rod gradually decreased with each drawing pass, and the mo-
lecular chains inside the PLA became more orderly. The heating process,
concurrent with the drawing process, not only forced the molecular
chains in the non-crystalline areas of PLA to orientate but also induced
reorientation and recrystallization in the crystalline areas due to their
rubbery state at 80 °C. The crystallinity of PLA in the composite rod also
increased with each drawing pass. With an initial fiber content of 10 vol
%, the crystallinity surged from an initial 13.30 %-86.00 % after three
drawing passes (Fig. 3F).

Utilizing this cooperative enhancement technique involving fiber
reinforcement and self-enhancement of PLA, when the volume per-
centage of Mg-2Zn alloy fiber was 16.7 %, the Mg/PLA composite rod
reached a bending strength of ~211 MPa and a bending modulus of
~13.0 GPa (Fig. 3G, H) following three hot-drawing passes. This far
exceeded the bending strength of cortical bone (~176 MPa), or was
comparable to the bending strength of degradable fixation products
produced by some well-known domestic and international manufac-
turers (e.g. Jiangsu Dikang Medical Technology Co., Ltd from China:
~110 MPa; Inion Freedom Screw from Finland: ~150 MPa; Tianjin
Boshuobei Biotechnology Co., Ltd from China: ~210 MPa; GRAND FIX
from Japan: ~215 MPa).

2.2.5. Stretching

Stretching technology is common in the processing of plastic resins
or plastics such as polypropylene, poly (ethylene terephthalate), poly
(ethylene terephthalate), polyoxymethylene, polytetrafluoroethylene,

79

Bioactive Materials 39 (2024) 74-105

and PLA. It is widely used in the formation of thin films for areas
including product packaging, insulation materials, and decorative ma-
terials. Stretching methods encompass uniaxial and biaxial stretching
processes, with biaxial stretching techniques further subclassified into
tube film (blow molded film) bidirectional stretching and flat film
bidirectional stretching. The optical and mechanical performances of
the obtained film are significantly impacted by the type of plastic sub-
strate, stretching process, and material compounding methods.

Shi et al. [41] discovered that uniaxial stretching significantly
affected the crystalline melting behavior, phase blending, crystal
structure, and mechanical properties of the poly (v-lactide)/poly (vinyl
acetate) (PLLA/PVAc) blend a lot. Post-stretching, the PLLA/PVAc blend
displayed a fully blended phase system, with a stretching ratio signifi-
cantly promoting molecular chain orientation and crystallization, thus
enhancing the crystallization. Combining a suitable ratio of PLLA to
PVAc and a stretching ratio could significantly improve PLLA’s me-
chanical performance. When the stretching ratio was 6 and PVAc
accounted for 5 wt%, a blend with Young’s modulus, tensile strength,
and elongation at break of ~3923 MPa, ~190 MPa, and ~31.7 %,
respectively, could be obtained. This research provided theoretical
support for the large-scale practical application of PLLA.

2.2.6. Rolling

Contrary to the stretching method, which only applies tension to the
material, the rolling process exerts compressive forces concurrently,
leaving a gradual thinning in thickness and a denser structure. From the
perspective of the rolling direction, it can be divided into unidirectional
and bidirectional rolling. Classified by processing temperature, rolling
methods include cold rolling and hot rolling.

Cold rolling refers to a manufacturing method performed at tem-
peratures below the glass transition temperature of the polymer.
Research results illustrated that cold rolling of PLA-based composite at
room temperature significantly affected its crystal morphology, crys-
tallinity, density, molecular orientation, microhardness, and mechanical
properties [42]. Although the orientation of PLA molecular chains
increased with the rolling ratio, the crystallinity decreased gradually.
This was primarily due to the highly oriented PLA molecular chains in
the amorphous region during the rolling process at room temperature,
which resulted in the destruction of the quasi-crystal and subsequently
lowered the crystallinity. Static and dynamic mechanical analyses
indicated that PLA exhibited anisotropy during the rolling process.

Hot rolling, for metal materials, refers to the rolling performed above
their recrystallization temperature. For composites containing thermo-
plastic polymers, the hot rolling temperature is usually controlled above
the glass transition temperature of the polymer and below its melting
point temperature. During this phase, the thermoplastic polymer is in a
rubber state with a great deformation capacity. Simultaneously, the
plasticity of the metal during hot rolling is high and the deformation
resistance is low, greatly reducing the energy consumption of metal
deformation. During hot rolling, deformation microstructures or orien-
tation structures may appear in the composite, thereby significantly
improving its mechanical properties in the rolling direction. Building on
this, our previous study proposed an accumulative rolling method to
overcome the uneven Mg microparticle distribution in particle-
reinforced PLLA composite membranes [43]. Initially, composite
membranes were stacked in the designed sequence and hot pressed into
a whole piece. Then, a hot-rolling process with a rolling ratio of 50%-—
87.5 % was performed at 140 °C. This novel accumulative rolling
method not only overcame the uneven spatial distribution of Mg mi-
croparticles in PLLA composite membranes but also yielded a composite
membrane with an order of magnitude improvement in mechanical
properties. When the mass percentage of Mg was 5 wt% and the rolling
ratio was 75 %, the resulting composite membrane achieved a tensile
strength, Young’s modulus, and fracture elongation of ~104 MPa, ~2.6
GPa, and ~53 %, respectively, comparable to some metallic materials
such as pure Mg or Zn metal membranes.
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Compared to the cold rolling method, hot rolling can result in PLA
molecular orientation and a substantial increase in crystallinity. This is
primarily because the molecular chains cannot reorganize and crystal-
lize during cold rolling at room temperature, and only the molecular
chains in the amorphous region are forced to orient. However, when hot
rolling at temperatures above the PLA glass transition temperature, PLA
is in a rubbery state and the mobility of molecular chains in both the
crystalline and amorphous regions is enhanced, allowing them to reor-
ient and recrystallize.

2.2.7. Other methods

Besides the proposed mechanical processes, high-strength PLLA and
its composites with a bending strength ranging from ~200 MPa to ~450
MPa can also be achieved by forging and pressing or extrusion methods
[44]. To achieve a uniform dispersion of Mg/PLA composite materials,
Lee et al. [45] employed a combination of the high-shear mixing method
and the hot-pressing method to prepare cylindrical Mg/PLA composites
for bone repair. The key steps involved the incorporation of Mg micro-
particles into the PLA melt through high-shear mixing, followed by
further hot-pressing molding. When the Mg microparticles content in the
composite material was 15 wt%, the compressive strength reached
~107 MPa, and the compressive modulus reached ~2.3 GPa, which was
a significant improvement compared to the values of pure PLA materials
(~69 MPa and ~1.6 GPa, respectively).

In addition to pursuing only high mechanical performance, multi-
functional and personalized composite processing technologies (such as
3D printing) have also been developed in recent decades [46]. For
instance, Dong et al. [47] combined Mg microparticles and PCL together
and fabricated a Mg/PCL composite bone scaffold with a high porosity
and connectivity rate using a fused deposition modeling (FDM) 3D
printer. Compression test results showed that when the mass percentage
of Mg microparticles was 5 wt% and the scaffold’s porosity was 66.0 %,
the compressive strength and modulus of the Mg/PCL scaffold were
~6.6 MPa and ~0.06 GPa, respectively. This matched the mechanical
properties of human cancellous bone. In the preparation process of
filament for FDM 3D printing, the colloidal route was also developed by
Barrasa [48] to achieve uniform dispersion of Mg microparticles in
composite filaments. To simplify the filament preparation step,
low-temperature rapid prototyping technology was developed by Lai’s
group and it was applied to the preparation of Mg/polymer composites
by mixed liquid slurry [49]. Mg/tricalcium phosphate/poly(r-lactide--
co-glycolide) (Mg/TCP/PLGA) porous scaffold (porosity: ~65.8 %) with
compressive strength and modulus as high as 3.7 MPa and 0.11 GPa was
obtained, respectively [50].

For materials required for soft tissue repair, flexibility is prioritized
over strength to accommodate soft tissue. To this end, Huang et al.
utilized electrospinning technology [51] to combine Mg microparticles
and PLGA, creating a Mg function-enhanced PLGA composite microfiber
membrane with an elongation rate of up to 260 %. The micro-porous
structure of the microfiber membrane, similar to the bionic structure
of the extracellular matrix, provided good adhesion sites for human
adipose stem cells. Additionally, the presence of Mg?" further stimu-
lated the rapid proliferation and differentiation of these stem cells.

The methods mentioned for processing composites aim to enhance
the mechanical adaptability of BMPC based on the Mg reinforcement
phase. However, these methods have their advantages and limitations.
For example, injection molding and hot pressing can improve composite
density and ensure isotropy, with limited impact on the mechanical
properties of the polymer matrix. While methods such as ECAP, rolling,
hot drawing, and stretching drawing, inspired by severe plastic defor-
mation in metal processing, can simultaneously improve structural
density, crystallinity, and polymer phase orientation, thereby enhancing
the mechanical properties of composites a lot. However, it is important
to note that these self-reinforcement methods can only improve the
mechanical properties of BMPC in a specific direction, leading to
anisotropic mechanical properties. Therefore, in practical applications,
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attention should be paid to the mechanical requirements of BMPC in
multiple directions. Additionally, 3D printing and electrospinning are
additive manufacturing methods that can customize the shape and
porosity of BMPC according to requirements, offering greater opera-
tional flexibility and conserving raw materials. However, the cost is that
the internally porous structure may result in weaker mechanical prop-
erties. For example, our previous study found that the compressive
modulus of polymer-based porous scaffolds prepared using 3D printing
technologies did not exceed 200 MPa (when the porosity was greater
than 60 %) [47]. For cortical bone and trabecular bone, their
compressive moduli are as high as 14.0-18.0 GPa and 2.0 GPa [52],
respectively, while the modulus of scaffolds obtained by 3D printing is
much lower than those of natural bone. This limits their use to only
filling bone defects, rather than being able to serve as bone fixation
devices with supportive functions. Therefore, when using 3D printing
technology to prepare BMPC, it is necessary to balance the biocompat-
ibility and mechanical performance of limited raw materials. In sum-
mary, the choice of processing technology depends on the physiological
application scenario’s demands for the mechanical performance and
structural characteristics of BMPC.

2.3. Composite interfacial modification

The reinforcement mediated by Mg can improve the mechanical
performance of composites on the condition that there is a good
coupling between the Mg filler and the polymer matrix. It is believed
that the higher the content of the reinforcing phase, the better the me-
chanical properties of the BMPC. However, there is a different phe-
nomenon in our previous study. It found that when unmodified Mg
microparticles were added to polymers to construct Mg/PLLA mem-
branes [43] or Mg/PCL scaffolds [47], the tensile strength (or
compressive strength) of the composite material gradually decreased as
the Mg content exceeded 5 wt%, which was associated with the intro-
duction of voids and other defects caused by the addition of Mg. Addi-
tionally, when applied in scenarios requiring high mechanical strength
(e.g., bone fixation), the acidic hydrolysis products of the polymer ma-
trix during degradation may hasten the corrosion of untreated Mg,
leading to a rapid reduction in the composite mechanical strength. For
example, in the study by Wan et al. [53] where Mg particle-reinforced
PLLA composites were prepared using injection molding, it was found
that although the addition of Mg particles could mitigate the problem of
localized acidic environments formed due to PLLA degradation, it
exacerbated the material’s tensile performance, failing to meet the
mechanical compatibility requirements of the composite. This was pri-
marily attributed to the poor binding performance between Mg particles
and PLLA. Therefore, the key to extending the applications of BMPC not
only includes exploring new composite measures but also manipulating
the interface and avoids defects between the two components. While
enhancing the mechanical reinforcement effect, the control of degra-
dation rates of each component can effectively regulate the overall
performance decay speed, which holds significant implications for me-
chanical performance, degradation traits, and physiological function-
ality of the composites.

While interfacial modification methods in composites can enhance
adhesion, it is crucial to consider another important aspect. When it
comes to biomaterials, biocompatibility always takes top priority.
Existing literature indicates that some composites incorporating organic
surface modifiers like silane coupling agents exhibit favorable biocom-
patibility in vitro or in vivo [26,54]. However, some studies also
demonstrated a dose-dependent cytotoxicity of these organic agents
[55], and the long-term risks associated with their retention in the
human body remained unknown. Therefore, the current interfacial
modification should emphasize biocompatibility.

To enhance the interfacial bonding between Mg and polymers, our
research team developed a variety of organic and inorganic surface
modification strategies (including micro-arc oxidation (MAO) coating,
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fluoride coating (HF), polydopamine coating, and KH550 silane
coupling agent coating), as illustrated in Fig. 4A [56]. The effects of
different interface processing on the mechanical properties of compos-
ites were investigated from the microscopic interface characteristics and
interface bonding strength after the phase separation. Through the
approach of molecular dynamics calculation, the microscopic mecha-
nism influencing the composite’s interface bonding was revealed at the
atomic scale (Fig. 4B-D). The key reason for the strong bonding at the
Mg-2Zn-MAO/PLA composite interface was found to be the intense
electrostatic interaction between the carbonyl O atom in PLA and MgO
(on the surface of Mg-2Zn-MAO). Moreover, the micropores formed on
Mg-2Zn fiber after MAO also enhanced the coupling of Mg metal and
PLA due to the mechanical interlocking force (rivet effect). Through the
combined action of hot pressing at 170 °C under the pressure of 5 MPa
for 10 min, the voids between the Mg-2Zn-MAO fibers and PLA were
eliminated, resulting in the highest bending strength observed in the
composites (Fig. 4E, F) [29]. Similar to MAO, the plasma-electrolytic
oxidation (PEO) method was also capable of achieving composites
with strong interface bonding, superior mechanical performance, and
controllable degradation after the hot-pressing process at 170 °C [27].
This was attributed to the micropores formed on the surface of Mg fibers
by the PEO process, which provided space for PLA infiltration and me-
chanical interlocking effects. Among the surface modification methods
for Mg mentioned above, MAO, PEO, and fluoride coating treatments
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are considered relatively safe methods, as they introduce only essential
inorganic elements required by the human body.

Additionally, natural surface modifiers such as phytic acid can
chelate Mg?* to form phytate, thereby enhancing the bonding between
Mg and PLA and slowing down the degradation rate of the composite in
bodily fluids. This coating can also provide beneficial properties such as
antioxidant characteristics and blood glucose reduction functionality.
For instance, Lee et al. [57] performed physical (polishing) and chemical
surface (phytic acid) treatments on AZ31 Mg alloy fibers. To ensure the
interlayer bonding strength within the BMPC and eliminate defects at
the interface while reducing the extrusion of PLA from the interface,
they obtained the optimal parameters of 180 °C, 10 min, and 1 MPa
pressure through optimized experiments. Despite a reduction in diam-
eter after polishing, the results of mechanical property tests showed
significant improvements in tensile strength, Young’s modulus, flexural
strength, and flexural modulus for the Mg/PLA composite containing
47.3 % Mg fibers. These values were recorded as ~154 MPa, ~14.2 GPa,
~226 MPa, and ~11.6 GPa, respectively, compared to the original
samples. The enhancement of these mechanical properties was related to
the increased surface roughness of AZ31 Mg alloy fibers after mechan-
ical grinding and the coupling effect of phytic acid on Mg and PLA.

For chemically active Mg, the surface modification methods of ma-
terials such as fibers, plates, rods, etc. With relatively large sizes are
relatively simple. However, for Mg particles at the micro and nanoscale,
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due to their larger specific surface area and tendency to readily react
with water, surface modification in a neutral aqueous system is chal-
lenging. To tackle this problem, as depicted in Fig. 4G, Montero et al.
[58] utilized cetyltrimethylammonium bromide (CTAB) and poly eth-
ylenimine (PEI) respectively, as surface modifying agents for Mg mi-
croparticles under strongly alkaline conditions (pH > 11). Through the
formation of ionic interactions between the dispersant and the matrix,
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Tetrahydrofuran, an organic solvent, were obtained. This was primarily
due to the protective Mg(OH), shell formed on the Mg microparticle
surface under a strongly basic environment, preventing the Mg micro-
particles from becoming fully corroded (Fig. 4H). Furthermore, they
utilized the tape casting method [26] and fused deposition modeling
technique [59] to prepare Mg/PLA films and Mg/PLA porous scaffolds
(Fig. 4I). The Mg microparticles modified with CTAB and PEI in the

modified Mg microparticles capable of stably suspending in strongly basic environment were not only uniformly dispersed in PLA,
Table 1
Mechanical property comparison of BMPC.
Strategy Mg/ Mg Surface Initial Tensile/ Tensile/ Bending Bending Elongation Shearing Ref.
polymer content coating molecular Compressive Compressive modulus strength at break (%)  strength
weight modulus (GPa) strength (MPa) (GPa) (MPa) (MPa)
(x10* g
mol 1)
Injection AZ31 rod/ 37.2 - 6.0 - 69 - 199 - - [30,
molding PLA vol% 31]
37.2 MAO 6.0 - 124-131 - - - -
vol%
37.2 HF 6.0 - 108 - 245 - -
vol%
Hot pressing AZ31 20 vol - 6.0 - 87 - 135 - - [61]
fiber/PLA %
50 vol - 9.0-12.0 12.9 164 12.3 245 - - [39]
%
20 vol MAO 6.0 - 108 - 190 - - [61]
%
50 vol Phytic 9.0-12.0 14.2 154 11.6 226 - - [57]
% acid
BG fiber/ 30 vol - 9.0-12.0 13.4 137 - - - - [33]
AZ31 %
wire/PLA
AZ31 10 vol - 6.0 - 68 - - - 80 [62]
network/ %
PLA 10 vol MAO 6.0 - 82 - - - 82.4
%
AZ31 70 vol - 5.5 - 90 - 219 - 70 [29]
sheet/PLA %
70 vol MAO 5.5 - 130 - 257 - 85
%
70 vol HF 5.5 - 116 - 230 - 75
%
ECAP —/PLA 0% - 6.0 - - 4.5 168 - - [37]
Hot rolling Mg 5 wt% - 7.8 2.6 104 - - 53 - [43]
particle/
PLLA
Hot drawing Mg-2Zn 20 vol MAO 7.8 - - 13.1 211 - - [40]
fiber/PLA %
Forging and —/PLLA 0% - - - - - 200-450 - - [44]
pressing/
extrusion
Strategy Mg/ Mg Surface Initial Tensile/ Tensile/ Bending Bending Elongation Shearing Ref.
polymer content coating molecular Compressive Compressive modulus strength at break (%)  strength
weight ( x modulus (GPa) strength (MPa) (GPa) (MPa) (MPa)
10* g mol™1)
High-shear Mg 15 vol - - 2.3 107 - - - - [45]
mixing + hot particle/ %
pressing PLA
Electrospinning Mg 3 wt% - 10.0 0.12 8.1 - - 260 - [51]
particle/
PLGA
Colloidal route Mg 5 wt% PEl/ 18.2 3.6 40 - - - - [48]
particle/ PEG
PLA
3D printing Mg 5 wt% - 8.0 0.06 6.6 - - - - [47]
particle/
PCL
Mg 15 wt% - 11.5 0.12 3.7 - - - - [50]
particle/
TCP/
PLGA
Zn-1Mg 7 wt% - 12.5-13.0 0.68 16 - - - - [25]
particle/
PLA
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but also able to form covalent bonds with PLA at its melting temperature
(165 °C) through PEI grafting on their surfaces. This approach might
provide a new strategy for homogeneous and controllable degradation
of Mg/polymer composites.

Although most of the current research about improving the interface
of Mg/PLA composite materials focuses on enhancing the bonding be-
tween the composite components and extending the release period of
Mg?*, there are certain special requirements for specific physiological
environments. For example, in the case of rapid bone formation, Mg?*
should be released in a controllable manner at a sufficient concentration
to induce osteogenic differentiation of stem cells at an early stage and
compensate for bone defects. An interesting experiment was conducted
by Argentati et al. [35], where they subjected Mg particles to different
surface treatments to improve the interface bonding, including heating
in an oxidative atmosphere (TT) and surface modification using PEL
These modified Mg microparticles were then combined with PLA to
extrude composite films, and the potential impact of these composites on
the differentiation of human adipose-derived stem cells (hASCs) was
investigated. The research findings revealed that among three Mg/PLA
composite films containing 5 wt% Mg particles (untreated Mg/PLA,
MgTT/PLA, and MgPEI/PLA), hASCs in the MgTT/PLA group exhibited
the best osteogenic differentiation effect. The researchers attributed this
to the faster release rate of Mg?* from the composite films formed by Mg
microparticles subjected to oxidative atmosphere heating, at a biologi-
cally safe concentration of Mg2*.

Among the various interface modification methods mentioned
above, they all can improve the bonding between Mg and polymer,
focusing on enhancing either dispersion or interface bonding strength.
However, they each have their advantages and limitations. Among
them, the PEO and MAO methods are the most widely applicable and
exhibit good biocompatibility after surface modification, but their
drawback is that the implementation requires complex instruments.
Organic surface modifiers such as KH550, PEL, and CTAB, although easy
to implement, lack reliable verification of the biocompatibility of BMPC
containing such surface modifiers. In contrast, surface modifiers such as
phytic acid and HF are not only easy to implement but also can introduce
beneficial elements into BMPC, making them a more favored means of
interface modification.

To compare the efficacy of enhancing the mechanical properties of
Mg/polymer composites through reinforcement measures, processing
techniques, and interface modifications, we compiled the composites’
comprehensive mechanical properties, as shown in Table 1, serving as a
reference for future composite design and processing. Based on the
previous context, it can be concluded that the main approaches to
improve the mechanical properties of Mg/polymer composites are
increasing the molecular weight of the polymer, increasing the propor-
tion of Mg alloy, enhancing the interfacial bonding of composite com-
ponents, and employing severe plastic deformation processing. Among
these methods, interfacial modification and severe plastic deformation
are undoubtedly the most cost-effective approaches.

2.4. Strengthening and toughening mechanism

Clarifying the “structure-function” relationship and toughening
mechanisms between the microstructure and mechanical properties of
existing BMPC is critically important for further developing materials
with improved performance.

As mentioned in section 2.1, the incorporation of Mg can exploit
their inherent strength advantage to enhance the overall strength of the
composite. The mechanical properties of BMPC are mainly influenced by
Mg metal in two aspects. One is the strength of Mg metal itself. Solid
solution strengthening, precipitation hardening, stress strengthening,
texture strengthening, and nanoscale additions can effectively improve
the mechanical strength of Mg metal [63-65]. In the above processes,
the main mechanism of Mg metal strengthening is through dislocation
accumulation, grain refinement, deformation twinning, texture control,
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and dislocation pinning by solute atoms or nano-sized precipitates [66].

On the other hand, the relative content of Mg metal also plays a role.
For BMPC composed of fibers, sheets, rods, etc., when the relative
content of Mg metal increases, the mechanical properties of BMPC also
increase accordingly, exhibiting mechanical properties closer to those of
Mg metal. However, for BMPC composed of micro and nanoparticles or
short fibers, a different trend is observed. For example, our previous
work found that adding an appropriate amount of Mg microparticles to a
polymer could improve the compressive or tensile strength of BMPC [43,
47]. However, excessive addition of particles can lead to aggregation,
introducing more defects into the BMPC, which hinders crack propa-
gation during the material deformation process, thereby reducing its
mechanical properties.

In addition, as described in section 2.2, processing methods can be
used to reorganize the aggregation morphology of molecular chains in
the polymer (such as changes in molecular chain arrangement and
crystallinity), thus achieving mechanical self-reinforcement. The me-
chanical properties of such self-reinforced polymer materials can be
comparable to some alloys [67]. Taking the classic PLA as an example, Li
et al. used a multistage stretching extrusion system to prepare
self-reinforced and toughened PLA samples, finding a multitude of
compact and well-ordered microfibrillar crystalline superstructures
within. This structure greatly contributed to the mechanical properties
of the PLA samples. On one hand, it acted as discontinuous fibers to
self-reinforce the amorphous PLA. On the other hand, it also served as
rivets to hinder the propagation of fiber-like cracks, leading to the for-
mation of densely packed fiber cracks during the stretching process. This
consumed a considerable amount of energy and transformed the failure
mode of PLA from brittle to ductile [68].

Research on the toughening mechanisms and processing methods on
polymers is more abundant, leading to the formation of various classic
toughening theories, including microcrack theory, multiple crazing
theory, shear yielding theory, crazing and shear band theory, hollowing
theory, infiltration theory, and the theory of toughening by rigid parti-
cles. For specific reasons on how the Mg phase and processing measures
enhance and toughen the polymer matrix, please refer to Table 2.
Additionally, we present a schematic diagram in Fig. 5 to illustrate the
process and mechanism by which the strength and toughness of Mg/
polymer are simultaneously improved through self-reinforcement pro-
cessing, using Mg particles as an example.

Although degradable Mg and polymers can be combined into com-
posites in various ways to improve their mechanical properties, current
studies on degradable composites remain inadequate. For instance,
compared to some non-degradable materials, the mechanical perfor-
mance of biodegradable composites used in biological applications is
still lower, failing to meet the mechanical requirements of load-bearing
parts of the human body. Hence, there is a need for the development of
diversified composite processing techniques and interface modification
methods, and further improve strength and toughness on the existing
basis to meet the needs of different tissue repairs.

3. Factors affecting the degradation rate and degradation
mechanism

Degradability is a crucial factor to be considered in the utilization of
degradable composites for tissue repair functions. When the BMPC is
immersed in physiological fluid environment, the following chemical
reactions often occur:

Mg + 2H,0 = Mg?" + Hy + 20H~ Eq. (1)
R-COOH — R-COO™ + H" Eq. (2)
H" + OH™ = H,0 Eq. (3)

This process induces a rapid rise in the pH of the medium, accom-
panied by the release of a large amount of hydrogen gas. However, due
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Table 2 Table 2 (continued)
Represeptatlve strengthening and toughening theories of polymer-based Theory Key idea Proposer Ref.
composite.
. releases three-
Theory Key idea Proposer Ref. dimensional stress,
Strengthening  Particle/fiber/ The second phase - [29, transforming the
network/rod/ strengthens the 31, matrix state from
plate/mixed polymer. 40, plane stress to one-
reinforcement 47, dimensional stress.
theory 62] This one-
Self- The polymer Li and [68] dimensional stress
reinforcement molecular chains etal. state promotes the
theory become oriented, formation of shear
enhancing bands, absorbing
crystallinity during significant energy
processing. Fibers and effectively
formed within the inhibiting polymer
polymer reinforce fracture.
the amorphous Infiltration theory ~ Asthe concentration =~ Wu and [75,
region. of dispersed phase Margolina 761
Toughening Microcrack Microcracks form Merz and [69] particles increases,
theory during polymer etal. and their distance
fracture, and the decreases, the stress
dispersed phase fields around the
bridges the crack particles overlap,
surfaces, halting forming infiltration
further crack channels. This
propagation. phenomenon
Multiple crazing In response to Bucknull [70] significantly
theory external forces, the and Smith strengthens the
dispersed phase overall matrix stress
functions as a stress field, enhances the
concentrator, plasticity of the
prompting the matrix, and induces
polymer matrix to a brittle-to-tough
develop numerous transition in the
crazings and material.
dissipate energy. Theory of During tensile Kurauchi [77]
Additionally, it toughening by deformation, the and et al.
serves as a rigid particles matrix polymer
terminator for transfers stress to
crazings, preventing rigid particles.
their progression Differences in
into cracks. Poisson’s ratio and
Shear yielding The energy Newman [71, elastic modulus lead
theory absorbed by the and Strella ~ 72] to higher static

Crazing and shear
band theory

Hollowing theory

polymer under
external force
results from shear
deformation within
the polymer matrix.
Under external
forces, both crazings
and shear bands in
the polymer
collectively
dissipate energy.
When the Poisson’s
ratio and thermal
expansion
coefficient of the
dispersed phase
exceed those of the
matrix, static tensile
stress is induced in
the surrounding
matrix after
processing and
cooling. This
external force,
concentrated at the
interface between
the dispersed and
continuous phases,
may create cavities
due to stress
concentration. This
phenomenon

pressure at the
phase interface. This
pressure induces
yield deformation in
rigid particles,

Bucknull [73] absorbing
and et al. significant energy
and enhancing
toughness.
Pearson [74] to the neutralization effect of polymer hydrolysis and the presence of
and et al. calcium-phosphorus components in the physiological environment, the

pH of the medium does not exceed 8.0 [78]. Regarding hydrogen gas, it
is also a significant factor to consider in the design of BMCP. For Mg
metal, a problem after implantation is the rapid evolution of hydrogen
gas, leading to the formation of local hydrogen gas pockets that may
hinder tissue healing due to delayed absorption. For biodegradable
Mg/polymer composite (BMPC), hydrogen evolution remains a concern.
Improper control can lead to the escape of hydrogen gas from the Mg
surface, damaging the Mg-polymer interface and causing the separation
and disintegration of Mg and polymer. Therefore, it is essential to
regulate the interface and overall structure of BMPC to slow down the
corrosion rate of Mg and the release rate of hydrogen gas. Taking
Mg-MAO/PLA composite as an example, researchers have developed
composite materials with matched degradation and hydrogen evolution
rates through a combination of hot pressing and MAO treatment. This
control is mainly achieved for the following reasons. (i) Composite
materials reduce the proportion of Mg metal, thereby decreasing the
overall amount of evolved hydrogen gas. (i) After MAO treatment, the
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Fig. 5. Schematic diagram illustrating the mechanisms of Mg metal and self-reinforcement processing to enhance the strength and toughness of BMPC (Taking

polymer reinforced by Mg particles as an example).

Mg surface is covered by a dense layer of MgO ceramic, which inhibits
the penetration of corrosive ions in the degradation medium and reduces
its self-corrosion current density [79]. (iii) When PLA is further coated to
Mg-MAQO, it acts as a barrier to block water and corrosive ions from
entering the interior of BMPC and reacting with Mg. With this dual
barrier effect, both the total amount and the hydrogen gas release rate
from BMPC are effectively controlled, achieving a balance with the tis-
sue’s rate of hydrogen gas absorption [80]. In short, the study of
controllable degradation of BMPC has always been a focus and a chal-
lenging issue.

Apart from hydrogen gas and ions release, the mechanical decay
triggered by the degradation process also affects the bone healing pro-
cess. The rational construction of a “mechanical-chemical” coupled
degrading service environment and the accurate evaluation of the
composites’ degradation failure along with the biomechanical decay
process have been the focal points for researchers over the years.

During degradation, factors that influence the degradation rate of
composites can be classified into endogenous components and exoge-
nous environmental factors based on their sources.

3.1. Endogenous factors

Compared to various exogenous factors, the physical and chemical
states of the constituents of composites themselves largely determine
their overall degradation rate in most physiological environments. In
addition, during the degradation process, the constituents of composite
materials may interact, potentially promoting or inhibiting further
degradation. The following are some brief explanations.

3.1.1. Composite component

The composition of degradable Mg/polymer composite itself is of
significant influence on the overall degradation and mechanical decay
rates. Based on the inherent properties of the composite components,
factors such as grain size and morphology of Mg alloy, intermetallic
phase, alloying element composition, and apparent shape all constrain
the overall degradation rate of the material. Furthermore, the molecular
weight, structure of the polymer chains (including the molecular chain
composition, size, structure and configuration, spatial shape, geometric
shape, etc.), and the aggregation state structure (including the chain
orientation and crystallinity) of the polymer as the matrix of the com-
posite also affect the degradation rate of the composite a lot.
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In terms of Mg component, first of all, the Mg content significantly
affects the degradation rate of BMPC. With alkaline catalysis being the
primary mechanism, the higher the relative content of Mg in BMPC, the
more intense the alkaline catalysis effect during hydrolysis, leading to a
higher weight loss rate [43]. Besides, as illustrated in Fig. 6A-D,
Cifuentes et al. [81] studied the effect of the shape of Mg microparticles
on the degradation behavior of Mg/(poly-(L,D-lactic) acid) (Mg/PDLA)
composite cylinders. The results indicated that, under the same condi-
tions except for particle size, the composite reinforced with spherical
microparticles degraded slower than those with irregular flake-like
particles, and their mechanical performance also decayed at a slower
rate. This phenomenon was attributed to the relatively smaller specific
surface area of the spherical microparticles. Moreover, the size of Mg
particles also significantly affects the physical activity of BMPC. For
instance, Liu et al. [82] used a one-pot reduction reaction to prepare
different-sized Mg particles, including hexagonal nanosheets (80-320
nm), nano-flowers (100-250 nm), and small nanoparticles (average 65
nm). Those Mg particles were then encapsulated in pH-sensitive polymer
polyethylene glycol-b-(poly(methyl methacrylate)-co-poly(4-vinyl-
pyridine)) and applied in NIR-II photoacoustic and bubble-enhanced
ultrasound imaging and cancer therapy. The study found that the
nano-flowers, with their unique shape and suitable size (~100 nm),
exhibited the optimal plasmonic resonance effect and superior accu-
mulation rate, making them more suitable for specific tumor treatment.

The distribution of Mg within the polymer also influences the activity
of the BMPC, thereby determining their application scenarios. For
instance, BMPC comprising Mg uniformly dispersed within the polymer
exhibits relatively sluggish reactivity, suitable for long-term tissue en-
gineering therapies such as bone repair. In contrast, Mg existing as a
separate phase within BMPC displays higher reactivity, suitable for
short-term regenerative medical treatments such as bacterial or cancer
therapies.

Considering polymer components, the commonly used polyesters
include PLA, PGA, PCL, and PLGA, which are derived from different
monomer homo-polymerization or copolymerization. Among them, due
to the greater affinity of glycolide for water molecules, it is more prone
to hydrolysis. Therefore, the higher the content of glycolide in the
polymer, the faster its degradation rate [83]. At the same molecular
weight, PCL with better hydrophobicity exhibits a slower degradation
rate compared to PLA. This results in a corresponding slowdown in the
degradation rate of the BMPC formed. According to statistics, PCL may
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Fig. 6. Endogenous factors affecting the degradation rate of BMPC and the interaction of composite components during degradation. (A) SEM images of irregular
flake-like and spherical Mg particles. (B) Photographs of the PLDA/Mg-IRR and PLDA/Mg-SPH cylinders as-processed and after immersion during 7 and 28 days in
PBS solution. (C) Accumulated amount of hydrogen gas released as a function of immersion time. (D) Percentage of mass variation of dry specimens after 7 and 28
days of immersion [81]. (E) Illustration of degradation differences of the HP and HD Mg/PLA composite rods at different degradation time points detected by X-ray
CT method [60]. Degradation mechanisms of PLA under different environments and interactions between Mg and PLA: (F) Hydrolysis of PLA in a neutral medium.
(G) Hydrolysis of PLA catalysis by H*. (H) Hydrolysis of PLA catalysis by OH™ [60]. (I) Schematic illustration of the synergistic degradation effects rendered by the
Mg fillers [87]. (J) Gel permeation chromatography curves of PLGA matrix in PLGA microfibers and Mg/PLGA microfibers. (K) The fitted line of InM,, as a function of

degradation time [88]. Copyright 2016, 2017, 2019, 2024, Elsevier.

take 3-4 years to completely degrade, PGA degrades in 1.5-3 months,
and PLLA degrades in 6-24 months [84]. In addition to monomer
composition, the stereochemical structure of monomers in polyesters
also affects their degradation rate. Taking PDLA for example, the per-
centage of D-lactyl units in a polymer affects its hydrolysis.
Stereo-copolymer P(L/D)LA is proven to exhibit greater resistance to
hydrolysis compared to PLLA and PLDA. Adding PDLA to PLLA leads to
strong intermolecular interactions and the formation of
stereo-copolymers. This interaction hindered water diffusion into the
polymer and reduced the rate of hydrolytic degradation [85,86].
Therefore, considering the stronger interchain interactions between
PLDA and PLLA chains, water diffusion within PLLA or PDLA is easier
compared to P(L/D)LA. Hence, Mg/PLLA and Mg/PDLA composites
degrade at a faster rate than Mg/P(L/D)LA composites when the content
of Mg is the same.

Furthermore, the degradation properties of composites are closely
related to the underlying polymer matrix, such as PLA. Both water and
corrosive Cl™ can easily penetrate the amorphous regions of the
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orientated, irregular PLA chains and attack the local defect areas on
degradable Mg fibers. However, the orientational and crystallinity
enhancement of self-reinforced PLA substrates decelerated the diffusion
of the degradation media in the composite rods, consequently slowing
down the degradation rate of PLA and Mg alloy fibers [60]. Fig. 6E
shows significant differences in the degradation behavior of PLA com-
posite rods reinforced with 5 vol% Mg-2Zn alloy fibers prepared by two
methods: hot pressing (HP) and hot drawing (HD). Compared to the HP
sample, the HD composite rod displays notable corrosion of its internal
Mg-2Zn alloy fibers after the same degradation time in Hank’s balanced
salt solution (HBSS) solution, even if the HD composite rod’s diameter is
smaller.

In addition, the interfacial bonding condition of the composites is
another essential factor. For instance, Ali et al. [27] enhanced the
interfacial shear strength of Mg/PLA composites from ~10.9 MPa to
~26.3 MPa by modifying the surface of WE43 Mg alloy fibers through
PEO. After 180 days of degradation in simulated body fluid, unmodified
Mg fibers nearly completely degraded, while surface-modified Mg fibers
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exhibited a significantly slower corrosion rate with only a 3 % mass loss
in 180 days. They suggested that the downward trend in interfacial
strength was consistent with the interfacial corrosion mechanism.
Without the PEO oxide layer, the corrosion was initiated by the degra-
dation of Mg fibers, leading to the formation of inward and
outward-growing corrosion layers. Concurrently, the circumferential
stress induced by the expanding corrosion layer accelerated the degra-
dation of PLA. On the other hand, the PEO oxide layer effectively sup-
pressed the corrosion of Mg fibers and restricted the degradation of the
PLA matrix at the interface.

3.1.2. Composite component interaction

Controversy exists regarding the interaction mechanism of the two
components of the degradable Mg/polymer composite in the degrada-
tion process. For example, it is generally considered that PLA follows
first-order degradation kinetics at the early stage of degradation. Li et al.
[87] derived degradation rules for pure PLA and Mg/PLA composites
based on this and concluded that the degradation rate of the PLA matrix
in composites was much slower than that of pure PLA. Moreover, both
the activation energy and pre-exponential factor of the PLA matrix in
composites were higher than those of pure PLA, indicating that the
composites slowed down the degradation rate of PLA. There were two
reasons accounting for this outcome: (i) The alkaline ions (pH < 7.5)
released from the degradation of Mg fibers neutralized the acidic sub-
stances released from the degradation of PLA, which stabilized the pH of
the degradation medium and weakened the self-catalyzed hydrolysis of
PLA. (ii) The crosslinking effect between Mg>" and the carboxyl termi-
nus of PLA also slowed down the degradation rate of PLA (Fig. 6F-I).

However, a quite different result in Mg functionally enhanced PLGA
composites was obtained [88]. After soaking electrospun PLGA micro-
fibers and Mg/PLGA composite microfibers in PBS, gel permeation
chromatography tests revealed that the number-average molecular
weight of the PLGA matrix in the composite microfibers declined faster,
and the degradation rate of the Mg/PLGA composite microfibers (0.047
day 1) exceeded that of the pure PLGA fibers (0.034 day !, Fig. 6J, K).
This demonstrated that Mg significantly accelerated the hydrolysis of
the PLGA matrix. Moreover, Cifuentes et al. [89] also confirmed that the
presence of Mg microparticles in the polymer matrix increased the
diffusion rate of water through the material, thereby enhancing the
overall degradation rate of the composite. This was manifested by
significantly higher water absorption and weight loss rates in the com-
posite compared to the pure polymer.

The discrepancy between these two study outcomes might be
attributed to the different shapes, interfacial bonding, and compositions
of the composites. In composite with a larger specific surface area, water
molecules can react faster with Mg, releasing a predominance of OH™,
establishing an alkaline degradation environment quickly. Furthermore,
in the latter two cases, they used untreated Mg microparticles, which
resulted in weaker interfacial bonding between Mg and the polymer.
When immersed in an aqueous solution, the gaps between composite
constituents provided a fast pathway for water molecule diffusion.
Therefore, the trivial effect of a small amount of Mg?" on the delayed
polymer degradation induced by polymer crosslinking was inconse-
quential compared with the absolute predominance of alkali-catalyzed
polymer degradation.

Given the diversified component compositions of BMPC, their
physical forms also vary due to different processing methods. The pro-
portion of material components, physical forms, and the interaction
between the two components are all crucial factors in future studies on
the degradation mechanisms.

3.2. Exogenous factors
The human body is a complex life system regulated by multiple

factors to maintain internal homeostasis. Besides the composite com-
ponents themselves, other exogenous factors in the physiological
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environment also influence the degradation rate. The reasons for
degradation variability in degradable materials are analyzed sequen-
tially from environmental factors such as degradation medium compo-
nents, cells, microorganisms, temperature, stress, strain, light, oxygen
concentration, etc.

3.2.1. Degradation medium component

Among various degradation media, representative examples include
NacCl solution, PBS, Ringer’s solution, simulated body fluid (SBF), HBSS,
Earle’s balanced salt solution (EBSS), cell culture medium, and protein-
containing media [90-92]. It is worth noting that no single medium can
be universally applied to all degradation test methods, given the diverse
test conditions and human fluids involved. The degradation rate of Mg
and its composites is influenced to different extents by factors such as
PH, inorganic salts, proteins, small molecules, etc.

pH: The physiological environment of the human body is complex,
with a wide range of pH values in different body parts. Tissues or organs
under different pathological conditions present different pH levels.
Local tissues show acidity under conditions of inflammation and bac-
terial infection. For instance, unlike the neutral body fluids, the diges-
tive system represents a complex pH metabolic system. The pH range of
gastric fluid is 1.0-3.0. In the small intestine, it is about 5.0-7.7. While
in the colon, the pH is 8.3-8.4 (Fig. 7A). Therefore, when degradable
materials are implanted in different tissue parts, there may be significant
differences in degradation behavior. Zhang et al. [93] prepared Mg-2Zn
wires with a diameter of 1.0 mm into anastomotic staples and studied
their degradation behavior in the environment of gastric fluid and in-
testinal fluid. Electrochemical test results showed that the degradation
rate of Mg-2Zn anastomotic staples was much slower in the simulated
intestinal fluid environment (pH = 6.8) compared to the strongly acidic
simulated gastric fluid environment (pH = 2.5), and its corrosion current
density was just 26 % of that in the simulated gastric fluid environment
(Fig. 7B). Besides Mg, the degradation rate of polymers also exhibits
pH-dependency. It is reported that PLLA degrades the fastest in an
alkaline environment, followed by an acidic environment. The degra-
dation rate in deionized water is moderate, whereas the slowest degra-
dation rate is found in a buffer solution with pH = 7.4 [94]. This is
because both hydrate H" and OH™ catalyze the hydrolysis of PLLA
crystalline residues, with OH™ exhibiting a significantly stronger cata-
Iytic effect on hydrolysis than hydrate H'. However, buffer solutions
often neutralize excessive H" or OH ", thereby weakening the catalytic
effect.

Inorganic ions: In physiological environments, especially for bone,
inorganic ions such as ca’t, PO; -, HPO%’, HCO3, SO?{, and Cl™
commonly exist. Therein, Ca2+, PO?(, and HPO%’ can form protective
Ca-P precipitates deposited on the Mg surface through chemical re-
actions, which in turn slow down the degradation rate of Mg [95].
Although HCO3 facilitates the degradation of Mg alloys due to the
complexation effect as well as the formation of MgCO3 [96], high con-
centrations of HCO3 can induce passivation at corrosion sites, thereby
strongly inhibiting the expansion of pitting corrosion. SO3~ can accel-
erate the degradation of Mg alloys due to the instability of the corrosion
product film it forms [97]. Besides, Cl™ is a well-known inorganic ion
that can cause uneven local pitting on Mg, thus accelerating the
degradation rate. In addition to affecting Mg within Mg/polymer com-
posites, inorganic ions also influence the polymer. However, the influ-
ence of inorganic ions is not independent but rather coupled with the
action of other factors. For example, Hegyesi et al. [98] found that
increasing the concentration of NagPO4-H3PO4 buffer in PBS (pH = 7.2)
from 25 mM to 100 mM significantly reduced the degradation rate of
PLA. This was attributed to the higher ion concentration reducing
enzyme activity (lipase from Candida rugosa and proteinase K from
Tritirachium album), indirectly decreasing the degradation rate of PLA.

Protein: Protein is the main bearer of physiological activities and
plays an important role in physiological metabolism. Some studies
showed that when degrading in HBSS solution containing fetal bovine
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serum, pure Mg surfaces adsorbed proteins, reducing the density of the
passivation film on the Mg surface while increasing the thickness of the
passivation layer, thereby slowing down the overall degradation rate of
Mg [99]. Nevertheless, not all proteins inhibit the degradation rate of
degradable materials. For example, enzymes, which are essentially
proteins, have significant roles in different physiological environments.
It was found that the corrosion rate of Mg-2Zn alloys was inhibited in
simulated gastric fluid when pepsin was added, while it was increased in
simulated intestinal fluid with the addition of trypsin [93]. The differ-
ence was because pepsin could be adsorbed onto the surface of Mg-2Zn
alloys, acting as a physical barrier and suppressing pitting in the alloys in
simulated gastric fluid. The trypsin adsorbed on the Mg-2Zn alloy sur-
face affected the integrity of the magnesium hydrogen phosphate inor-
ganic barrier layer, leading to uneven corrosion on the alloy surface
(Fig. 7C). Not only does Mg in Mg/polymer composite materials respond
to enzymes, but the polymer itself is also highly sensitive to enzymes.
This is because, in the presence of enzymes, the polymer undergoes not
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only hydrolysis reactions but also accelerated disintegration catalyzed
by the enzymes [100]. Currently, several enzymes are used to accelerate
the degradation of PLA, including kutinase, lipase, protease, and
esterase [101]. Different enzymes have varying degrees of catalytic ef-
fects on the degradation of PLA. Among them, protease appears to be the
most effective enzyme in catalyzing PLA degradation to date.

Small molecules: Given the complexity of different parts of the
human body, the degradation media often include inorganic salts, pro-
teins, and various small-molecule substances to better fit the charac-
teristics of the local microenvironment. Mei et al. [102] studied the
separate and combined effects of 53 kinds of biological small-molecule
organic compounds on the corrosion of pure Mg and Mg-0.8Ca alloys.
The results demonstrated that amino acids, vitamins, and sugar mole-
cules had little effect on the degradation rate of the two materials in SBF
or cell culture media. Similarly, low concentrations of penicillin and
streptomycin did not affect the degradation rate of the two materials in
the cell culture medium, but high-concentration streptomycin
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accelerated the degradation of both materials. Glucose, as the source of
bio-energy, was found to slow down pure Mg’s degradation rate as the
glucose concentration increased in HBSS. This was mainly because
glucose could be converted into gluconic acid, which chelated Ca®" in
the solution. Therefore, a Ca-P layer was formed on the sample surface,
thus preventing the invasion of corrosive ions and delaying the corrosion
of pure Mg [103].

In addition to influencing the degradation rate of Mg, those small
molecules also have a significant impact on the degradation rate and
surface properties of Mg/PLA composite materials. Agudo et al. [104]
introduced 0.9 g L™! of glucose and 1 mM of ketone bodies into SBF to
modify the composition of the standard SBF solution. The study found
that the addition of these substances directly affected the adsorption of
salts on the surface of PLA and Mg/PLA films, thus accelerating the aging
of PLA. Specifically, glucose (in the gluconate form) facilitated the for-
mation of a CaP protective layer by coordinating with Ca" in the SBF.
The presence of ketone bodies, especially the hydroxybutyrate anion,
increased the surface hydrophilicity and Young’s modulus of the
degraded Mg/PLA films. Overall, as for the human body, the low
physiological concentration of most small molecules results in little in-
fluence on the degradation rate.

At present, there is considerable research on the individual effects of
the components in the above-mentioned degradation media on the
degradation of Mg and polymers. However, there is limited research on
Mg/polymer composite materials. In the future, it is worthwhile for
researchers to dedicate more efforts to studying this aspect. With the
deepened understanding of the impact of body fluid components, more
intricate media have been employed or developed for degradation tests
to mimic real-life conditions. Nevertheless, the lack of universally
accepted test protocols often results in limited comparability among
experimental results from different research groups. Hence, it is essen-
tial to categorize commonly used degradation media and define their
respective applicability domains. Additionally, there is an urgent need
to establish widely accepted degradation test standards to serve as
guidelines for biodegradable materials.

3.2.2. Cells and microorganisms

Following the implantation of degradable materials, surrounding
cells may be recruited to proliferate around the material and ultimately
form tissue. The existence of cells also influences the degradation rate of
materials. Zhang et al. [105] found that when Mg-2.1Nd-0.2Zn-0.5Zr
alloy was co-cultured with macrophages, the corrosion rate of this
alloy with macrophages was over twice than that of the group without
macrophages. This was primarily because the reactive oxygen species
(ROS) generated by macrophages diffused into the calcium/magnesium
phosphate and Mg(OH), corrosion product layer of Mg alloy, thereby
promoting the formation of voids in the corrosion product protective
layer and increasing the sensitivity and uniformity of corrosion.

Apart from cells, microorganisms such as bacteria also accelerate the
degradation rate of Mg/polymer components, including Mg and poly-
mer. Li et al. [106] found that for Mg-Li-Ca alloys in HBSS containing
glucose and exposed to bacteria (Pseudomonas and Enterobacter cloacae),
the pH value of the media did not rise but fell. This was because of the
existence of glucose-stimulated bacterial activity, leading to the samples
being covered by a bacteria biofilm within 48 h. The high-density bac-
teria around the Mg alloy samples were in an anaerobic environment,
carrying out anaerobic respiration and yielding acidic substances. The
bacterial activity changed the hydrogen evolution mode of the Mg alloy,
significantly accelerating the degradation rate of the Mg-Li-Ca alloy in
HBSS.

Biodegradable polymers are particularly sensitive to microbial re-
actions because polymers undergo both hydrolysis and enzymatic re-
actions in the presence of microorganisms, leading to an accelerated
degradation rate. For example, in the case of PLA, the aqueous degra-
dation rate of pure PLA is extremely low in natural environment (e.g. in
water or soil). Even within 90 days, the weight loss rate does not exceed
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5 % [107]. Bacterial strains with the ability to degrade PLA include
Bacillus safensis PLA1006, Nocardioides zeae EA12, Stenotrophonas pavanii
EA33, Gordonia sulfurchicans EA63, Chitinophaga jiangningensis EA02, etc
[108]. These strains can form bacterial biofilms on PLA at ambient
temperatures and accelerate the enzymatic degradation process of PLA
through the secretion of proteases and lipases. In summary, the degra-
dation rate of Mg/polymer composites can be accelerated by the action
of cellular or microbial secretions, which may better reflect the actual
degradation rate when they are in vivo.

3.2.3. Temperature

The normal physiological temperature of the human body is 37 °C,
but under pathological or inflammatory conditions, the local tissue
temperature will be higher than the average temperature. Relevant
research [109] studied the degradation behavior of pure PLA and
Mg/PLA composites in Kirkland’s biocorrosion media at 25 °C, 37 °C,
and 50 °C. The results showed that for pure PLA, the pH value declined
more significantly as the temperature increased. However, for Mg/PLA
composites, the pH value rose instead with increasing temperature
(Fig. 7D). This was because the increased penetration speed of water
molecules through the polymer substrate not only accelerated the
degradation rate of the polymer but also promoted the corrosion of Mg,
increasing in both the weight loss rate of composite and the pH value of
the degradation fluid. Similarly, Ali’s study also confirmed a phenom-
enon that elevated temperature accelerated the PLA and Mg degradation
in Mg/PLA composite in PBS [39]. It was concluded that when the
degradation temperature was below the glass transition temperature of
the polymer, both polymer substrate in composites followed the
Arrhenius equation (Eq.(4)), showing an exponential increase in
degradation rate with temperature change [110].

k=ko exp <—%>

where k is the degradation rate, kg is the pre-exponential factor, E, is the
activation energy of polymer degradation, R is the gas constant, and T is
the temperature. Therefore, when the temperature rises, the degradation
speed of the polymer substrate in both pure PLA and Mg/PLA increases.

However, not all temperature increment result in accelerated
degradation of biomaterials. Wang et al. [78] discovered that when
various Mg and alloys (including pure Mg, ultra-high-purity Mg,
Mg-0.15 wt% Ca, Mg-4 wt.% Ag) were immersed in Ca2+-containing
HBSS solution under hydrodynamic conditions, their degradation rate at
37 °C was lower than that at 25 °C. This discrepancy could be attributed
to the differences in the reaction equilibrium constant of the “precip-
itation-dissolution” process of inorganic ions in HBSS at 25 °C and 37 °C.
As a result, the formation of protective calcium-phosphate-rich pre-
cipitates and Mg(OH), on Mg alloys was facilitated at 37 °C, forming
denser structures that effectively shielded the Mg alloy from further
corrosion. Moreover, accompanying Mg dissolution, the diffusion rate of
participated ions including OH™ was higher at 37 °C than at 25 °C, all of
these contributed to a quicker dynamic equilibrium and consumed the
OH™ generated from the cathodic reactions to form Ca-P-containing
products and Mg(OH),, leading to a slower corrosion rate and lower
interfacial pH at 37 °C than at 25 °C (Fig. 7E).

The distinct rules in degradation rates with temperature between
degradable Mg and its composites under different temperatures may be
attributed to their varying degradation modes and the components of
the degradation medium. In Li’s research, the addition of some corrosion
inhibitors (such as N-2-Hydroxyethylpiperazine-N-2-ethane sulfonic
acid, and hydroxyethyl piperazine ethane sulfonic acid) to Kirkland’s
biocorrosion media delayed the formation of degradation by-products
on material surfaces, thereby weakening the protective effect of these
by-products [111]. Therefore, with increasing temperature, the degra-
dation rate of both pure PLA and Mg/PLA composites accelerated. In
addition, for composites, Mg was tightly enclosed by polymers, and the

Eq.(4)
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resulting degradation products like Mg?* and OH™ could only deposit on
the composite surface after combining with inorganic ions in the
Ca?*-rich degradation media. Consequently, the protective effect on the
Mg was ineffectual even with rising temperatures. In Mg alloys, pure
metals benefited from calcium-phosphate-rich precipitates, which
adhered well to the surface of Mg alloys, providing corrosion resistance.

3.2.4. Stress

During service, implanted materials inevitably undergo the impact of
surrounding physiological loads. Different forms of external loads alter
the materials’ stress states, thereby changing their degradation rates
[112]. The most common forms of physiological stress are tensile stress,
compressive stress, bending stress, and shear stress.

Taking bone for example, stress not only acts on cells for mechanical
conduction, impacting bone tissue healing, but the degradation rate
changes and ion release of degradable implanted materials under stress
can also influence the growth process of osteoblasts. Therefore, it is
necessary to fully understand the degradation performance of materials
under stress states. Li et al. [109] confirmed that in the early stage of
degradation, applying 1 MPa of static compressive stress would simul-
taneously accelerate the degradation of the matrix in pure PLA and
Mg/PLA composite by reducing the degradation activation energy and
pre-exponential factor of PLA. They also established a numerical model
and found that in composites, the degradation activation energy (E,) and
pre-exponential factor (Kp) of the PLA matrix were found to meet the
following relationships with the stress value (5):

E,=Ep— o Eq.(5)

Eq.(6)

Ky =k exp[f (Eo fa5>]

RT

where Ej is the activation energy of the static sample, § is the external
stress value, a is the coefficient, k¢ is the Arrhenius frequency factor, and
ky, is the rate of bond rupture events.

Compared to static stress, dynamic stress aligns more with physio-
logical conditions. Literature indicated that only dynamic stress could
promote bone formation and growth, while static stress did not provide
the effect [113]. Biomechanical research also showed that mechanical
stimuli and transmission provided by dynamic loading affected the
growth and development of bone cells, and assisted in bone tissue
reconstruction [114]. Consequently, based on the initial work above, Li
established a degradation platform under dynamic stress loading to
study the impact of different compressive stress values (0.1-0.9 MPa)
and loading frequencies (0.5-2.5 Hz) on the degradation rate of pure
PLA and Mg/PLA composites. This platform could also integrate tem-
perature factors to study the combined effects of temperature, stress, and
load frequency on the composite degradation rate. The schematic of this
platform is shown in Fig. 7F. Their findings revealed that an increase in
load values and frequencies could accelerate the degradation rate of
both pure PLA and Mg/PLA composites (Fig. 7D). For pure PLA, dynamic
loading promoted the diffusion of acidic molecules from PLA, leading to
a significant decrease in the pH value of the degradation medium. For
the Mg/PLA composite, dynamic loading accelerated the destruction of
the Mg fiber surface coating in the composite and facilitated the depo-
sition of the Ca-P phase.

Unlike other tissues, human lumen structures (such as blood vessels,
urethra, digestive tract, etc.) also endure the constant flushing of various
body fluids and the effect of shear forces. Clinical statistics showed that
the average shear stress experienced by an adult’s coronary artery, ages
20-60, ranged from 1.1 Pa to 1.5 Pa. As age increased, the diameter of
the coronary artery expanded, leading to a reduction in the average wall
shear stress [115]. This necessitates the use of dynamic fluid platforms
to study the degradation behavior of degradable materials within the
lumen.

Shang et al. [116] utilized microfluidic technology to construct a
dynamic degradation platform with an average flow-induced shear
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stress of 0.68 Pa. They studied the differences in the degradation rates of
three degradable Mg wires, namely pure Mg, AZ31 Mg alloy, and
Mg-Zn-Y-Nd alloy, under this platform. The results showed that the
degradation rate of the three Mg under flow-induced shear stress was
significantly higher than that under static conditions, and notably higher
than the in vivo degradation rate. This was mainly due to the high fluid
shear force limiting the formation of inorganic salt passivation layers,
impeding their ability to protect the Mg alloy substrate, leading to the
exposure of the Mg substrate to the degradation medium, accelerating
the material transfer coefficient, ion diffusion, and charge transfer
processes. The flowing body fluid environment could stabilize the pH
around Mg to physiological values, causing further corrosion evolution.
In contrast, ion diffusion was inhibited under static conditions, creating
a microenvironment with high pH surrounding the sample, which
inhibited subsequent Mg dissolution, thus reducing the degradation
rate. This was also why the degradation rate enhanced with increasing
shear stress.

Apart from Mg, degradable polymer materials are often used as
surface coatings for Mg cardiovascular stents to alter their service life.
Chu et al. [117] studied the differences in the degradation rates of PLGA
films in deionized water under different fluid shear modes (steady,
sinusoid, and square-wave fluid shear stress patterns). The results
showed that although unstable shear stresses (sinusoid and square-wave
fluid shear stress patterns) and stable shear stress had the same magni-
tude on average, the former accelerated the outward diffusion process of
oligomers in the PLGA film in terms of its maximum shear stress and
“window” of effectiveness, thereby accelerating the degradation rate in
vitro.

We should mention that, in the context of stress, it is incorrect to
assert that all stress magnitudes invariably escalate the degradation rate
of degradable materials. The exact governing factors should be traced
back to the intricate internal microstructure of these materials. In an
exploratory study conducted by Wang et al. [118], it was observed that
the degradation rate of the as-extruded Mg-4Li-1Ca alloy reacted
distinctly to different levels of micro-compressive stress within 6 MPa.
Specifically, under 0-3 MPa stress, the once strong basal texture of the
as-extruded Mg alloys blurred, and internal stress gradients prompted
grain boundary migration leading to grain growth. This phenomenon,
combined with escalating compressive stress, sparked the genesis of
second-phase particles and residual stress escalation, thus magnifying
the corrosion rate via preferential corrosion. In contrast, as stress
intensified, the second phase’s volume fraction ascended, gaining
ascendancy over the total corrosion rate, while the residual stress was
released under compressive stress of 4.5-6 MPa. Consequently, the
quickly synthesized surface corrosion product films beleaguered the
microstructural impact on the corrosion behavior by forming robust
physical barriers.

3.2.5. Strain

Strain also significantly impacts the degradation rates of degradable
materials, as it can profoundly alter the material’s surface energy, work
function, and strain energy [119]. Generally, the degradation rate is
accelerated with the increase of strain. Taking Mg alloy as an example,
Wei et al. [120] investigated the impact of the scaled strain energy on
the degradation kinetics of Mg alloys using density functional theory.
The calculations revealed that both tensile and compressive strains
could accelerate degradation by reducing the activation energy barrier.
Moreover, the tensile or compressive strain also resulted in high-density
dislocations and deformation twins within the Mg alloy, subsequently
accelerating its corrosion rate [121]. However, the degradation mech-
anisms of Mg under compressive and tensile strains were quite different.
This was because tensile strain tended to cause intergranular corrosion
in Mg, while compressive deformation made the material denser,
thereby inhibiting degradation reactions at grain boundaries. Besides
tensile and compressive strains, the internal impacts of bending strain,
biaxial elastic strain, hydrostatic strain, and the internal strain caused by
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dislocation and twins are still worthy of further detailed analysis. The
aforementioned strains have a significant impact on the degradation rate
of Mg in composite constituents. However, for the polymer, its higher
elasticity results in a lesser sensitivity to degradation rate variations
under strain. Therefore, the degradation rate of Mg/polymer composites
under strain is primarily governed by the Mg component.

3.2.6. Other factors

In addition to external factors, such as those mentioned above, light
exposure also significantly affects the degradation rate of composites,
especially for polymers. According to the bond energies of polymer
chemical bonds, which are shown as follows: O-O bond energy (138.9
kJ mol’l), C-C bond energy (347.7 kJ mol’l), C-O bond energy (351.5
kJ mol™1), C-H bond energy (413.4 kJ mol~!), and O-H bond energy
(462.8 kJ mol ™) [122]. Taking ultraviolet light commonly used for
implant sterilization as an example, the wavelength ranges from 200 to
400 nm with an energy range of 299-599 kJ. This energy is sufficient to
break down polymers, thereby accelerating the degradation rate of
BMPC.

Oxygen concentration also has a significant effect on the degradation
rate of BMPC, which is manifested in several ways. During the pro-
cessing of BMPC, especially in the air atmosphere, oxygen can weaken
the bond energy of the polymer, leading to the formation of highly un-
stable peroxide structures. Polymers with peroxide structures have
lower degradation activation energies, leading to accelerated degrada-
tion during subsequent use. Furthermore, oxygen also affects the pro-
liferation of cells and bacteria in the environment, indirectly affecting
the Mg and polymer in BMPC.

There are many factors influencing the degradation rate of BMPC.
However, for different scenarios, researchers can typically design the
composition of BMPC based on the duration time that the implant ma-
terial needs to serve, aiming to meet the repair needs to the fullest
extent. For example, in the gastrointestinal environment, an intestinal
surgical staple needs to maintain the anastomosis state (strength) for at
least 7 days, but Mg corrodes too quickly in the gastrointestinal envi-
ronment. Therefore, researchers constructed Mg-MAO/PLLA composite
anastomosis nails to meet the time scale compatibility [80]. For soft
tissues such as urethral tissue, researchers tend to use the faster
degrading PLGA50:50, with the addition of a moderate amount of Mg
(Iess than 9 wt%) to allow it to degrade completely within 2-3 months,
meeting the time scale compatibility for soft tissue repair [88]. For bone
repair, as the healing process takes longer, usually requiring 6-12
months of repair period, researchers tend to choose slower degrading
polymers such as PCL [47] and PLLA [43] as the polymer matrix. These
polymers maintain the structural integrity and mechanical properties of
BMPC during the first 3-6 months of degradation. After 6 months, BMPC
can degrade and be absorbed relatively quickly, meeting the time scale
compatibility for bone repair. In summary, when developing BMPC
implants, researchers need to comprehensively consider the use scenario
to meet the material’s mechanical compatibility, time compatibility, and
bio-performance requirements.

3.3. Mechanical property prediction during degradation

Aside from determining the degradation rates of the materials
themselves, studying mechanical property alterations of composites in
the early stages of degradation is crucial for body parts that require high
mechanical requirements. For instance, during bone fracture repair, the
mechanical properties of the implanted material should be maintained
for at least 12 weeks [123] to ensure the healing of bone callus and
stability of the fracture ends. Therefore, establishing a valid numerical
model to predict early mechanical property evolution trends of
degradable composites has significant implications for the effective
assessment of bone fixation devices.

Using the Mg/PLA composites as an example, our group [60,124]
established a numerical relationship between the bending strength and
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degradation time for pure PLA and Mg/PLA composites with different
reinforcement phase contents, as shown in Eq. (7). This approach was
based on the characteristic of PLA following first-order degradation ki-
netics in the early stage of degradation.

InM,;, = InM;,g — kt Eq.(7)

where Mo and M, represent the number-average molecular weight of
PLA at time t and t, respectively, and k is the degradation rate constant
of PLA.

The relationship between the bending strength (Sy) and the number-
average molecular weight (M,) of PLA during the degradation process
can be expressed as follows:

B

Sb = Speo —

M, Eq.(8)

where Sy, is the bending strength at infinite molecular weight before
degradation, and B is a constant.
Eq. (9) can be obtained by combining Eq. (7) and Eq. (8):

B

Sh=Spew — ———
b = Ob Mook

Eq.(9)

By substituting the existing results into the obtained formula, a good
fit result was achieved. Therefore, it was concluded that the degradation
model accurately reflected the relationship between the bending
strength, molecular weight, and degradation time of the Mg/PLA com-
posites, thus providing a viable approach for designing degradable
composites to meet future bone repair needs.

3.4. Establishment of in-time and ex-vivo degradation platform

The human body is a complex biochemical reaction entity, with vast
microenvironmental differences across different parts, and the degra-
dation process is influenced by multiple endogenous and exogenous
factors. This results in significant variation in the degradation rates of
the same degradable materials under different in vivo and in vitro con-
ditions [125], making it challenging to infer the in vivo results from
present in vitro degradation rates and processes. Therefore, one of the
current research puzzles is to construct an in-time and “mechanical--
chemical” coupled physiological environment for precise assessment of
material degradation failure and biomechanical decay models in ex-vivo
conditions.

To overcome this challenge and reduce the use of animal models,
recently, researchers developed “micro-fluidic chips” [126] and “orga-
n-on-chips” [127] technologies, which simulated the interaction func-
tion of multiple organs coupled biomaterials, living cells, local
microenvironments, and biomechanics based on microfluidic technol-
ogy (Fig. 7G). As a multidisciplinary convergence of frontier science and
technology, it also allowed for the real-time observation of the in-
teractions among biomaterials, cells, tissues, and organs during material
degradation.

For instance, Ye et al. [128] developed a microfluidic model to
simulate the microenvironment of early vascular stent implantation,
aiming to reduce the cytocompatibility discrepancy between in vitro
static culture and in vivo tests of Mg-based materials (Fig. 7H). This
model investigated the response of endothelial cells to AZ31 Mg sam-
ples, poly (1,3-trimethylene carbonate (PTMC)-coated AZ31 Mg sam-
ples, and PTMC-atorvastatin calcium (ATVC)-coated AZ31 Mg samples
(Fig. 7I). Compared to studies conducted in static cell culture environ-
ments, the dynamic environment established by microfluidic perfusion
better mimicked the real corrosion behavior of various Mg samples in
bodily fluids and their effects on endothelial cells, yielding results that
were more representative of in vivo experiments (Fig. 7J, K). Addition-
ally, Zhang et al. [129,130] developed a patterned biodegradable
polymer vascular structure for implantation into micro-vessels. Based on
this vascular structure, they also developed a 3D vascularized tissue
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scaffold chip called “AngioChip”. With this platform, the blood circu-
lation of artery-artery and artery-vein in the femoral vessel could be
observed in real-time. In short, “micro-fluidic chips” and “organ-
s-on-chips” technologies establish an advanced platform for the evalu-
ation of biomaterial degradation and pave the way for precise capture of
material degradation behavior in a quasi-in vivo environment without
sacrificing the animal.

4. Composite physiological function and biological mechanism
4.1. Tissue repair functions

Mg is a necessary constant element in the human body and plays an
important role in body development. Composites composed of Mg/
polymer have broad application prospects in multiple human body
parts. They have extensive applications in the brain, orthopedics,
tendon, dentistry, skin, cardiovascular, neurological, urological,
gastrointestinal, and digestive fields, which simultaneously require
“structural support” and “physiological repair” functions. The active
Mg?" released from the composite is the main source of their biological
viability and activity, while the polymer usually acts as a protective
shield for Mg. Moreover, changes in pH in the medium can also signif-
icantly affect cell viability. pH value above ~8.4 or below ~6.0 signif-
icantly weakens the viability of many cell types [132]. Due to the
multifunctionality of Mg, Mg?" at different concentrations has been
extensively reported to exhibit positive effects on cartilage regeneration,
vascular repair, and neurogenesis. Fig. 8 summarizes the main appli-
cation areas of the composites with Mg as the reinforced phase, suitable
microenvironment medium condition for different scenarios, the key
genes, proteins, and signaling pathways involved in the process of
achieving tissue repair through inducing the differentiation of mesen-
chymal stem cells (MSCs).

Bone repair is a physiological process involving multiple signal
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transductions, typically accompanied by neurogenesis and vascular
regeneration. MSCs are a vital cell source that can differentiate into
various lineages, such as osteogenesis, chondrogenesis, angiogenesis,
and neurogenesis [133]. For human bone MSC (hBMSC), that 5-10 mM
of Mg?" was most effective for proliferation [134]. Compared to MSCs,
osteoblast precursor cells showed higher tolerance to Mg?* while the
hFOB1.19 osteoblast had a tolerance of up to 20 mM of Mg?". When
Mg?* concentration exceeds 20 mM, all functions of osteoblasts decline.
Mgt at 10 mM significantly activated integrins [135] and focal adhe-
sion kinase pathways [136] as well as enhanced the mineralization of
the extracellular matrix by increasing the production of collagen and
vascular endothelial growth factor (VEGF) [137], which were significant
for osteogenesis. In BMSC osteogenic differentiation, the transient re-
ceptor potential cation channel, subfamily M, member 7 (TRPM7) was
essential as the influx of Mg?" upregulates the expression levels of
runt-related transcription factor 2 (RUNX2), alkaline phosphatase
(ALP), matrix metalloprotein-2 (MMP-2), Matrix metalloprotein-9
(MMP-9), and VEGF through the TRPM7/PI3K signaling pathway, ulti-
mately promoting the recruitment, migration, mineralization of osteo-
blasts, and strengthening their resistance to alkaline stress [138]. When
Mg-containing materials degrade in body fluids, inorganic products like
Ca-P were usually adsorbed and precipitate on their surface, thus
increasing the activity expression of COL-1, osteocalcin (OCN), osteo-
pontin (OPN), RUNX2, ALP, and alizarin red S (ARS) proteins in MSCs.
This also activated the MAP kinase activity (ERK1/ERK2), subsequently
activating RUNX2, causing the osteogenic differentiation of MSCs. In
addition, MgZJr mediated PI3BK/AKT, MAPK [139], and Wnt/p-catenin
[140] signaling pathways were deeply involved in the survival and
proliferation of MSCs.

Besides promoting bone repair, regulating the degradation and
active ion release properties of Mg and its composites can also stimulate
cartilage regeneration. Mg?*-enriched hyaluronic acid has been
approved in Europe for cartilage repair [141]. Compared to osteoblasts,

Multiple tissue engineering application

Potential application scenarios

{
-

Optimal condition: concentration [Mg2*]= 5-20mM; 6.0<pH<8.4

\\é@v,-/ Bone
&Y Osteocyte  \y,¢/a_catenin, MAPK/ERK, and regeneration
TRPM7/PI3K signaling pathways
- N Integrins, focal adhesion kinase, RUNX2,
0 Osterix, BMP-2, COL-, ALP, {
OPN, OCN, ARS, etc. -/
Cartilage
’ Chondrocyte regeneration
N PI3K/AKT signaling pathways
@ Polymer .\ SOX9, COL2A1, GAG, Aggrecan, etc. -,
-,
) ’ .
“a Endothelial cell Angiogenesis
MSC D | ERKIEIF4E signaling pathway
) | TGF-B, CDF-11, bFGF, VEGF,
j eNOS, Hif-1a, CD31, a-SMA, etc.
\ Neurogenesis
\/ M Neuron
. » ERK/CREB and mTOR signaling pathways
)

Nestin, GFAP, NGF, Tuj-1, $100, MAP2, etc.

Fig. 8. Schematic illustration summarizing potential application scenarios of BMPC, important signaling pathways affecting MSC differentiation and multiple tissue

regeneration processes. Created with Vecteezy.com.

92


http://Vecteezy.com

X. Wang et al.

chondrocytes exhibit a higher tolerance to Mg?* due to Mg?" inhibiting
IL-1p-induced chondrocyte apoptosis by activating the PI3K/AKT
pathway and enhancing extracellular matrix anabolism [142]. Within
the tolerance range of cells to Mg?", higher concentrations of Mg?" (no
higher than 20 mM) more readily induce the differentiation of BMSCs
towards chondrogenesis. For example, Gao et al. [143] constructed a
bilayer scaffold simulating different pore sizes in the cartilage and
subchondral bone regions, combined with the release of varying con-
centrations of Mg?" in corresponding regions to modulate the chon-
drogenic/osteogenic differentiation of MSCs. They found that at higher
concentrations (200-240 ppm), Mg?" enhanced the secretion of
chondrogenic-related proteins sex-determining region Y box protein 9
(SOX9) and Collagen type II (COL-II, especially COL2A1) by regulating
cell adhesion, extracellular matrix (ECM) synthesis, PI3K/AKT signaling
pathway, and MSC differentiation behavior. At lower concentrations
(80-120 ppm), Mg?" increased the secretion of osteogenic-related pro-
teins ALP and COL-I by activating the Wnt/p-catenin signaling pathway.
Furthermore, related research found that dopamine-coated Mg alloys
could alleviate local inflammation responses, downregulated the NF-xB
signaling pathway, and regulated the local immune environment.
Thereafter, the sample recruited hBMSCs and promoted their differen-
tiation towards chondrogenesis, leading to increased expression of
chondrocyte markers such as SOX9, COL-II, Aggrecan, and glycosami-
noglycan (GAG) [144].

Additionally, bone repair often involves concurrent vascular regen-
eration. Mg?" can promote vascular regrowth. Some research found that
the growth differentiation factor-11 (GDF-11) protein played a crucial
role in mediating Mg?" vascular regeneration. GDF-11 could promote
MSC differentiation into endothelial cells, thus stimulating angiogenesis
by activating transforming growth factor-p (TGF-B) receptors and the
downstream ERK/EIF4E pathway [145]. Furthermore, GDF-11 expres-
sion driven VEGF expression, highlighting the importance of GDF-11
and VEGF in the vascular genesis of MSCs. Some Mg alloy vascular
stents carrying erosion-resistant polymer coatings also played a crucial
role in repairing narrowed vessels. Vascular endothelialization repair
was highly associated with Mg?* activating high vitality epidermal
growth factor (EGF), basic fibroblast growth factor (bFGF),
hypoxia-inducible factor-1a (HIF-1a), endothelial nitric oxide synthase
(eNOS) and angiopoietin-4 (ANGPT4) proteins in endothelial cells or
stem cells [146]. Simultaneously, Mg?* and Cu?* released from the stent
activated the NLRP3/IL1 signaling pathway, inhibiting over prolifer-
ation of vascular smooth muscle cells, thereby aiding in alleviating
neointimal hyperplasia and restenosis [147].

Mg?* also has a positive regulatory effect on nerve growth, and its
elevation in the brain can enhance memory and synaptic plasticity in
vivo. Notably, neuro-regeneration peaked within 24 h after a bone
fracture, preceding vascular formation, ossification, and mineralization,
and initiated bone defect regeneration. This implied that early supple-
mentation of Mg?" could promote the reconstruction of neural net-
works, thereby benefiting the subsequent bone repair process.
Compared with bone and blood vessels, nerve repair required a lower
concentration of Mg?*t. In the range of 0.6-1.0 mM, Mgt elevation
promoted neural differentiation, possibly via extracellular signal-
regulated kinase (ERK)-induced cyclic adenosine monophosphate
(cAMP) response element-binding protein (CREB) activation, while
suppressing glial cell differentiation [148]. During the neural innerva-
tion in primordial osteogenic center formation and bone regeneration
processes, nerve growth factor (NGF)-responsive tropomyosin receptor
kinase A (TrkA) was the representative signaling pathway [149]. Gelatin
methacrylate hydrogel containing Mg was also proven capable of
accelerating MSC-derived calcitonin gene-related peptide (CGRP) nerve
fiber secretion from rat cranial periosteum, thereby inducing cranial
bone regeneration [150]. Moreover, significant up-regulation of marker
proteins such as Nestin, glial fibrillary acidic protein (GFAP), NGF, Tuj-1
(known as  B-tubulin III), soluble protein-100  (S100),
microtubule-associated protein 2 (MAP2) could be observed in highly
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neural differentiated MSCs [151].

In addition to mediating various signaling pathways, Mg?" and drug
release kinetics in BMPC also play a vital role in tissue repair. Taking
bone repair as an example, Lin et al. [152] designed and prepared
composite microspheres loaded with Mg?" using a microfluidic capillary
device. By first constructing a first layer of PLGA shell outside Mg?* as a
reservoir, and then further constructing a layer of sodium alginate
physical barrier based on this PLGA shell. Adjusting the surface micro-
porous network of the above-mentioned double-layer shell microspheres
could achieve a continuous delivery of Mg>" at a rate of 50 ppm per day
for more than 2 weeks, avoiding the adverse situation of burst release of
single-layer shell microspheres at the beginning (exceeding 550 ppm on
the first day) and then a release rate of 0 ppm in the following 14 days.
The results of rat femoral defect experiments confirmed that even under
the same Mg loading amount, the double-layer shell composite micro-
spheres showed higher bone regeneration rate and Young’s modulus of
new bone than the single-layer shell composite microspheres. Further-
more, Yang et al. [153] utilized the water-in-oil-in-water (w/o/w)
double-emulsion solvent extraction/evaporation technique to fabricate
composite microspheres (PLLA matrix) encapsulating varying contents
and sizes of Mg particles and bovine serum albumin (BSA) solutions. In
vitro release studies demonstrated that altering the content or size of Mg
particles changed the internal connectivity of the composite micro-
spheres during degradation. Specifically, increasing the Mg content
(from 0 wt% to 10 wt%) accelerated the release of Mg2+ and BSA,
resulting in the highest pH increase in PBS medium to ~8.8 (for 10 wt%
content), and concurrently led to an increase in the number of surface
and internal micropores, cracks, and cavities, laying the foundation for
the second burst release of BSA. Besides regulating Mg content, their
study also found that, at the same content, composite microspheres with
larger Mg particles (~31.02 pm) exhibited a slower BSA release rate
compared to those with smaller Mg particles (~9.68 pm), attributed to
the denser internal structure of microspheres with larger Mg particles.
These results suggested that this composite microsphere system could
manipulate drug release kinetics by adjusting the content or size of Mg
within the microspheres. Further in vitro and in vivo studies confirmed
that incorporating Mg into the composite microspheres could alleviate
PLLA-induced macrophage infiltration and expression of inflammatory
cytokines, presenting potential applications in various drug- and
protein-mediated tissue regeneration.

BMPC has considerable biological functions. However, the efficacy of
BMPC also depends on the relative Mg content, cell species, and the
specific body site. For bone and its surrounding tissues, they exhibit
higher tolerance to the Mg content in BMPC. BMPC with higher Mg
content is more prone to form biomineralized surfaces in body fluids,
facilitating the adhesion of bone cells and bone integration. However, in
soft tissues, their tolerance to Mg content is lower. This is because soft
tissues lack minerals, and an excessive amount of Mg forming insoluble
corrosion products can lead to tissue rejection of the implanted BMPC.
For instance, the presence of excessive Mg?" in the urethral environment
can easily induce the formation of the precursor to urinary calculi (Mg
(NH4)PO4-6H20), which is detrimental to tissue healing. Therefore, it is
necessary to flexibly design the composition of BMPC according to
different tissue environments.

As an implant, BMPC has both advantages and limitations from a
biological perspective. Taking bone repair as an example, its advantages
lie in available material composition and structure design according to
the application scenario. The design of BMPC slows down the corrosion
rate of internal Mg, avoiding adverse effects due to local ion concen-
tration and high pH. Furthermore, the polymer acts as a protective layer
for Mg, slowing down the rate of hydrogen gas release and preventing
the hindering effect of hydrogen gas cavities induced by rapid hydrogen
gas release on bone reconstruction. However, BMPC also has some dis-
advantages. For example, due to the encapsulation effect of the polymer,
BMPC cannot create as many binding sites with Ca-P compounds in the
body fluid as Mg metal, resulting in a much lower formation of
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hydroxyapatite on the surface compared to Mg metal, which is not
conducive to the rapid construction of a bio-mineralized surface. Sub-
sequently, in the later stages of bone repair, once the protective layer is
breached, this may be accompanied by the overflow of a large amount of
Mg?*. The above may result in an insufficient rate of bone regeneration
in the early stages of bone repair, and the excessive escape of Mg?" in the
later stages. It contributes nothing to the activity of osteoblasts and
antagonizes with Ca%" in the body fluids, leading to adverse phenomena
such as bone resorption [154].

In summary, bone repair is known to be a complex process that in-
volves simultaneous repair of cartilage, blood vessels, and nerves. BMPC
plays significant roles at different stages of bone repair, but the demand
for Mg?" varies at each stage. Therefore, designing BMPC with tailored
Mg release characteristics is a worthwhile research topic in future
studies of neurovascular bone repair. Some studies also indicate that
composites composed of multiple metals (such as Zn or Fe) exhibit su-
perior effects in bone repair compared to single Mg-containing com-
posites. Consequently, it is of remarkable scientific value to further
investigate the individual and synergistic roles of these diverse metal
ions in tissue repair.

4.2. Cell cross-talking and cascade response

The physiological process of tissue regeneration after injury com-
prises four stages: hemostasis, inflammation, proliferation, and remod-
eling. Once an implant is introduced into the body, immune cells, such
as neutrophils and macrophages, are the first responders to foreign
materials and play a crucial role in determining the biocompatibility or
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failure of the implant. When these immune cells are recruited to the
defect site, they differentiate into two types: pro-inflammatory cells
(including monocytes, M1 macrophages, and auxiliary TH cells) and
anti-inflammatory cells (such as M2 macrophages and TH2 cells).
Therein, pro-inflammatory cells are responsible for wound cleaning,
while anti-inflammatory cells tend to favor tissue remodeling and pro-
mote tissue maturation [155].

The ideal degradable biomaterials should suppress excessive in-
flammatory response and stimulate endogenous cells to express func-
tional proteins associated with tissue repair when performing their
physiological functions. Many studies reported that during the inflam-
matory phase, the active ions released by Mg, Zn and their composites
could promote the M2 phenotype of macrophages, expressing anti-
inflammatory markers such as CD206, interleukin-10 (IL-10) and
transforming growth factor-f (TGF-B) in macrophages, and inhibit the
expression of pro-inflammatory markers such as interleukin-1p (IL-1p)
and CC chemokine receptor 7 (CCR7) [156-158], thereby speeding up
the transition of injured tissue from the inflammatory phase to the
proliferation and remodeling phase. This cascade functions among these
cations and immune cells and functional cells are a complex physio-
logical process. For example, research results from Qiao et al. [154]
demonstrated that, at the early stage of the inflammatory phase, Mg>"
promoted the upregulation of TRPM7 expression, leading to
TRPM7-dependent Mg?" influx in the monocyte-macrophage lineage,
causing cleavage and nuclear accumulation of the TRPM7 cleavage ki-
nase part (M7CKs). This subsequently triggered the phosphorylation of
Histone H3 at serine 10 on the promoter of inflammation cytokine genes
dependent on TRPM7, which resulted in the formation of an osteogenic
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immune microenvironment. This activated the high expression of bone
morphogenetic protein-2 (BMP-2) and vascular endothelial growth
factor A proteins associated with new bone and vascular regeneration in
human MSCs (Fig. 9A).

In addition to inducing tissue regeneration by activating macro-
phages in the microenvironment, the active cations released from Mg
and its composites can also interact in a cascade with other cells, thereby
mediating the tissue repair process. Further research by Qiao et al. [159]
found that Mg?" and Zn?" could stimulate periosteum sensory by pro-
moting the secretion of prostaglandin E2 (PGE2) from macrophages.
This immune response was accompanied by the sprouting and dendritic
budding of CGRP-a and nerve fibers. Subsequently, the nerve fibers
perceived inflammation clues through the PGE2 receptor 4 and trans-
mitted the interosensory signals to the central nervous system, which
downregulated sympathetic neural tension for new bone formation,
thereby promoting bone generation, as shown in Fig. 9B. Zhang et al.
[160] also found that the increase in extracellular Mg”-induced
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magnesium transporter 1 (MAGT1) and TRPM7-dependent Mg ™ influx,
as well as an increase in intracellular adenosine triphosphate and vesicle
accumulation in the nerve endings of rat dorsal root ganglion neurons in
vitro. Ultimately, CGRP-induced calcitonin receptor-like receptor
(CALCRL) and receptor activity-modifying protein 1 (RAMP1)-depend-
ent activation of cAMP-responsive element binding protein 1 (CREB1)
and Sp7 transcription factor in periosteal stem cells derived from rats in
vitro, thereby enhancing the osteogenic differentiation of periosteal
MSCs (Fig. 9C).

Despite the burgeoning number of biological studies on biodegrad-
able Mg and its composites, currently, we know little about how these
materials drive cellular cascading responses and induce their physio-
logical functions. Therefore, it is necessary to further investigate and
clarify their intrinsic mechanisms to optimize their healing effects.
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4.3. Other biological functions

The biological functions of BMPC are mainly dependent on the
corrosion products of the Mg in the composite, including intermediate
and end products. During degradation, BMPC release active cations,
except for this, inorganic compounds, alkaline microenvironment,
hydrogen gas, transient reactive oxygen species, and other reactive in-
termediate species are also associated with regeneration. The effects of
these products on tissues should not be overlooked. In addition to
repairing damaged tissues, these products can also work in conjunction
with Mg?" to combat pathogens or tumors/cancer and play an antioxi-
dant and anti-inflammation role in some inflammatory tissues.

4.3.1. Anti-tumor/cancer function

Mg and its composites are widely reported materials with anti-tumor
effects. Materials containing Mg can produce three effective anti-tumor
products during degradation, including Mg(OH),, H,, and MgZ*
(Fig. 10A) [161]. The anti-tumor process of an Mg-containing implant
involved three stages. First, during tumor proliferation, vigorous cell
glycolysis produced excess lactate, leading to an acidic microenviron-
ment (pH = 6.8 is optimal for tumor cell proliferation). Mg and its
composites could produce Mg(OH), during degradation, which contin-
uously alkalizes the tumor microenvironment, significantly inhibiting
tumor cell proliferation. Secondly, Mg and its composites underwent a
reduction reaction, continuously producing H, with significant
anti-inflammatory and antioxidant effects, effectively suppressing
oxidative stress and enhancing the sensitivity of conventional
anti-tumor drugs. Finally, tumor patients often had concurrent hypo-
magnesemia, affecting tissue cell enzymatic reactions and metabolic
functions, accelerating the malignancy of the tumor. The continuous
high concentration of Mg?* produced during the degradation of Mg and
its composites could remodel the tumor microenvironment, inhibit the
malignant development of tumor cells, and improve the overall body
condition of the patient.

To uncover the local anti-tumor effects of Mg-containing materials,
Zan et al. [162] conducted in-depth research on the molecular mecha-
nism of Hy release from Mg-induced apoptosis in human colon carci-
noma HCT116 cells. Genomic and proteomic studies revealed that the
localized release of Hy increased the expression levels of the P53 tumor
suppressor protein. Subsequently, the P53 protein disrupted the mito-
chondrial membrane potential of HCT116 cells, activated autophagy,
and inhibited reactive oxygen species within the cells, ultimately lead-
ing to tumor suppression. Furthermore, they validated the anti-tumor
efficacy of Mg-containing materials in a subcutaneous tumor model in
mice and obtained compelling data indicating that the lowest hydrogen
concentration capable of inducing apoptosis in a large number of tumor
cells was 91.2 pL mm ™2 day . Additionally, biodegradable Mg alloy
and its composite can locally ablate tumor cells by photothermal or eddy
current thermal effect, with significantly killed tumors.

4.3.2. Antibacterial function

The antimicrobial properties are crucial for BMPC. BMPC may be
susceptible to bacterial infections during tissue repair, surgery, or post-
surgery, potentially causing delayed tissue healing if the infection is not
cleared promptly. It has been reported that adjusting the Mg content in
BMPC can inhibit bacterial adhesion and biofilm formation, as well as
maintain cell compatibility [163]. The antimicrobial mechanism of
BMPC is mainly attributed to the positively charged Mgt released,
disrupting the charge balance of negatively charged bacterial cell
membranes. Additionally, an increase in ion concentration leads to an
elevation in bacterial extracellular osmotic pressure, resulting in cellular
dehydration. A significant increase in pH also causes bacterial acid-base
imbalance and death.

While numerous studies reported on the antibacterial properties of
pure Mg metals or BMPC, there remains considerable controversy
regarding their antibacterial efficacy and biocompatibility. This is due to
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a lack of consistency in the culture protocols employed for antibacterial
and cell experiments in such research [164]. Further validation is
needed for studies concurrently relying on Mg to achieve both the
antibacterial function and biological compatibility. According to the
study reported by Feng et al. [165], the antibacterial effect of
Mg-containing materials depended on the combined effect of the
released Mg?" and OH™. Only when the local environment reached a
Mg?* concentration of 300 ppm and a pH above 9.5, could
Mg-containing materials exhibit significant antibacterial properties. The
bacteria-killing process and cellular response in 24 h is presented in
Fig. 10B. However, below this critical condition, bacterial colonization
on the surface of Mg/PLA composite materials could even promote the
further development of bacterial biofilms, leading to a more mature
biofilm formation on Mg/PLA films compared to PLA films alone [166].
For BMPC, relying solely on increasing the Mg content to achieve anti-
bacterial purposes is not reliable. This is because exceeding the critical
condition for Mg antibacterial properties can lead to reduced cell
tolerance (e.g. cell lines including 1929, NIH 3T3, MC3T3-E1, and
ECV304, exhibit intolerance to Mg?" concentrations over 240 ppm and
pH level over 8.8 [167]). Lee et al. [168] also found that Mg/PLA
composite materials containing 15 vol% Mg exhibited a significant
improvement in enhancing cell adhesion and proliferation. However,
the composite materials with 30 vol% Mg showed a deterioration in cell
proliferation and differentiation due to the rapid degradation of Mg
particles. Even in Mg/PLA materials containing as high as 30 vol% Mg,
many bacteria still thrived on the material surface. This was because the
Mg?* concentration and pH of the Mg/PLA composite materials at this
content within 24 h of degradation did not exceed 300 ppm and 7.8,
respectively, failing to meet the antimicrobial requirements. At this
moment, 300 ppm already far exceeded the tolerance of MC3T3-E1 cells
to Mg>*.

To address the inconsistent tolerance of bacteria and cells to the
degradation products of BMPC, many researchers introduce additional
antibacterial components such as Zn (antibacterial threshold <100 pM),
Cu (antibacterial threshold <100 pM), and Ag (antibacterial threshold
<1 pM), which are metallic elements with stronger antibacterial prop-
erties and bacterial-targeting [169], to develop BMPC that possess both
antibacterial activity and biocompatibility. Furthermore, adjunctive
photothermal therapy can help rapidly kill bacteria within minutes,
thereby enhancing the antibacterial efficacy of BMPC. In sum, in the
development of antibacterial BMPC, there is a need to balance the de-
mands of antibacterial properties and biocompatibility.

4.3.3. Antioxidant and anti-inflammation function

Mg and its composites also exhibit remarkable antioxidant and anti-
inflammation functions due to their bioactive degradation by-product.
On one hand, Mg and its composites release hydrogen gas during
degradation. As hydrogen is a reductive gas, this confers Mg with an
antioxidative capacity unavailable in the other biodegradable metal
types (Zn and Fe). Recent years have seen this hydrogen gas therapy
deployed in the treatment of inflamed tissues, such as osteoarthritis
[170]. Manifestations of osteoarthritis included the activation of highly
concentrated ROS in the joint and subsequent inflammation, which
induced significant oxidative damage and apoptosis in chondrocytes.
Hydrogen therapy mitigated excessive ROS, alleviated oxidative stress,
reduced inflammation, and protected chondrocytes and joints. However,
the direct application of hydrogen gas therapy encountered challenges
due to its low solubility and easy diffusion, leading to poor bioavail-
ability. To overcome this, Wan et al. [171] designed a localized delivery
system based on Mg@PLGA composite microparticles. In vivo studies in
mouse osteoarthritis knee joints demonstrated that, through the passi-
vation/activation cycles of Mg in body fluids and under concentrations
exceeding the hydrogen therapy threshold, this system gradually
evolved into gaseous hydrogen, effectively ameliorating tissue inflam-
mation, preventing cartilage destruction, and halting the progression of
osteoarthritis (Fig. 10C). On the other hand, Mg?* in extracts of Mg
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alloys could inhibit the translocation of p65 to the cell nucleus induced
by lipopolysaccharide and improve immune microenvironment. This
inhibition suppressed ROS generation, matrix metalloproteinase
expression, and NF-kB signaling, effectively reducing local inflammation
response and ultimately treating osteoarthritis [144].

In summary, all the function strongly relies on the release of Mg?"
and gas, alteration of the pH of the microenvironment, or other reactive
intermediates. However, the inevitable harm to normal cells, disruption
of microenvironment homeostasis, and induced inflammatory responses
during tissue repair are often neglected or not well-researched. There-
fore, comprehensive considerations are needed to balance pathogen
eradication and tissue regeneration when designing such functional
materials in the future.

4.4. Progress in clinical application of Mg-containing medical devices

Currently, several Mg metals and their composites have been suc-
cessfully translated and clinically applied in orthopedic or cardiovas-
cular implantable devices worldwide. However, most BMPC remains in
the laboratory or preclinical stages. For example, in 2013, the Magmaris
Mg alloy screw (Mg-Y-RE-Zr alloy) produced by Syntellix (Germany)
became the first Mg alloy bone implant to receive CE certification in the
European Union. In 2015, the KMET Mg screw (Mg-Ca alloy) produced
by the South Korean company U&I also received approval from the
South Korean Food and Drug Administration for use in hand fracture
internal fixation surgery. In 2016, BIOTRONIK (Germany) released the
absorbable cardiovascular scaffold Magmaris BRS (BIOSOLVE-II) for
commercial use. This stent is composed of Mg as the matrix, supple-
mented with a PLLA drug-eluting coating. The stent has a thickness of
150 pm and adopts a 6-crown 2-link design. In 2021, BIOTRONIK
announced the clinical study results of the absorbable cardiovascular
stent Magmaris BRS in 123 patients over a 5-year follow-up period. The
composite stent demonstrated safety and efficacy, significantly reducing
the occurrence of in-stent restenosis postoperatively, and no stent
thrombosis was found. In 2024, BIOTRONIK announced again that its
self-developed Freesolve™ bioresorbable Mg stent (Mg stent with PLLA
coating and drug loading) has received FDA Breakthrough Device
designation for the treatment of below-the-knee peripheral artery
disease.

Additionally, in China, policies regarding the approval and regis-
tration of Mg-containing implants have been issued, focusing on key
issues such as the devices’ corrosion resistance, controllable degradation
rate, and risk assessment standards for in vivo Mg degradation. In 2023,
the National Medical Products Administration of China approved the
registration application for the innovative product of Mg metal clips
from Suzhou Aoruiji Medical Technology Co., Ltd. Moreover, Mg alloy
screws developed by Dongguan Yian Technology Co., Ltd., and the Mg-
Nd-Zn-Zr (JDBM) Mg alloy bone plates and screws developed through a
collaboration between Shanghai Jiao Tong University and an enterprise,
are leading the way. 3D-printed PLGA/TCP/Mg composite bone repair
scaffolds, jointly incubated by the Shenzhen Institutes of Advanced
Technology (Chinese Academy of Sciences), have been awarded special
approval for innovative medical devices by the National Medical Prod-
ucts Administration of China. It has already completed preclinical
registration testing. At present, it is currently in a multicenter clinical
trial phase. Although clinical research on BMPC is limited, the positive
results achieved worldwide in the development and clinical research of
Mg-containing medical devices are expected to drive the clinical appli-
cation of BMPC devices.

5. Stimuli-responsive therapy platform based on Mg/polymer
composite

It is generally believed that the physiological function of BMPC relies
on the bioactive products released by Mg degradation. In addition to
these, the composite itself can be designed to possess stimuli-responsive

97

Bioactive Materials 39 (2024) 74-105

functionality, enhancing the biological performance of the composite.
The composite can trigger self-physical or chemical changes after im-
plantation, thus selectively initiating tissue repair functions by releasing
various substances to induce microenvironment changes (pH and Mg?*
concentration variation), or under external stimuli (such as light, mag-
netic field, ultrasound, microwave, stress, etc.). Combining biodegrad-
able composites with stimuli-responsive therapeutic platforms can
maximize the treatment effectiveness beyond the composites themselves
while reducing side effects. Due to these advantages, such stimuli-
responsive therapeutic platforms are gaining increasing attention from
researchers. The following section will introduce several design and
application scenarios of stimuli-responsive BMPC.

5.1. pH responsiveness

pH-sensitive materials are a type of materials that undergo changes
in their volume, shape, or chemical bond breakage as a response to the
local environment pH. They contain functional groups sensitive to H or
OH™ within their molecules, enabling them to change the intra- or inter-
molecular forces with external pH variations, leading to various
macroscopic property changes, and consequently achieving controlled
“drug” release from the carrier during the therapeutic process. As it
happens, BMPC can also rapidly alter the pH surrounding the medium
during degradation.

In most cases, researchers only consider the effects of localized
changes in material acidity or alkalinity on tissues, while neglecting the
material’s responsiveness and the interaction between “material-cell/
tissue”. Distinct from other soft tissue repair materials, our previous
study [88] found that Mg/PLGA microfiber membranes prepared by
electrospinning exhibited a spontaneous micro/nano-hierarchical
porous morphology when immersed in PBS or cell culture medium
(Fig. 11A), since the Mg microparticles degraded and elevated the me-
dium pH to around 8.5. Analysis of the composition of the composite
revealed that the micro-phase separation was caused by the differential
reaction sensitivity of LA and GA monomers in the PLGA copolymer in
response to OH ™. Inspired by this, we conducted genomic and proteomic
studies on the pH-responsive composite microfibers and found that the
micro/nano-hierarchical porous microfibers enhanced endothelial cell
adhesion, spreading, and proliferation, as well as activated endothelial
cell angiogenic capacity through the release of Mg?' via the
bFGF/bFGFR signaling pathway. Furthermore, two soft tissue defect
models were established, one for refractory healing urethral tissue de-
fects and the other for easily healing skin defects, confirming the
pH-responsive fibrous membrane could promote tissue integration and
facilitate soft tissue vascularized repair.

After a significant increase in pH, vast changes occur not only in the
physical form of the polymer but also in the morphology of Mg itself.
Dong et al. [172] found that when the easily corroded Mg was coated
with dicalcium phosphate dihydrate, the material could rapidly revert to
its original form in simulated human body fluid even if the protective
layer was damaged. This was because the dicalcium phosphate dihy-
drate protective coating exhibited high pH sensitivity, especially in an
alkaline environment. When the corroded area caused a local rise in pH
after the protective layer was damaged, it stimulated the release of Ca®*
and PO3~ from dicalcium phosphate dihydrate in a feedback reaction,
leading to the reformation of inorganic deposited at the damage site,
thus facilitating the self-healing process.

Although the current technology for the in vitro application of these
pH-sensitive materials is relatively mature, their further in vivo appli-
cation still poses challenges. This is mainly due to the differences be-
tween the degradation rate in vitro and in vivo. In non-dynamic in vitro
environments, the rapid degradation of Mg and its composites can
induce rapid changes in the surrounding medium pH, triggering the
materials’ pH-responsive behavior. However, in vivo experiments, unlike
closed in vitro environments, involve significant material exchange and
ion transport processes. The degradation products of the materials are
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Fig. 11. Design and application scenarios of stimuli-responsive BMPC. (A) Design and application of pH-responsive Mg/PLGA microfibers for soft tissue repair [88]:
(a;) Typical microstructure of the two kinds of microfibers after degradation in PBS. (a;) pH changes of PLGA and Mg/PLGA microfibers. (a3) H NMR spectra of
residual polymer matrix in Mg/PLGA microfibers with time. (a4) The scission mechanism of PLGA molecular chains in neutral and alkaline degradation medium. (B)
Design and application of 3D-printed NIR-responsive SMPU/Mg scaffolds with tight contact for robust bone regeneration [174]: (b;) 3D printed SMPU/Mg scaffold.
(by) Photographs of the shape recovery process in the air of the regular SMPU/Mg scaffold irradiated by the 808 nm laser. (bs) After implantation, the compressed
scaffold recovered in NIR light, resulting in the supporting stimulus at the interface between the scaffold and tissue. (C) Design and application of biodegradable
TENG (BD-TENG) composed of Mg and polymer layers including PLGA, PVA, PCL, and PHB/V [178]: (c;) Schematic diagram of BD-TENG. (c;) Electric output
performance of BD-TENG with different friction polymer layers. (c3) Orientation and distribution of nerve cells cultured on the electrodes with/without electric field
stimulation (TRITC, tetramethyl rhodamine isothiocyanate). (c4) Images of an implanted BD-TENG located in the subdermal dorsal region of an SD rat after surgery
and 9 weeks, respectively. (D) Design and application of the magnetic responsive devices [180]: (d;) The component of the magnetic responsive system including a
wireless receiver, inductor, a radio frequency diode, a Mg/SiO2/Mg capacitor, and a PLGA substrate interconnected with Mg deposited by sputtering (left). (d3) The
electrical stimulation activated with a transmitting coil under a wireless magnetic field. (d3) Radiofrequency behavior of the stimulator (red, S11; blue, phase,
resonance frequency ~5 MHz). (d4) Example output waveform (stimulator, red) wirelessly generated by an alternating current (sine wave) applied to the trans-
mission coil (transmitter, blue). (ds-dg) H&E-stained sections and Toluidine blue-stained sections obtained at the interface between the metallic electrodes of the
nerve cuff and the sciatic nerve. Copyright 2022, 2024 Elsevier; 2016 Science AAAS; 2018, Springer Nature.

likely metabolized to other locations in a short time, which may prevent
these pH-responsive materials from reaching the required pH range to
trigger the response. Therefore, future research should focus on studying
the effectiveness of the pH responsiveness of materials in environments
that more accurately reflect in vivo conditions.

5.2. Photothermal responsiveness

Apart from the stimuli-responsiveness induced by chemical reactions
in Mg/polymer composites, their inherent physical properties can also
respond to external stimuli. In recent years, bio-materials with photo-
sensitive characteristics have received wide attention from researchers,
particularly in the repair of infected and tumorous tissues. Phototherapy
(such as photothermal treatment) is flexibly applied due to its temporal
and spatial controllability, as heat can directly or indirectly affect
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cellular behavior. High temperatures could cause protein unfolding and
aggregation, DNA damage, and irreversible protein denaturation,
resulting in cell damage or even death, which had an important role in
bacterial killing and tumor therapy. Alternatively, mild heat could
enhance membrane permeability without affecting cellular vitality,
promoting the influx of functional materials or biomolecules into the
cytoplasm for specific cellular function activation [173].

Bulk Mg or polymer materials themselves do not possess photo-
responsive capabilities. To confer it with photo responsiveness to com-
posites, a feasible approach is to change the size of the Mg to the micro
or nanoscale to endow it with localized surface plasmon resonance
ability, thereby generating a photo-thermal conversion. For example, as
shown in Fig. 11B, Zhang et al. [174] combined Mg microparticles with
shape-memory polyurethane (SMPU) to fabricate a porous bone repair
scaffold using low-temperature rapid prototyping 3D printing
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technology. This scaffold could be heated and activated within 60 s to
restore the original porous form from a compressed form based on the
shape memory ability of SMPU when exposed to near-infrared (NIR)
light. After thermal activation of the scaffold, the gentle NIR-induced
photothermal effect could further stimulate the osteogenic differentia-
tion of MSCs, accelerating the healing of bone defects, and providing
new ideas for minimally invasive intervention therapy for bone repair.

Additionally, photosensitizers can be introduced into the polymer
part of the composite. For example, Zhao et al. [175] constructed mes-
oporous silica microcapsules loaded with simvastatin on the surface of
Mg alloy and then used layer-by-layer self-assembly technology to
modify the Mg alloy surface with the photo-sensitive dopamine and poly
(e-caprolactone-co-diacrylate) bi-molecular hybrid coating. This hybrid
coating exhibited rapid, stable, and cyclic self-healing capability. Under
NIR light exposure, the composite showed excellent antibacterial
properties, cell compatibility, bone regeneration, and vascularization
due to the synergistic effects of high temperature, reactive oxygen spe-
cies (ROS), and simvastatin release.

Although significant advances in therapeutic platforms based on
photo-responsive materials (including Mg/polymer composite) are
made, there are still several bottleneck issues that urgently need to be
addressed. First, normal tissues also experience some damage from a
laser, leading to factors such as water, hemoglobin, and light scattering
causing laser attenuation. Therefore, photothermal therapy (or photo-
dynamic therapy) is limited by its relatively low penetration depth. Even
though the use of photosensitizers with excitation wavelengths within
the biological window (the first biological window: 650-900 nm (NIR-I)
and the second biological window: 900-1700 nm (NIR-II) [176]) could
achieve some tissue penetration, it still could not reach deep into human
tissues. There is still an urgent need to develop novel platforms with
high penetrability, non-invasiveness, and controllability to promote
their clinical application. Second, in photothermal therapy for killing
pathogens such as bacteria or tumor cells, the local tissue temperature
needs to be maintained around 50 °C for several minutes, which can lead
to overheating and thermal damage to normal tissues during the treat-
ment process. Reducing this damage is also currently one of the hotspots
in research on photosensitive materials.

5.3. Electromechanical responsiveness

Electromechanical responsiveness usually refers to the process of
converting mechanical signals of materials into electrical signals. Mg
and its alloys themselves do not possess electromechanical responsive-
ness. In some natural or synthetic polymer materials, internal dipoles
could be displaced under stress, causing a non-coincidence of positive
and negative charge centers, and thus displaying an electric charge
[177]. Upon implantation into the body, these mechanical-sensitive
nanomaterials, apart from substances released by their degradation,
could also convert excessive physiological stress in the body into elec-
trical signals. This further stimulated tissue regeneration through
mediating bioelectrical signal transduction processes. These
energy-producing devices are known as piezoelectric nanogenerators
(PENG). Additionally, combining two or more materials can couple
electrical signals produced by mutual friction and electrostatic induc-
tion, releasing external electrical signals. These energy devices,
composed of multiple materials, are referred to as triboelectric nano-
generators (TENG). This unique mode of operation allows the applica-
tion of TENG under movement and physiological conditions, collecting
biomechanical energy such as body movement, respiration, and heart-
beats. Electrical signals produced by electromechanical conversion
could be used to enhance the neural differentiation of MSCs in the field
of tissue engineering.

For instance, the team led by Zhong Lin Wang [178] constructed a
frictional component assembled from two types of degradable polymer
layers (including PLGA, poly (vinyl alcohol) (PVA), PCL, and poly
(3-hydroxybutyric acid-co-3-hydroxyvaleric acid) (PHB/V)) with a
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nano-surface structure, and introduced a spacer layer (200 pm) between
these frictional layers to generate an effective separation space. A layer
of Mg film with a thickness of 50 nm was also deposited on one side of
each frictional layer as an electrode layer. The entire biodegradable
TENG (BD-TENG) was finally packaged with biodegradable polymers. It
was found that when the two polymer friction layers were composed of
PLGA and PCL, the entire BD-TENG had the maximum frictional voltage
and current output. However, as the whole TENG was degradable, the
BD-TENG substrate and the friction voltage gradually disappeared after
21 days of degradation. Due to its excellent biocompatibility and ability
to generate electricity through friction, this BD-TENG could stimulate
neurons to align in the direction of the electric field and promote
accelerated wound healing in rats (Fig. 11C).

Although these types of degradable power generation devices based
on composite can currently utilize excess energy from the human body
to promote tissue repair functions, there are some difficulties faced for
their further transformation. One factor that needs particular consider-
ation is their reliance on cumbersome and complex equipment and wires
to collect and conduct electrical signals. Hence, the development of
portable, wireless, universal, operable electromechanical-driven strate-
gies may be one of the key developmental directions for future elec-
tromechanically responsive degradable materials.

5.4. Magnetic responsiveness

Possessing strong tissue penetration ability and painless, non-
invasive characteristics, magnetic fields have broad clinical applica-
tions. Magnetic-responsive materials are mainly composed of magnetic
microparticles and nanoparticles. Taking degradable magnetic particles
as an example, which are primarily composed of Fe metal and its oxides,
these magnetic materials themselves have both in vivo magnetic reso-
nance imaging and therapeutic functions. At present, they have been
widely applied in the biomedical field, such as in controlled drug release
and tissue engineering [179]. Apart from Fe and its composites that can
respond to magnetic fields, other non-magnetic degradable metals can
also be combined with semiconductor devices to form degradable
composite devices with magnetic induction capabilities. For instance,
Rogers’ team [180] invented a wireless biodegradable composite elec-
tronic system that could generate continuous electrical stimulation for
nerve regeneration therapy. This implantable device, encapsulated by
PLGA, included a Mg loop antenna, Si radio frequency diode, and
Mg/SiOy/Mg capacitor. It used magnetic induction-coupled power
transmission to obtain radio frequency power, aiming to deliver elec-
trical stimulation signals inside the body for peripheral nerve repair.
When applied to the rat sciatic nerve injury model, the device could
regulate the intensity of electrical stimulation by adjusting the external
magnetic field intensity or receiving parameters of the Mg coil to ach-
ieve the purpose of on-demand repairs (Fig. 11D).

Magnetic-responsive composite treatment platforms also exhibit
excellent capabilities in areas such as lesion targeting, enhancing bio-
membrane permeability, and magnetic thermal effects. Nevertheless,
there are notable drawbacks to magnetic responsive materials. On one
hand, when using nanomagnetic particles in a biological body or cells,
once escaping from a biodegradable material substrate, nanoparticles
smaller than 50 nm can pass through the bio-membrane, inducing
inflammation, generating reactive oxygen species, hindering DNA
functions, and inducing cell apoptosis leading to detrimental effects on
tissue function. Therefore, evaluating the biocompatibility of magnetic
responsive materials is vital before application. On the other hand, de-
vices composed of magnetic responsive composites for tissue repair also
face the issue of relying on cumbersome and complex equipment and
wires to collect and conduct signals. Hence, the development of wireless,
biologically safe, and effective magnetic induction degradable materials
may be an important direction for future functional material
development.



X. Wang et al.
5.5. Other responsiveness

The aforementioned stimulus-responsive therapy platforms mainly
rely on the physicochemical properties of Mg. In addition, common
polymers such as poly-3-hydroxybutyrate (PHB) and PLLA have been
found to exhibit good piezoelectric performance due to the existence of
polar carbonyl functional groups (C=0). Therein, reducing the molec-
ular weight of PHB decreases its piezoelectric structure domain, thereby
weakening the piezoelectric effect [181]. Further increasing the pro-
portion of 3-hydroxyvalerate (3-HV), a co-monomer of PHB, leads to a
decrease in crystallinity and the loss of piezoelectric response. For PLLA,
improvements in orientation and crystallinity due to stretching,
annealing, and supercritical CO5 treatment also enhance its piezoelectric
effect [182]. Besides the piezoelectric effect, PLA and PLLA can utilize
its glass transition temperature as a transformation point for the shape
memory effect [183,184], enabling reversible transition between the
glassy state and rubbery state, thus facilitating minimally invasive de-
livery of drugs or medical devices. Inspired by these, it is expected that
more stimulus-responsive therapy platforms based on these polymers
and Mg will be developed to broaden the application of BMPC.

In conclusion, stimuli-responsive platforms pave the way for inno-
vative applications of BMPC in the realm of tissue engineering. Despite
these responsive treatment platforms demonstrating superior thera-
peutic effects at a laboratory scale, the aforementioned side-effect
challenges must be addressed before their clinical utilization. Given
the swift progressions in both material science and life sciences, these
limitations could potentially be overcome in time. It is projected that
stimuli-responsive treatment platforms could soon provide effective
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solutions for tissue repair.
6. Conclusion and perspectives

BMPC, owing to its favorable mechanical properties and biode-
gradability, has garnered substantial scholarly attention. The composite
concept mitigates not only the risk of Mg corrosion and localized envi-
ronmental alkalization but also weakens the acidic stimuli of polymer
degradation by-products on tissues. Herein, based on the discussion of
the whole paper, we briefly summarize the basic criteria that need to be
met for the preparation and application of BMPC from the perspectives
of composition design, surface modification, mechanical properties,
biodegradability, biological performance, and stability, as illustrated in
Fig. 12.

Currently, some BMPCs demonstrate outstanding therapeutic effects
at the laboratory scale, but the development and evaluation of clinically
applicable composites present challenges. Herein, we present future
perspectives based on the above criteria.

(i) Organic surface modifiers enhance the interfacial bonding and
mechanical properties of composite materials but also introduce
potential safety hazards. Future development should focus more
on safe and efficient surface modification strategies.

(>ii) The physiological environment is a complex and multifactorial
coupled system. To accurately predict the real-life performance of
degradable materials like BMPC in this environment, establishing
a multi-field coupled in vitro degradation platform based on
“microfluidic chips” and “organs-on-chips” is of great
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Fig. 12. Schematic diagram of the main criteria that an ideal BMPC should fulfill.
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significance for the comprehensive and real-time evaluation of
the efficacy of all biomaterials.

Early in degradation, BMPC can effectively control degradation
rates through interface modification and processing. However,
risks in the later stages, such as premature detachment, disinte-
gration, or large fragment entry into body fluids or cavities, can
cause secondary damage or cavity obstruction. Therefore, further
tracking of the full-stage degradation changes to several years of
BMPC is necessary for preclinical studies.

The process of tissue regeneration mediated by biomaterials such
as BMPC is complex, involving hemostasis, inflammation (im-
mune response), proliferation, remodeling, and interactions with
surrounding tissues. However, research on BMPC in this area is
limited, indicating the need for further in-depth studies.

The “stimulus-responsiveness” endows BMPC with powerful
functions beyond their own performance. However, this comes at
the cost of adverse, potentially irreversible effects on surrounding
normal tissues. Therefore, the development of gentle yet effective
multifunctional composite materials and related intelligent
therapeutic platforms is crucial.

(iii)
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