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Over the past two decades, advances in arthroscopic and minimally invasive surgical techniques have led to
significant growth in sports medicine surgery. Implants such as suture anchors, interference screws, and endo-
buttons are commonly used in these procedures. However, traditional implants made of metal or inert mate-
rials are not absorbable, leading to complications that affect treatment outcomes. To address this issue,
absorbable materials with excellent mechanical properties, good biocompatibility, and controlled degradation

rates have been developed and applied in clinical practice. These materials include absorbable polymers,
absorbable bioceramics, and absorbable metals. In this paper, we will provide a comprehensive summary of these
absorbable materials from the perspective of clinicians, and discuss their clinical applications and related

research in sport medicine.

1. Introduction

Sports medicine is a branch of orthopedics that focuses on injuries
and diseases of bones, joints, and soft tissues (such as ligaments, ten-
dons, and cartilage) that occur during sports activities. Minimally
invasive arthroscopic techniques are often used for surgical repair and
reconstruction, providing advantages such as minimal scarring, faster
recovery, and increased safety. Implants such as suture anchors, inter-
ference screws, and endo-buttons are commonly used in arthroscopic
surgery, as shown in Fig. 1. Traditionally, these implants are made of
metals such as titanium alloy or stainless steel. While these materials
provide effective and stable mechanical support, they also have several
drawbacks: 1) Metal implants are non-absorbable and can irritate soft
tissues, causing pain and discomfort if left in the body for extended
periods; 2) Complications such as loosening, displacement, or breakage
of metal implants can affect patient prognosis and increase the risk of
reoperation; 3) Non-absorbable implants can obstruct movement or
damage cartilage within the joint cavity; 4) Metal implants can interfere
with follow-up imaging examinations; 5) Even if no obvious symptoms
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are present, some patients may still require implant removal after sur-
gery, increasing their medical burden.

As an alternative to metal materials, biostable polymers such as
ultra-high molecular weight polyethylene (UHMWPE), polyurethane
(PU), polymethyl methacrylate (PMMA), and polyether ether ketone
(PEEK) have been approved by the FDA for use in orthopedic implants.
These materials offer excellent mechanical properties and do not inter-
fere with imaging. However, residual toxic small molecules or wear
products can still have unpredictable effects on tissue healing [1,2]. In
recent decades, advances in material science have highlighted the ben-
efits of absorbable materials, including good biocompatibility,
non-cytotoxicity, low revision rates, and no need for removal. As a
result, an increasing number of scientists, clinicians, and entrepreneurs
are focusing on the application of bioresorbable materials in orthopedic
implants. This paper will introduce existing absorbable materials and
summarize their clinical applications in sport medicine.
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2. Key issues in sport medicine: the mechanisms of tendon-bone
healing

Sport medicine focuses on the injury and repair of tendons, liga-
ments, and soft tissue. To better understand these structures, it is
important to first introduce the anatomical and histological character-
istics of the enthesis. Additionally, understanding the mechanisms and
biomechanical characteristics of tendon-bone healing is crucial in
effectively treating injuries in this area.

Microscopically, the enthesis, the skeletal attachment of the tendon,
contains a series of tissue structures that are specifically arranged to
transmit mechanical stresses between soft tissue and bone. Confocal
microscopic observation shows that the main component of the ligament
or bone tissue is type I collagen, while the enthesis is dominated by type
II collagen [3]. There are two types of entheses: direct enthesis and in-
direct enthesis. The direct entheses are typically found in the epiphysis
and include the attachments of the rotator cuff (RC), anterior cruciate
ligament (ACL), patellar tendon, and Achilles tendon. These entheses
connect soft tissue to bone through fibrocartilage and consist of four
histological layers: ligament/tendon, fibrocartilage, calcified fibro-
cartilage, and bone [4-6]. The indirect enthesis connects the ligamen-
tous tissue to the bone tissue through dense collagen fiber tissue called
Sharpey’s fiber, mostly located in the diaphysis of long bones. One
representative example is the enthesis between the medial collateral
ligament of the knee joint and the tibia [4,5], as shown in Fig. 2.

The primary goal of surgical treatment for various tendon injuries is
to repair the injured tendon with sutures or to reconstruct the original
anatomy using autologous or allogeneic tendon tissue or to fix the
tendon to the bone tissue using implants such as suture anchors and
interference screws. The strength of the reconstructed ligament depends
mainly on the result of tendon-bone healing. Until the tendon-bone
healing is complete, implants provide the primary mechanical support.
Tendon-bone healing is a complex and dynamic biological process that
involves four main stages at the cellular and molecular levels: inflam-
matory exudation, fibrous proliferation, extracellular matrix formation,
and remodeling [4]. In 2003, Robert et al. reported histological findings
of tendon-bone healing following ACL reconstruction with hamstring
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grafts in 12 patients. At 3 months, a fibrovascular interface was seen
between the tendon and uncalcified osteoid with very few collagen fi-
bers. At 5 and 6 months, some Sharpey-like fibers and less immature
woven bone was seen. After at least 10 months, maturity of the sec-
ondary insertion was seen. And after 1 Year, an interface composed of a
continuous layer of Sharpey-like fibers was found. The researchers
concluded that the time to obtain a mature indirect anchorage at the
bone tunnel was 10-12 months, which is much longer than in reported
animal models (6-24 weeks). Likewise, Lu et al. [9] summarized the
process of tendon-bone healing after ACL reconstruction into three
stages. At 3 months, fibrovascular proliferation was observed between
the tendon and non-calcified cartilage-like tissue, containing a small
amount of Sharpey-like fibers. This corresponded to the process of in-
flammatory cell chemotaxis, collagen matrix exudation proliferation,
and peripheral vessel formation. At 6 months, lamellar bone was visible
and fibrous tissue increased between the tendon-bone interface with
more Sharpey’s fibers. At this stage, a large number of fibroblasts
proliferated and synthesized abundant extracellular matrix. At 10
months, mature indirect entheses formed, creating stronger connections
between the tendon-bone interfaces, and collagen fibers were rear-
ranged under stress. In summary, we think the degradation rate of im-
plants should match the process of tendon-bone healing. In ideal
conditions, absorbable implants in the body should maintain mechanical
integrity until the collagen fibers between the tendon bone interface are
initially formed (about three months) and completely degrade after at
least one year, seen in Fig. 3.

3. Overview of medical absorbable materials

As far back as the 1990s, Speer et al. [10] proposed that absorbable
materials used in orthopedic surgery should meet the following four
principles: (1) The bioabsorbable implant must have adequate initial
fixation strength to coapt the soft tissues to bone; (2) The implant’s
bioabsorption profile must enable it to retain satisfactory strength while
the healing tissues are regaining mechanical integrity; (3) The implant
must not bioabsorb too slowly or it will behave like its metal counterpart
with breakage and migration; and (4) The implant must be made of

Fig. 1. Kinds of implants used in sport medicine: (a) Screws for treating mallet fingers, (b) Screws for internal fixation of patellar cartilage fractures, (c) Suture
anchors for rotator cuff injuries, (d) Interference screws used in anterior cruciate ligament reconstruction surgery, (e) Endo-buttons for treating dislocation of

acromioclavicular joint.
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Fig. 3. The relationship between implants degradation and tendon-bone heal-
ing process under ideal conditions. At about 3 months, collagen fibers begin to
appear between the tendon-bone interface, meaning an increase in the me-
chanical strength of the reconstructed tissue. Therefore, the degradation of
implants should not begin earlier than this point. After about 12 months,
mature indirect entheses formed. Implants should be completely degraded after
this point.

materials that are completely safe: no toxicity, antigenicity, pyrogenic-
ity, or carcinogenicity. According to the above principles, the mature
and promising medical absorbable materials today mainly include
polymer materials, bioceramics, and absorbable metals/alloys, seen in

Absorbable

material

Fig. 4. An overview of medical absorbable materials.
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Fig. 2. A diagram for enthesis of tendon-bone inser-
tion. The indirect enthesis are mostly located in the
diaphysis of long bones, connecting the tendon(T) to
the bone(B) through dense collagen fiber tissue called
Sharpey fiber(arrow) [7], for example, the enthesis
between the medial collateral ligament of the knee
joint and the tibia. The direct entheses are typically
found in the epiphysis and include the attachments of
the rotator cuff, anterior cruciate ligament, patellar
tendon, and Achilles tendon. These entheses consist
of four histological layers: ligament/tendon(T),
fibrocartilage(FC), calcified fibrocartilage(cFC), and
bone(B) [8].

Fig. 4 and Table 1.

3.1. Polymer materials

Absorbable polymer materials share the common characteristics of
polymer materials, including good mechanical strength, plasticity and
elasticity. In addition, they can degrade spontaneously in a physiological
environment to produce degradation products that can be absorbed or
expelled from the body through metabolism. Absorbable polymer ma-
terials include natural and synthetic polymers. Natural polymers are
derived from natural sources and include materials such as cellulose,
chitin, and collagen. Synthetic polymers are artificially synthesized
through chemical methods and their degradation rate in vivo varies
depending on their structure. This rate can be regulated through
improved preparation methods. Synthetic absorbable polymers that
have been widely studied and applied in clinical practice include
aliphatic polyesters such as polyglycolic acid, polylactic acid, polylactic-
co-glycolic acid, and polycaprolactone.

3.1.1. Polyglycolic acid, PGA

PGA is the simplest linear aliphatic polyester and its degradation
product, hydroxyacetic acid, is an intermediate product of the body’s
metabolism. It can be further decomposed into CO2 and H20 through
the tricarboxylic acid cycle or excreted directly through urine [11]. PGA
degrades rapidly, with its strength in tissue decreasing by more than
50% after 14 days and by 90% after 28 days under general conditions
[12], and in 6-12 months PGA can be completely degraded and absor-
bed [13]. Due to its high crystallinity, high melting point, high elastic
modulus, and controllable degradation rate, PGA has been made into the
world’s first absorbable surgical suture (Dexon®) [14]. However, for
orthopedic products, PGA’s rapid degradation rate is a significant
drawback as it cannot maintain fixation strength for a sufficient amount
of time. This limits its application in orthopedic or arthroscopic surgery
and makes it only suitable for fixing soft tissues that do not bear tensile
stress or non-displaced fractures such as non-displaced Bankart or labral
injuries [15]. Therefore, since the 1990s, it has no longer been used for
making orthopedic implants. In addition, excessive local accumulation
of PGA degradation products will lead to unique complications, such as
synovitis, bursitis, or lytic bone changes [16]. Since then, PGA has been
improved by physical blending or chemical copolymerization with other
materials to effectively control its degradation rate.

3.1.2. Polylactic acid, PLA
PLA has excellent mechanical properties and a controllable degra-
dation rate. It is made from starch derived from corn and wheat, making
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Table 1

Summary of the three kinds of absorbable materials.
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Absorbable material

Degradation time

Degradation products

Merits

Demerits

High elastic modulus, high mechanical strength

High mechanical stability, slow degradation rate

Good biocompatibility, controllable degradation
rate, almost no inflammatory reaction

Slow degradation rate, suitable for manufacturing
scaffolds

High mechanical stability, suitable degradation rate,
good biocompatibility, good osteointegration and
osteoconductive, improved environmental pH
Superior mechanical properties compared with
stainless steel or Ti-based alloy, good

Rapid degradation rate, can result in
inflammatory reaction at the implant
site

Poor biocompatibility , acid
degradation , hard to control
degradation rate

Poor mechanical strength, poor
osteointegration, unable to bear too
much weight

Poor mechanical strength, unable to bear
weight

Too brittle to be manufactured into
implants independently

Need to improve manufacturing process
to control degradation rate,

biocompatibility, good osteointegration and
osteoconductive, no cytotoxicity,

Similar mechanical properties to those of human
bones, suitable degradation time, good
biocompatibility, good osteointegration and

complications related to degradation
product hydrogen

Uncertainty about toxicity of local high
concentration zinc ions in human body

osteoconductive, strong antibacterial activity in

Superior mechanical properties with high elasticity,
strength, and plasticity

Polymers PGA 6~12 months Glycolic acid —

Water, carbon dioxide

PLA Few years Lactic acid—Water,
carbon dioxide

PLGA More than 1-2 months Lactic acid, Glycolic
acid—Water, carbon
dioxide

PCL 2~4 years Caproic acid — Water,
carbon dioxide

Bioceramics ~ HA and Few months to few years Ca%t, POY
B-TCP (depend on the molecular

structure of materials)

Metal Mg- About 1~1.5 years Mg?*, OH™, hydrogen
based (MAGNEZIX) and other metal ions
alloy
Zn- More than 20 months Zn?*, OH™ and other
based metal ions
alloy

vivo
Fe- Longer than 2 years Fe?*, Fe*", OH™, iron
based oxides and
alloy hydroxides, hydrogen

Slow degradation rate, poor biological
activity, high concentration iron ions
have biological toxicity

it low-cost and carbon-neutral. As such, it is considered one of the most
promising absorbable polymers. PLA was first discovered and named by
Swedish chemist Scheele in 1780. In the 1960s, researchers attempted to
use PLA sutures and rods to treat mandibular fractures in dogs [17,18],
representing the earliest studies of PLA for clinical applications.

The first stage of PLA degradation in vivo involves hydrolysis into
lactic acid and water-soluble oligomers. In the second stage, lactic acid
can be metabolized into glycogen in the liver, or enter the tricarboxylic
acid cycle and finally be decomposed into water and carbon dioxide and
discharged from the body [19]. The degradation rate of PLA under
natural conditions is quite slow, taking several years. As a result, the
inflammatory reaction that occurs after PLA implantation is extremely
insignificant [20]. The degradation of PLA can be accelerated by adding
some hydrophilic components or by reducing the crystallinity. Since
lactic acid, the monomer of PLA, has two optical isomers, there are three
corresponding stereo-configurations of PLA: levo polylactic acid (PLLA),
dextro polylactic acid (PDLA), and racemic polylactic acid (PDLLA). It is
worth noting that L-LA is a natural metabolite in animals and is not toxic
to humans. However, D-LA cannot participate in the body’s metabolism
and excessive use may lead to toxicity. PLLA has high tensile strength,
low elongation at break and high tensile modulus of elasticity (close to
4.8 GPa), which is ideal for medical load-bearing materials, such as
BioScrew®, Bio-Anchor®, MeniscalStinger®, etc. They have been
common PLLA orthopedic implants. In practical applications, PLLA has a
slow degradation rate because of its high crystallinity. To circumvent
this problem, PLLA and PLDLA are usually copolymerized to neutralize
and adjust the actual performance by using the low crystallinity and
high degradation rate of PLDLA.

Primary PLA also has disadvantages such as high brittleness and poor
impact resistance. For this reason, self-reinforced materials or compos-
ites have been prepared to improve the strength and control the
degradation rate to further meet the needs of clinical applications. For
example, the addition of hydroxyapatite (HA), which is similar to the
inorganic composition of bone, can slow down the degradation rate of
PLA and improve its mechanical strength, resulting in a good long-term
implant material [21-23]. Hydroxyapatite also improves the acidic pH
of the local internal environment after material degradation, increases
the hydrophobicity of the material surface, and enhances the osteoin-
ductivity and protein adsorption capacity of the material [24].
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3.1.3. Polylactic-co-glycolic acid, PLGA

PLGA is the general name of a series of copolymers obtained by
polymerization of glycolic acid and lactic acid in different proportions.
PGA degrades rapidly, resulting in rapid mechanical strength degrada-
tion, while PLA has poor hydrophilicity and slower degradation. Copo-
lymerization of the two monomers in different ratios can yield
absorbable materials with enhanced performance. The main factors
affecting the properties of PLGA are the copolymerization ratio, copo-
lymerization morphology, and molecular weight of the two monomers.
When the copolymerization ratio of LA/GA is 50/50, PLGA is a random
copolymer with the fastest degradation rate, which can be completely
degraded within 1~2 months, while PLGA with other copolymerization
ratios has more significant hydrolysis resistance [25,26]. PLGA exhibits
good biocompatibility in clinical applications, is non-cytotoxic and does
not cause inflammatory reactions [27,28], and is commonly used as
surgical sutures, drug carriers, and tissue engineering materials [29].
However, due to low mechanical strength, large elasticity, and lack of
osteogenic bioactivity [30], PLGA cannot be used for load-bearing ap-
plications and is rarely used in orthopedics at present [13,31].

Polylactide carbonate (PLC) is a absorbable material made from a
copolymer of PDLLA and PGA mixed with carbonate. In sheep ACL
reconstruction models, PCL exhibited excellent mechanical strength and
osteo-conductivity [32]. However, in human applications, interference
screws made from PLC were commonly associated with synovitis and
knee joint swelling. At the same time, PLC would appear irregular
degradation and excessive foreign body reaction in the human body,
leading to clinical research failure [33,34].

3.1.4. Polycaprolactone, PCL

Compared with other medical polymers, PCL is characterized by its
low glass transition temperature, low melting point, good thermal sta-
bility and rubbery state at room temperature, and it is easy to be blended
with other polymers and to be molded. The higher the molecular mass,
the longer the absorption time in the body. The degradation of PCL in
vivo is carried out in two stages. The first stage is the continuous
decrease of molecular weight, but no deformation and mass reduction.
In the second stage, after the molecular weight is reduced to a certain
value, the material starts to become fragments and lose mass, and is then
gradually absorbed and excreted by the body. PCL can also be used in
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the preparation of scaffold materials, especially in bone tissue engi-
neering [35-37]. For example, Nie et al. [38] found that a
hydroxyapatite-coated PLLA/PCL nanofiber scaffold successfully
induced healing of a circular defect in rat skull within 12 weeks. How-
ever, PCL is not currently considered suitable for fracture fixation in
weight-bearing areas due to its weak mechanical properties [39].

3.2. Bioceramics

Calcium phosphate ceramics, including hydroxyapatite, tricalcium
phosphate, tetracalcium phosphate and their mixtures, are important
inorganic bioactive materials used in orthopedics. Hydroxyapatite (HA)
is the main inorganic component of vertebrate bones and teeth, ac-
counting for about 70% of its total weight. HA has good biological
compatibility and bioactivity. After implantation, calcium and phos-
phorus are released from the surface of the material and absorbed by the
body. HA can integrate with bone tissue and support the adhesion,
proliferation and differentiation of osteoblasts, forming new bone
directly on its surface [40]. Beta tricalcium phosphate ($-TCP) has a
strength of 451.11-676.66 MPa and a yield strength of 137.29-156.91
MPa. It has good biocompatibility and is a good bone tissue repair and
reconstruction material [41,42]. There are three main degradation
pathways of B-TCP in vivo: material degradation by body fluid, phago-
cytosis by macrophages and multinucleated giant cells, and active ab-
sorption by osteoclasts [43]. The characteristics of calcium phosphate
bioceramic materials are: they have good biocompatibility and de-
gradability, and their mechanical properties change with porosity. With
the increase of porosity, their tensile and compressive strength de-
creases, their brittleness increases, and their fracture toughness de-
creases, but their degradability will increase accordingly [44,45].

Numerous in vivo tests have demonstrated that calcium phosphate
have good osteoconductivity [46]. These bioceramics bind well to the
bone surface without fibrous connective tissue mediation [47] and
promote bone formation and remodeling by attracting osteoblasts and
osteoclasts through chemotaxis [48]. In addition, when blended with
aliphatic polyester materials, the degradation of HA and B-TCP can
improve the acidic environment formed in local tissues during the
degradation of the former [49,50], which is more favorable for bone
growth and osseointegration [51]. Nevertheless, the high brittleness of
calcium phosphate makes it difficult to make suitable orthopedic in-
ternal fixation materials. Therefore, composites prepared by blending
bioceramics and polymers in different ratios preserve the toughness of
polymers and the osteoconductivity of bioceramics and are more
promising for applications in orthopedic and arthroscopic surgery [52].
Currently, both interference screws made of p-TCP/PLLA or HA/PLLA
and suture anchors made of TCP/PLGA have been put into use in adult
shoulder or knee arthroscopic surgery and achieved ideal therapeutic
effect [53-56].

3.3. Absorbable metal

Absorbable Medical Metal Materials are considered as new materials
that can potentially replace traditional titanium alloys or stainless steels
in the future. These medical absorbable metals can gradually corrode
and degrade under human physiological environment, with the con-
centration of released metal ions remaining within safe levels for the
human body. Due to their excellent mechanical properties, absorbable
metals are expected to overcome the limitations of bioabsorbable
polymers in weight-bearing applications. Strength and Young’s modulus
are important indicators of mechanical properties. The tensile strength
of cortical bone is 105-114 MPa, yield strength is 35-283 MPa, and
elastic modulus is 14-20 GPa. When the yield strength of the metal
material as an implant is greater than that of the cortical bone, it can
provide sufficient mechanical support to avoid fracture displacement,
and provide conditions for early fracture healing. When the elastic
modulus of metal material is similar to that of cortical bone, it can

276

Bioactive Materials 31 (2024) 272-283

effectively reduce the “stress shielding effect” after fracture healing
[57]. In addition, ideal absorbable metal materials for orthopedics
should also have the characteristics of complete degradation, good
biosafety and no cytotoxicity after fracture healing [19,58]. Currently,
absorbable metallic materials that have been intensively studied and
applied include magnesium, zinc, and their alloys.

3.3.1. Magnesium and its alloys

Magnesium is an essential nutrient in the organism, and its total
content in the human body is about 0.05% of body weight. Magnesium is
distributed in the human body in a fixed area, with the most distribution
in the bones, about 53%. The density (about 1.74 g cm~>) and modulus
of elasticity (45 GPa) of magnesium are close to the density (about 1.8 g
em ™) and modulus of elasticity of bone tissue, which can be well
adapted to the stress generated by human tissue and effectively avoid
the “stress shielding effect” [59].

The application of magnesium in clinical medicine began in 1878
when Edward C Huse used magnesium wire for vascular ligation [60]. In
1900, Payr first proposed the idea of using Mg plates, sheets, pins, and
nails in the musculoskeletal system, but the results of animal tests and
clinical trials were not satisfactory [61,62]. In 1906, Lambotte first used
pure magnesium plate and steel screws for fixation of a pseudarthrosis
after tibial fracture, but the Mg plate was removed only on the eighth
postoperative day because of extensive subcutaneous emphysema and
limb swelling caused by the rapid degradation of magnesium in the body
and the release of hydrogen gas [63]. He attributed this to a significant
corrosion reaction between the magnesium plate and the steel screws in
the body environment. After that Lambotte and his assistant Verbrugge
tried to use pure magnesium plates and screws to treat children’s
supracondylar and intercondylar fractures of the humerus. After more
than 1 year of follow-up they found good fracture healing, recovery of
joint function, complete degradation of the magnesium implants, and no
significant complications except for subcutaneous emphysema [64,65].
On this basis, Lambotte further used magnesium implants to treat frac-
tures of clavicle, wrist, hand, ankle, foot and other bones [64]. Because
pure magnesium has the defect of fast degradation rate in vivo, by the
1930s researchers gradually turned their attention to magnesium alloys,
but the therapeutic effects reported by several scholars are different
[65-67]. In 1948, Troitskii and Tsitrin reported 34 cases of internal
fixation of fractures with magnesium alloy plates and screws containing
a small amount of cadmium, and found that the alloy could stimulate
callus formation. In all patients there was no increase in serum mag-
nesium ion concentration and no significant inflammatory reaction, but
the problem of gas production during degradation of the alloy remained
unresolved [60]. The above early studies illustrated the characteristics
of magnesium alloy materials to promote fracture healing and
non-toxicity, which laid the foundation for future studies.

In recent years, a large number of studies have confirmed that
magnesium and its alloys have good biocompatibility, biodegradability,
and no cytotoxicity in the degradation and absorption process [68-72].
At the molecular biology level, magnesium ions were found to
contribute to bone formation by participating in multiple pathways,
such as the PI3K/Akt pathway [73-75], the osteoprotegerin
(OPG)/RANKL pathway [76,77], and the Wnt signaling pathway
[78-80]. Excessive degradation rate and hydrogen generation have been
the main problems faced by magnesium alloy materials. Besides failing
to maintain the fixation for sufficient time, too fast degradation of
magnesium alloy also raises the local environmental alkalinity, disrupts
the acid-base balance and inhibits cell growth [81,82]. And if hydrogen
cannot be absorbed and dispersed in time, it will lead to emphysema in
the vicinity of the implant, compressing the surrounding tissues and
causing damage, which is not conducive to fracture healing. In this re-
gard, there are two main methods to solve the excessive degradation of
magnesium, one is to add a protective layer on the surface of magnesium
to control the dissolution rate of magnesium, such as hydroxyapatite
coating [83], calcium phosphate coating [84], natural polymer-derived
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bioactive coating [85] etc., and the other is to make magnesium alloy to
regulate the degradation rate. The dynamic loading in human body as
well as corrosive body fluid poses a significant challenge to the practical
application of absorbable magnesium implants. Alloying magnesium
can improve the fatigue strength of materials. Bian et al. [86] observed
the corrosion fatigue behavior of Mg-Ca alloy and Mg-Zn-Ca alloy in
simulated body fluid, and found that the fatigue resistance of alloy
materials was better than that of pure magnesium. In addition, the
addition of rare earth elements can also improve the creep resistance
and corrosion resistance of magnesium alloys [87]. Currently,
Mg-Y-RE-Zr alloy (MAGNEZIX®, Syntellix AG, Hanover, Germany), and
Mg-Zn—Ca alloy (RESOMET™, U&I Corporation, Gyeonggi, Korea;
RemeOs™, Bioretec, Tampere, Finland) have been marketed succes-
sively and have achieved good efficacy in the treatment of calcaneal
valgus, ankle fractures, elbow fractures, and distal radius fractures
[88-90]. In March 2023, Bioretec announced that it had received market
authorization from the U.S. FDA for its RemeOs™ screw to be used for
bone fracture healing in clinical trials. This makes Bioretec the first and
currently the only medical device company to offer bioresorbable metal
implants in the United States. A chronology of the development of
magnesium alloys in medicine was summarized as shown in Fig. 5.

3.3.2. Zinc and its alloy

Zinc alloy has emerged as a promising absorbable metal in the field
of medical implants in recent years. Zinc is a trace element that plays an
essential role as a cofactor for over 300 enzymes in the human body,
involved in various functions such as immune system regulation, ner-
vous system function, and cell development [91,92]. Notably, zinc also
contributes significantly to bone growth, formation, mineralization, and
calcification processes [93,94]. Pure zinc has poor mechanical proper-
ties, with ultimate yield strengths ranging from 18 to 140 MPa and low
ductility of 1.2%-2.1%. However, when copper, iron, and manganese
are added to zinc to create alloys, the resulting materials demonstrate
significantly improved yield strength and ductility, approaching the
mechanical properties of cortical bone. These new zinc-based alloys
surpass conventional materials like titanium and stainless steel in terms
of their mechanical performance, offering promising prospects for or-
thopedic implant applications [95].

Theoretically, zinc alloy degrades slower than magnesium alloy, but
faster than iron alloy [96,97]. Depending on the composition of the
alloy, the degradation rate ranges from 9% to 11% at 12 weeks, with
complete degradation typically taking longer than 20 months [95,98].
The relatively slow degradation of zinc alloys enables them to maintain
their structural integrity for at least 6 months during the process of
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fracture healing, meeting the desired standards for absorbable metal
materials used in implants. Unlike magnesium alloys, the degradation
process of zinc alloys does not generate hydrogen gas, which can cause
local tissue compression and emphysema formation [99].

Numerous studies have demonstrated the benefits of zinc as a bone
repair material due to its complete biodegradability, ability to promote
bone growth and inhibit osteoclasts, and antibacterial properties [98,
100,101]. A study on a rat model of femoral defects have shown that
zinc can effectively promote bone defect repair and improve the survival
rate of bone graft [99]. A series of in vitro and animal tests suggest that
zinc alloy implants are not cytotoxic during degradation [102], but it is
still unknown whether high local concentrations of zinc ions can be toxic
in humans. Currently, internal fixation using zinc alloy has demon-
strated reliable therapeutic results in the treatment of tibial fractures in
rabbits and mandibular fractures in dogs [102,103], but few clinical
studies on human beings have been performed. Many challenges remain
to be addressed before zinc alloy can be widely used in clinical
applications.

3.3.3. Iron and its alloy

Iron and its alloys are also potential absorbable metal materials. Iron
and its alloys have high elasticity, strength and plasticity, the elastic
modulus of which is greater than that of stainless steel and magnesium-
based alloys [104]. Iron is also an essential trace element for the human
body, and is an important component of hemoglobin, myoglobin, cy-
tochrome, and a variety of oxidases and metabolic enzymes [105]. Many
animal experiments have confirmed that iron-based materials have good
biological safety [106-109].

Iron is a corrosive material with weaker activity compared to mag-
nesium and zinc. However, in physiological environments, the degra-
dation rate of pure iron is very low, and it will take 2 years or even
longer for complete absorption [106,107]. Iron corrodes too slowly in
body fluids, partly due to the large volume of iron oxide products that
can resist biodegradation. Many scholars have attempted to improve the
corrosion efficiency of iron-based materials by preparing alloys, but the
improvement effect is limited [109-112]. Similar to magnesium-based
materials, iron-based materials also generate hydrogen and hydroxide
ion during degradation, but their degradation rate is too slow to have an
impact on human body.

The slow degradation rate and poor biological activity of iron and its
alloys limit their application as orthopedic implants. In recent years,
some scholars have been committed to preparing porous iron-based
materials in order to increase the area of materials exposed to corro-
sive environments, ultimately achieving the goal of increasing the
degradation rate of alloys. Li et al. [113] made topologically ordered
pore iron by Direct Metal Printing (DMP). Electrochemical tests showed
that the degradation rate of this material was 12 times higher than that
of cold rolled steel. After 28 days of immersion testing, the weight of
porous iron decreased by 3.1%, and the elastic modulus and yield
strength of the material did not decrease significantly. In a simulated
physiological environment, the material exhibited high fatigue resis-
tance [114]. Wegener et al. [115] developed a porous Fe-0.8P based
material with good biocompatibility. Animal tests showed that newly
formed bone was growing into the porous spaces of the implant after 12
months, but no complete degradation of the implant could be observed.
Grodzicka et al. [116] first reported porous iron-based scaffolds pre-
pared by the simple replica method using polyurethane foam as a tem-
plate and applying the sintering process in a tube furnace. The
morphology and mechanical properties of this iron-based biomaterial
were almost identical to bones, and it possessed adequate wettability,
indicating its potential as biomaterial for scaffolds or implants in
orthopedics.
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4. Application of absorbable biomaterials in sport medicine
procedures

4.1. Shoulder

Shoulder injuries commonly involve the rotator cuff and the labrum,
and they are mainly treated by arthroscopic surgeries nowadays. The
procedure involves fixing the injured tendon and cartilage to the bone
tissue using suture anchors. Many suture anchors are made from tita-
nium alloy or biostable polyetherether ketone (PEEK), which is me-
chanically strong, resistant to wear and corrosion, and stable in the body
for long periods without biodegradation. However, studies have shown
that PEEK is not ideal in promoting osseointegration, which is detri-
mental to tendon-bone healing [117]. In this regard, biocompatible
resorbable polymers are more advantageous. Currently, suture anchors
made of bioresorbable polymers are well established, and common
products on the market include Bio-Corkscrew® (PDLLA) and Bio--
Corkscrew® FT (PLLA) by Arthex (Naples, USA), SpiraLok® (PLLA) by
Depuy-Mitek (Norwood, USA), Impact® and Duet® [both SR-PD(4)L
(96)LA] by Linvatec (Largo, USA), BioRaptor® (PLLA) and TwinFix®
AB (PLLA) by Smith & Nephew Endoscopy (Andover, USA), and BioZip®
(PLLA) by Stryker Endoscopy(San Jose, USA), etc. [118].

Long-term clinical practice has confirmed that the above-mentioned
bioabsorbable suture anchors have comparable mechanical performance
to metal or PEEK anchors [119-121], but there are still some unavoid-
able complications, such as degradation of fragments into the joint
cavity, soft tissue inflammation, cyst formation, and local osteolytic
changes [122]. Among these, cyst formation and osteolytic changes are
of particular concern to sport medicine surgeons, as they may affect
tendon-bone healing and lead to failure. By retrospecting 348 patients
underwent arthroscopic SLAP repair, Park et al. [123] found the use of
absorbable anchors, particularly PLDLA 96L/4D anchors were inde-
pendent risk factors for returning to operating room and revision sur-
gery. In his cohort, all cases of surgical failure (n = 22, 6.3%) were
treated with suture anchors made by PLDLA, while no patients treated
with metal or PEEK anchors needed to repeat operation. An MRI imaging
evaluation study showed that of 209 patients of rotator cuff injuries
treated with PLLA or PLDLA suture anchors, cyst formation was
observed in 97 cases (46.4%) after 10 months postoperatively, and se-
vere cyst formation (defined as cyst diameter larger than twice the an-
chor diameter) occurred in 18 (8.6%) of these patients. Although
statistical analysis showed that the cysts were not related to tendon-bone
healing rate, there was a concern that suture anchors within cysts were
much less mechanically stable than within bone tissue, which may put
tendons at an elevated risk of re-tearing or non-healing [124]. There-
fore, for the purpose of reducing bone loss and avoiding reoperations,
these types of bioabsorbable suture anchors were clearly inappropriate.
McCarty et al. [125] retrospectively identified 44 patients who under-
went arthroscopic debridement following surgical treatment of glenoid
labrum or rotator cuff lesions with PLLA or PLDLA suture anchors. The
research concluded that a recurrence of tear was observed in all patients
of rotator cuff injuries by preoperative MRI scan, implant debris were
visible in 55% of all cases and glenohumeral cartilage damages classified
as Outerbridge grade-III or IV were observed in 70% through arthro-
scopic exploration, and papillary synovitis in 79%, foreign body giant
cell reaction in 84%, and polarized crystalline materials in 100% were
found by synovial biopsy. Augusti et al. [126] observed 12 patients with
traumatic shoulder instability treated with PLA or PLDLA suture an-
chors, and found osteolytic changes in all of them in postoperative CT
imaging follow-up, with 9 (75%) having anterior glenoid fractures, some
of them without even suffering high-energy trauma.

Based on the above facts, biocomposite suture anchors with a
bioactive ceramic coating have a slower and more controlled degrada-
tion rate, likely to reduce the risk of treatment failure or repeat surgery.
It is reported that PLGA/B-TCP is one of the materials with the highest
osteoconductivity, and almost 90% of PLGA/B-TCP suture anchors are
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resorbed within 3 years, avoiding inflammatory reactions and cyst for-
mation that are common with rapidly degrading materials [127]. Ran-
delli et al. [128] evaluated the postoperative performance of 20 cases of
Bankart injury treated with PLGA (70%)/p-TCP(30%) suture anchors
using MRI and concluded, after a mean follow-up of 29 months, that
PLGA/B-TCP suture anchors had a good biological performance with
little to no cystic changes and that the signal changes on MRI appeared
to be equivalent to the process of trabecular bone formation. PLGA
(65%)-p-TCP(15%)-Calcium Sulfate(20%) is a newest biocomposite
material with stable initial mechanical strength, good soft tissue healing,
and complete degradation within 24 months, which can avoid cyst
formation and joint effusion [129]. Vonhoegen et al. [129] analyzed
MRI imaging of a total of 82 PLGA/p-TCP/CS suture anchors in 48 pa-
tients undergoing arthroscopic rotator cuff repair and found that only 2
anchors (2.4%) induced peripheral osteolysis during degradation, and
none of the defects exceeded the anchor diameter (5.5 mm). 50% of the
anchors degraded completely, and no anchor pull-out complications was
observed. In recent years, all-suture anchors made entirely of
non-absorbable sutures have even been developed, and have proven to
be as effective as bioabsorbable suture anchors for rotator cuff injuries
and Bankart injuries in terms of short-term efficacy [56,130]. In the
future, whether all-suture anchors will be prepared with bioabsorbable
materials is worthy of clinicians’ anticipation.

Magnesium suture anchors have entered the stage of animal exper-
iment. The researchers used 99.98% high purity magnesium suture an-
chors to repair sheep’s infraspinatus tendon in sheep, and histological
examination 12 weeks after surgery revealed good tendon-bone healing,
no local inflammatory reaction, and no toxic damage to organs, during
which the anchors maintained reliable strength [131]. Some scholars
tried to use Magnezix ® magnesium alloy screws in Latarjet procedure
for shoulder instability, but biomechanical studies on cadaveric bones
have found that the screws have a risk of breakage [132].

4.2. Knee

The technique of using bioabsorbable interference screws in anterior
cruciate ligament (ACL) reconstruction has been applied for more than
20 years, and a series of early studies have shown that PLA interference
screws are comparable to metal interference screws and have fewer
complications [133,134]. However, similar to resorbable polymer su-
ture anchors, absorbable polymer interference screws are associated
with early or late complications such as breakage of screws, displace-
ment of screws, inflammatory reactions, cyst formation, and bone tunnel
enlargement [122,135].

Cyst formation is mostly secondary to the inflammatory reaction
around the interface screw and can be detected by MRI. Significant
cystic changes can cause symptoms. In contrast, inflammatory reactions
and cystic changes are more common and symptomatic in the tibial
tunnel than in the femoral tunnel. Ramsingh et al. [136] investigated
273 cases of arthroscopic ACL reconstruction with PLLA/B-TCP inter-
ference screws. 14 (5%) patients developed anterior tibial swelling and
pain after a mean follow-up of 26 months, and after arthroscopic
debridement and curettage of cystic lesions, the symptoms of these pa-
tients improved. Bone tunnel enlargement is another common compli-
cation, but according to the literature, it does not cause significant
symptoms and does not affect clinical outcomes nor lead to knee insta-
bility [137,138].

Hopes for reducing complications with absorbable interference
screws have likewise been pinned on the development of biocomposite
materials, yet some composites appear to have the opposite effect.
Calaxo® interference screw, manufactured by Smith & Nephew Endos-
copy (Andover, USA), is composed of 65% PLDLA(85)-co-GA(15) and
35% calcium carbonate. Despite the excellent mechanical properties,
the copolymer composite degrades unstably in vivo. A RCT study led by
Bourke et al. [139] showed that Calaxo® was completely degraded
within 6 months after implantation, and 88% of cases had cyst formation
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around the tibial tunnel. Due to these complications, Calaxo® was
eventually withdrawn from the market.

Over the years, magnesium interference screws have been expected
for their good mechanical properties and biocompatibility. A biome-
chanical analysis on cadaveric bone showed that high-purity magnesium
interference screws performed comparably to PLLA screws in terms of
postoperative knee stability [140]. Thormann et al. [141] confirmed the
good biocompatibility of magnesium alloys in vivo by observing a series
of changes after implantation of interference screws made of Mg-Y alloy
into the femoral condyles of sheep. In rabbit model of ACL reconstruc-
tion, Cheng et al. [142] found that High-purity magnesium interference
screws promoted the expression of bone morphogenetic protein-2
(BMP-2), vascular endothelial growth factor (VEGF), and fibro-
cartilage markers (Aggrecan, COL2A1 and SOX-9) and the production of
glycosaminoglycan (GAG), they also observed fibrocartilage formation.
Diekmann et al. [143] performed ACL reconstruction in rabbits using
MgYREZr alloy interference screws, and histological examination after
24 weeks showed good tendon-bone healing and adequate
osseous-integration, while no tendon necrosis or inflammatory reaction
was observed. Wang et al. [144] showed that Mg interference screws
promote mineralization of tendon-bone insertion and bone formation
around the screws, with the possible mechanism being enhanced the
migration, adhesion, and osteogenic differentiation of bone marrow
mesenchymal stem cells [145]. Furthermore Wang [146] and his col-
laborators developed a Mg-Zn-Sr alloy with better mechanical proper-
ties, which performed better in promoting bone formation than PLA
interference screws. In a word, the results of the above animal experi-
ments indicate that interference screws made of magnesium and its alloy
have excellent mechanical properties, controlled degradation, good
biocompatibility and ability to promote tendon-bone healing, which
may have good application prospects.

Cross-pin provide an alternative method of fixation and are widely
used in arthroscopic ACL and PCL reconstruction. This device fixes the
tendon graft close to the anatomical position, allowing extensive contact
with the bone tunnel, avoiding the “bungee effect” (referring to the
telescopic movement of the tendon graft along the longitudinal axis of
the bone tunnel) and “windshield wiper effect” (referring to swinging
motion of the tendon graft perpendicular to the longitudinal axis of the
tunnel like a wiper), and facilitating tendon-bone healing. Rigid Fix® is
produced from PLLA/B-TCP by Depuy-Mitek(Norwood, USA) , whom
had been proved by a large number of clinical studies to have reliable
mechanical effects for used in both distal femur and proximal tibia
[147-150]. However, this device is by no means perfect. In addition to
the complexity of operation and high risk of causing iatrogenic neuro-
vascular injuries [151], several complications associated with degrad-
ability are also common in clinical practice, including implant breakage,
damage to articular cartilage and meniscus from degraded debris
entering the joint cavity, no bone growth into the residual cavity after
degradation of implants, and inflammatory reactions and osteolysis
around the pin track caused by degradation [152,153]. Fu et al. [154]
carried out animal trials of magnesium alloy cross-pin with positive
results, but no further applications have been made. Mao et al. [155]
designed a MEYREZr alloy stretch plate and applied it in an ACL
reconstruction model of Beagle. The results of biomechanical tests at 6
months postoperatively showed good knee stability and degradation of
the implant at an appropriate rate in vivo, as well as abundant Sharpey’s
fibers and new bone formation visible in the bone tunnel, suggesting
satisfying tendon-bone healing. This absorbable plate was initially
validated for safety and efficacy and is expected to be used in the future
for clinical applications.

Absorbable materials have also been used in the development of
meniscal repair devices, known as meniscal arrows. In 1988, Miller et al.
[156] first reported experimental results on the repair of meniscal tears
using meniscal arrows made of self-reinforced PLA (SR-PLA) material.
Subsequently in 1993, Albrecht-Olsen et al. [157] first reported their
experience in arthroscopic repair of meniscal injuries with absorbable
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meniscal arrows. The meniscus arrow, as an all-inside meniscus repair
device, became more widely used in the early part of this century [158,
159], but a biomechanical study found that the mechanical strength of
the meniscal arrow was inferior to that of the suture repair [160], and
long-term follow-up showed poor results of meniscal arrows, also [161,
162]. Nowadays, meniscal arrows are only recommended for the repair
of meniscal posterior root and body injuries, which can assure a high
success rate [163-165].

Other applications of absorbable materials in the knee include the
treatment of cartilage diseases and intercondylar ridge fractures. SR-
PGA or SR-PLLA rods, pins, nails have been used since more than 20
years ago to treat osteochondritis dissecans of the knee in adults or
children with good results [166-169], patients occasionally suffering
complications such as synovitis [167]. A latest retrospective study
showed that in 58 children who underwent arthroscopic fixation of
unstable osteochondral lesions in the knee joint using absorbable
P-96L/4D-LA nails, nail breakage(44.8%), secondary cartilage damages
(24.1%), and secondary meniscal injuries (10.3%) were also possible
complications [170]. Therefore, magnesium alloy may be a safer option.
Jungesblut et al. [171] used MAGNEZIX pin for arthroscopic fixation of
unstable osteochondritis dissecans of the knee and found cartilage
healing well with satisfactory joint function and only one internal fix-
ation failed. Gigante et al. reported three cases of tibial intercondylar
eminence avulsion fractures treated by arthroscopic internal fixation
with magnesium screws, and the clinical follow-up found that the pa-
tients’ knee function recovered well without implant-related complica-
tions, and the screws were completely absorbed after 6 months and
replaced by new bone after 12 months [172].

4.3. Other parts of body

In recent years, the application of absorbable implants has been
gradually expanded to treat sports injuries in the elbow, wrist, ankle,
hand and foot. Biber et al. [173] treated a osteochondral fracture of
humeral capitulum with a MAGNEZIX screw and found good results
after 1 year of follow-up, with no restriction of elbow movement nor
pain and swelling of elbow. Aarts et al. [174] described a technique for
minimally invasive treatment of the mallet finger using the
P-80L/20D-LA Meniscus Arrow in an outpatient setting. The majority of
the 50 cases had a good prognosis, with only one case of wound infection
that improved with antibiotics and one case of spontaneous detachment
of the internal fixation after frequent hand movement. In addition,
several studies have used magnesium screws in modified Chevron or
Youngswick osteotomies for the treatment of hallux valgus and have
achieved results comparable to those of titanium screws [175-178].

Several representative applications of absorbable implants for sport
medicine are summarized in Fig. 6 and Table 2.

5. Summary and prospect

Advances in bone, joint and soft tissue repair and reconstruction
techniques have been made possible by advances in materials science.
Traditional stainless steel and titanium internal fixations have shown
many shortcomings in clinical applications, and absorbable materials
offer a solution to these problems. The properties of absorbable mate-
rials vary depending on their composition. For example, bioresorbable
polymers have excellent mechanical properties, good biocompatibility,
and controlled degradation rates. Alloys made of magnesium, zinc or
iron, which are essential trace elements for the human body, have the
ability to promote the growth of the tendon bone system, in addition to
their enhanced mechanical properties. Therefore, in the future, these
metal biomaterials are expected to replace traditional stainless steel or
titanium alloys as the “gold standard” for implants used in internal
fixations.

Before these absorbable alloys can be used for tissue repair and
reconstruction in orthopedics and sport medicine, there are still
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Fig. 6. Several representative applications of absorbable implants for sport medicine in different parts of body.

Table 2

Summary of clinical applications of different degradable materials in sport medicine.

Material Implant Material compound Clinical need

Some representative commercial product (Manufacturer)

Suture anchor PLA, PLGA, PLLA/HA,
PLGA/p-TCP, PLGA/

B-TCP/CS

Polymer (with/
without
bioceramics)

Rotator cuff tear, Glenoid labium
lesion(e.g. Bankart lesion)

Bio-Corkscrew ( Arthrex, USA ) , Bio-Corkscrew FT ( Arthrex, USA ),
SpiraLok ( Depuy-Mitek, USA ) , GRYPHON(Depuy-Mitek, USA)
Impact, Duet ( Linvatec, USA ) , BioRaptor ( Smith & Nephew
Endoscopy, USA ) . TwinFix AB ( Smith & Nephew Endoscopy,

USA ), BioZip(Stryker, USA )

BioRCI-HA ( Smith&Nephew Endoscopy, USA ) , BIOSURE HA

( Smith&Nephew Endoscopy, USA ) , Milagro ( DePuy Mitek, USA ) ,
Intrafix ( DePuy Mitek, USA ) , ComposiTCP(Zimmer Biomet, USA),
BioScrew(Linvatec, USA)

Rigid Fix ( DePuy Mitek, USA )

Biofix meniscus arrow(Linvatec, USA)

Rapid Loc ( DePuy Mitek, USA ) , Fast-Fix ( Smith&Nephew
Endoscopy, USA )

Biofix (Linvatec, USA)

Biofix (Linvatec, USA)

MAGNEZIX(Syntellix AG, Germany)

Interference PLLA, PLLA/HA, PLLA/ ACL/PCL reconstruction

screw B-TCP

Cross-pin PLLA/B-TCP ACL/PCL reconstruction

Meniscal Repair ~ PLLA, PLDLA meniscal repair

System

Tack SR-PLLA Avulsive fracture or ligament
lesion(e.g. Mallet finger)

Pin/nail SR-PGA, SR-PLLA Osteochondritis
Dissecans Lesion

Magnesium-based screw Mg-Y-RE-Zr Intercondylar eminence fracture,
alloy humeral capitulum fracture, hallux

valgus

pin Mg-Y-RE-Zr Osteochondritis dissecans lesion

MAGNEZIX(Syntellix AG, Germany)

important issues to be resolved. For magnesium alloys, the high corro-
sion rate in vivo is still the biggest problem. The rapid degradation af-
fects the mechanical stability of the implants, while the large amount of
hydrogen released during the degradation process hinders bone healing.
Zinc alloys face the opposite problem, with a slower degradation rate
that cannot be matched to tendon-bone healing. Meanwhile, the in vivo
degradation rate of zinc alloys should be as uniform as possible, as high
concentrations of Zn*" are cytotoxic, which still needs to be further
controlled. As for iron-based materials, the slow corrosion rate still
severely limits their clinical application as orthopedic implants. The rate
of degradation of medical absorbable alloys in vivo can be modulated by
composition adjustment, surface modification, structural modification,
or composite treatment. How to regulate the in vivo corrosion rate of
absorbable metallic materials to match the rate of bone formation and
tendon-bone healing, thus providing a stable tissue growth environ-
ment, still needs to be further explored. Translational medicine, as a
bridge between basic research and clinical applications, should play a
greater role in this process.
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