Bioactive Materials 6 (2021) 4186-4208

KeAi

BIOACTIVE
MATERIALS

Contents lists available at ScienceDirect

Bioactive Materials

FI. SEVIER

journal homepage: www.sciencedirect.com/journal/bioactive-materials

L)

Check for

Research status of biodegradable metals designed for oral and maxillofacial &
applications: A review

a,b,**

', Yongsheng Zhou ™"

Dandan Xia®"™%", Fan Yang®"', Yufeng Zheng ™“", Yunsong Liu

@ Department of Prosthodontics, Peking University School and Hospital of Stomatology, Beijing, 100081, China

Y National Engineering Laboratory for Digital and Material Technology of Stomatology, National Clinical Research Center for Oral Diseases, Beijing Key Laboratory of
Digital Stomatology, National Medical Products Administration, Key Laboratory for Dental Materials, Research Center of Engineering and Technology for Digital
Dentistry, Ministry of Health, Beijing, 100081, China

¢ Department of Materials Science and Engineering, College of Engineering, Peking University, Beijing, 100871, China

ARTICLE INFO ABSTRACT

Keywords:

Biodegradable metals

Oral and maxillofacial region
Bone fracture

Bone fixation

Bone defect

Guided bone regeneration

The oral and maxillofacial regions have complex anatomical structures and different tissue types, which have
vital health and aesthetic functions. Biodegradable metals (BMs) is a promising bioactive materials to treat oral
and maxillofacial diseases. This review summarizes the research status and future research directions of BMs for
oral and maxillofacial applications. Mg-based BMs and Zn-based BMs for bone fracture fixation systems, and
guided bone regeneration (GBR) membranes, are discussed in detail. Zn-based BMs with a moderate degradation
rate and superior mechanical properties for GBR membranes show great potential for clinical translation. Fe-
based BMs have a relatively low degradation rate and insoluble degradation products, which greatly limit
their application and clinical translation. Furthermore, we proposed potential future research directions for BMs
in the oral and maxillofacial regions, including 3D printed BM bone scaffolds, surface modification for BMs GBR
membranes, and BMs containing hydrogels for cartilage regeneration, soft tissue regeneration, and nerve
regeneration. Taken together, the progress made in the development of BMs in oral and maxillofacial regions has
laid a foundation for further clinical translation.

have not been widely studied and applied in clinical practice [4-6].
Bioceramics is difficult to balance good degradability and mechanical
strength, which limits their clinical application [7]. Non-biodegradable
metallic materials, such as titanium (Ti) and stainless steel, are widely

1. Introduction

The oral and maxillofacial region is one of the important parts of the
human body because of their many functions and aesthetic values,

which have a complex anatomical structure and several tissue types.
Once damaged, it is difficult to repair. Bone substitutions including
autograft, allograft, xenograft, and artificial materials are used to
reconstruct oral and maxillofacial regions. Autograft has great osteo-
genic effect and is considered the gold standard for bone augmentation.
However, autograft has some shortcomings such as extra trauma in
donor site and limited bone available [1]. Xenograft with a wide range of
sources is commonly used bone augmentation in clinic. However, there
are some problems in xenograft, such as immune rejection, ethical
controversy, and unsatisfactory osseointegration [2,3]. Dentine grafts
and allografts may be effective methods for bone augmentation, but they
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applied in maxillofacial surgery because of their excellent mechanical
strength and biocompatibility. However, they require secondary surgery
to remove the implants, causing surgical pain and economic burden. In
addition, the difference in the elastic modulus of these metals and bone
causes stress shielding, leading to resorption of the surrounding bone
[8]. While biodegradable polymer has the disadvantages of low me-
chanical strength and acidic degradation products [9,10].
Biodegradable metals (BMs) have biodegradability properties,
excellent mechanical strength, ductility, formability, osteogenic capac-
ity, and antibacterial properties. In 2014, Zheng et al., provided the first
formal definition of the term “Biodegradable metals (BMs)" [11]. In
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2019, to make it identical to the term “Absorbable metallic bio-
materials” proposed by the ASTM, Zheng et al. modified the definition as
follows: “metals expected to corrode gradually in vivo, with an appro-
priate host response elicited by released corrosion products, which can
pass through or be metabolized or assimilated by cells and/or tissue, and
then dissolve completely upon fulfilling the mission to assist with tissue
healing with no implant residues” [12]. The most representative BMs are
Mg-based BMs, Zn-based BMs, and Fe-based BMs. Mg-based and
Fe-based BMs have a long history of biomedical use. Fe-based BMs have
been used to manufacture biodegradable medical sutures since the 17th
century [13]. The earliest recorded application of Mg was as a ligature
for bleeding vessels in 1878. By the early 20th century, Mg implants
were being used for orthopedic fixation [14]. Mg-based BMs are the
most thoroughly studied and widely used BMs because its elastic
modulus is similar to human bones, and its biosafety, biodegradability,
and visualization on radiographs. Over time, Mg-based BMs have been
applied in manufacturing fixation plates, screws, pins, wires, and stents
[15]. Fe-based BMs have a relatively low degradation rate and insoluble
degradation products, which greatly limit their application [16].
Zn-based BMs with a moderate degradation rate and superior mechan-
ical properties show great potential for clinical translation. In recent
years, Zn-based BMs have attracted more and more attention for or-
thopedic and cardiovascular applications.

To date, there has no review on BMs for oral and maxillofacial ap-
plications. This review focuses on the latest applications of three
representative BMs (Mg-based BMs, Fe-based BMs, and Zn-based BMs)
in the oral and maxillofacial regions, including bone, cartilage, teeth,
and soft tissue. In addition, we summarize the application of composite
materials containing BMs or BM compounds in oral and maxillofacial
region. We also discuss the obstacles for the application of BMs in the
oral and maxillofacial regions, and its prospects and possible develop-
ment directions in the future.

2. Biodegradation of biodegradable metals

Unlike in vitro degradation, the degradation of BMs in complex in vivo
environments is often difficult to predict. The degradation of BMs in vivo
depends to a great extent on the conditions at the site of implantation
[17,18]. Some researchers believe that the implants used for bone fix-
ation must maintain their mechanical stability for at least 12 weeks;
however, for children, a shorter stable time is acceptable [19,20].

2.1. Biodegradation of Mg-based BMs

In the nearly neutral physiological environment, Mg-based BMs react
with water to form Mg hydroxide and release hydrogen gas that has very
low solubility in the blood, which is a natural electrochemical reaction.

Mg — Mg2+ +2e” (anodic reaction)

2H,0 + 2e¢~ — Hp + 20H™ (cathodic reaction)
Mg+2H,0 — Mg(OH),+ H; (overall reaction)
Mg(OH),+ 2C1~ — MgCl,+20H™
5Ca”™+3P0O3 +OH™ = Cas(PO4);0H

Mg hydroxide formed on the surface of Mg-based BMs, a non-toxic
and harmless precipitate, has loose, porous and non-adhesive proper-
ties. Therefore, the degradation product Mg hydroxide can only provide
partial protection for Mg-based BMs to prevent further corrosion [21]. In
a physiological environment, abundant aggressive chloride ions react
with Mg hydroxide to form Mg chloride. Chloride ions at concentrations
above 30 mmol/L will destroy the passivation film of surface corrosion
products and accelerate the corrosion of Mg alloys by pitting corrosion
[19]. The increase of local pH and the saturation of calcium ions and
phosphate in body fluids promote the formation of calcium phosphate
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compounds that can inhibit the degradation of Mg implants [22,23]. The
composition of calcium phosphate deposits is similar to the calcium salts
found in natural bone and contributes to the formation of new sur-
rounding bone [23,24].

The degradation of Mg implants in vivo leads to the production of
excess Mg ions. Mg, an essential micronutrient, is consumed at about
350-400 mg/day [25]. Cells can tolerate concentrations of Mg ions up to
16 mM, which is about 16 times the physiological range [26]. The
excessive Mg ions produced by the degradation of regular volume Mg
implants in vivo do not change the concentration of Mg ions in serum or
affect biosecurity, because they are excreted out of the body through the
urinary system [27,28]. An Mg alloy implanted into the cranial bone
produced no Mg deposition in lymph nodes after degradation [29].
Based on in vivo experiments, the excess Mg ions produced by Mg im-
plants resulted in no adverse health risks to rats with chronic renal
failure [30]. Furthermore, Mg ions can promote the formation of callus
and accelerate local bone mineralization and remodeling. Mg ions pro-
mote fracture healing by upregulating the expression of the calcitonin
gene-related peptide, thereby reducing delayed fracture healing and
nonunion of fractures [31]. The newly formed bone at the fracture site
fixed with Mg and Ti has a similar histological structure and mechanical
properties [32,33]. What’s more, Mg alloys are relatively safe for chil-
dren’s bone development [34-36].

However, the rapid degradation of Mg results in an increase in the
local pH level, although blood and tissue fluid flowing through the body
can buffer pH changes. The high alkaline extracellular environment
caused by the rapid corrosion of Mg is not conducive to the survival and
osteogenic differentiation of human bone marrow-derived stem cells
(hBMSCs) [37], and even leads to alkalosis [38]. Relatively large
amounts of hydrogen are produced in the early stages after Mg im-
plantation, possibly leading to the formation of localized gas cavities,
especially if the soft tissue seals well. To some extent, the hydrogen gas
cavity compresses the surrounding tissues, which is harmful to cell
adhesion, proliferation, and differentiation. Hydrogen gas accumulation
interferes with implant osseointegration and bone formation around the
Mg implant [17,39]. Therefore, it is important to reduce the degradation
rate of Mg-based BMs.

2.2. Biodegradation of Zn-based BMs

Zn is the second-most abundant trace element in the human body.
Dietary allowance in the United States recommends 8-11 mg/d of Zn.
According to the standards of the Food and Drug Administration, adult
Zn tolerance is 40 mg/d [40]. Zn-based BMs degrade naturally in the
physiological environment without producing gas and harmful prod-
ucts. Many preclinical experiments showed that the Zn-based BMs
implanted in the rabbit abdominal and rat femur condlye have good
biocompatibility [41]. Degradation products of Zn-based BMs mainly
include Zn oxide, Zn hydroxide, and Zn phosphate, among which Zn
phosphate might be a key degradation product to improve the
biocompatibility of Zn-based implants [41,42]. Similarly, chlorine ions
in the physiological environment can also react with Zn(OH), to form
more soluble chlorine salts, which will disrupt the equilibrium of
dissolution and formation of Zn(OH), and promote further dissolution of
the Zn-based BMs [21].

Zn — Zn®* + 2e” (anodic reaction)

2H,0 + Oy + 4e~ — 40H"™ (cathodic reaction)
270" + 2H,0 + O, — 2Zn (OH), (overall reaction)
Zn** + 20H™ - ZnO + H,0

3Zn?* + 2HPO; ™ + 20H™ +2H,0 — Zn3(POy),

The degradation rate of Zn-based BMs was moderate, being lower
than that of Mg-based BMs and higher than that of Fe-based BMs.
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Previous experiments showed that the degradation rate of Zn-based BMs
in vivo is about 0.07-0.22 mm/year [43,44].

2.3. Biodegradation of Fe-based BMs

Iron plays a crucial role in the biochemical activities of the body and
is an essential nutrient with limited bioavailability. The human body
contains about 3-5 g iron, which is stored mainly in hemoglobin, liver
and muscle [45]. To compensate for iron depletion due to skin and
mucous membrane shedding, menstruation, etc., the recommended
daily intake of iron is 1-2 mg/day [46]. Although iron is a physiological
element, its redox property determines its harm to cells and tissues. In
the process of iron degradation, in addition to producing Fe** and Fe3",
it can also produce reactive oxygen and free radicals, resulting in cell
and tissue damage [45]. Fe can catalyze the formation of reactive oxy-
gen species and free radicals, resulting in cell and tissue damage. The
human body has no effective physiological mechanism for excreting Fe,
therefore, Fe intake must be strictly controlled to prevent excess [47].
Thus, some researchers believe that the current Fe-based BMs cannot be
considered as safe or biocompatible materials [45].

Fe — Fe?* 42¢~ (anodic reaction)

2H,0 + 2¢~ — Hjp + 20H™ (cathodic reaction)
Fe + 2H,0 — Fe(OH),+ H; (overall reaction)
2Fe(OH); + HyO + 1/20, — 2Fe(OH)3

Fe** + 2CI" = FeCl,

Fe?* + CO%3™ - FeCO3

Several animal experiments have shown that the degradation rate of
Fe-based BMs implants in vivo is extremely slow [48]. Pins of pure Fe and
two Fe-based BMs (Fe-10Mn-1Pd and Fe-21Mn-0.7C-1Pd, in wt.%)
remained largely intact for a year after placement in the femur of rats
[49]. The slow degradation rate of Fe-based alloys might not only hinder
the formation of new tissue, but also causes side effects similar to those
of permanent implants [50]. The passivation layer formed by the
degradation of Fe-based BMs in the physiological environment can
inhibit the further degradation of the alloys [51]. Solid Fe degradation
products are stable and insoluble in the physiological environment,
which might cause metabolic complications [52].

3. Mg-based BMs for oral and maxillofacial application
3.1. Application of Mg-based BMs in hard tissue

As a cofactor for enzymes involved in carbohydrate and lipid meta-
bolism, Mg plays an essential role in many metabolic processes [53]. In
adults, the total amount of Mg stored in the body is about 25 g, of which
66% is stored in the bones [54]. As the fourth most abundant cation in
the body, Mg?" plays a significant role in the development and miner-
alization of hard tissue. Mg, a stimulant of bone conduction and bone
growth, is closely related to bone metabolism [55]. Mg deficiency affects
the immune response and leads to a decrease in the number of osteo-
blasts and an increase in osteoclasts, leading to bone loss [56]. Mg binds
to ion channels on the cell membrane and can affect molecular mobility
and permeability. The Mg ion channel, transient receptor potential
cation channel subfamily M member 7 (TRPM?7), is highly expressed in
ameloblasts, odontoblasts, and osteoblasts [57]. Low concentrations of
Mg ions can enhance the osteogenic activity of calvarial osteoblasts by
activating the phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/-
protein kinase B (Akt) pathway [58]. In vitro and in vivo experiments
have confirmed that Mg promotes the mineralization of hard tissues,
including enamel, dentin, and craniofacial bone. In the oral and maxil-
lofacial region, the application of Mg in hard tissue mainly includes the
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following: Screws and plates for maxillofacial bone fixation, guided
bone regeneration (GBR) membranes and bone substitutes for bone
defects, surface modification of dental implants, and cartilage and tooth
regeneration.

3.1.1. Mg-based fracture fixation systems

Maxillofacial fractures are often caused by interpersonal violence
and traffic accidents, which affect the appearance of the patient and
their normal physiological functions such as chewing and speech [59,
60]. Open reduction and internal fixation are the most common methods
for fracture fixation treatment [61,62]. This method is also used in
orthognathic surgery and bone graft reconstruction after tumor resec-
tion in oral and maxillofacial surgery. Bone fixation systems can bear
part or all the functional load of the fracture site, thus preventing
rotation and displacement of the broken end of the fracture [63].
Although Ti internal fixation systems were regarded as the gold stan-
dard, they have many disadvantages, including infection, exposure,
pain, cold intolerance, and palpability [64]. The inert metal fixation
plates and screws usually have to be removed after the healing of bone
tissue. The plate removal rate after surgery reported in the literature
varies greatly, from 5 to 55% [65,66], of which 64.4% were removed
because of complications [64].

Biodegradable fracture fixation systems solve the disadvantages
brought about by the inert metal fixture, which have been used in oral
and maxillofacial region surgery since the early 1970s [67]. Current
biodegradable medical implants are usually based on polymers, such as
poly-i-lactic acid (PLLA) and polylactic acid-glycolic acid (PLGA) [68].
The fixation screws of degradable polymers have poor mechanical
properties, leading to early fracture, and usually need tedious additional
procedures to make up for these disadvantageous mechanical properties
[65,69]. Moreover, the inflammation and foreign body reactions caused
by the acidic degradation products of synthetic polymers also limit their
practical applications [9,10]. Clinical studies and meta-analyses have
shown that the degradable polymer fixation systems used in maxillofa-
cial surgery do not have adequate safety profiles [70,71].

Mg-based BMs with excellent mechanical strength and good
biocompatibility are considered promising candidates for biodegradable
bone fixation screws and plates. Mg-based alloys screws are the only BM
bone fixation device that have achieved clinical translation [23,72]. The
elastic modulus of Mg-based alloys is very close to those of natural bone,
especially natural cortical bone, which greatly weakens the “stress
shielding” effect, thus, decreasing bone resorption [19,73]. The fracture
strength and compressive yield strength of Mg-based alloys are lower
than those of Ti alloys and cobalt-chromium alloys [19], and are 3-16
times stronger than those of polymers [74]. Except for the mandible, the
flat bones of the maxillofacial region usually bear a lower load than long
bones [18]. Researchers have found that Mg-based alloy fixation pro-
vides sufficient mechanical strength for maxillofacial bone healing [75].
In vitro pull-out experiments showed that pure Mg and AZ31 Mg alloy
screws have similar fixation strengths to stainless steel screws [18]. Mg
screws can closely bond with the surrounding bone, similar to stainless
steel screws [76,77]. A study has shown that bone-implant interface
strength of Mg alloy was stronger than those of Ti alloy. After 24 weeks,
an Mg rod implanted into the rat femur maintained the main part and
could provide mechanical strength [20]. In summary, current experi-
ments show that Mg implants can undertake the functional load of the
maxillofacial bone.

To date, many studies have used Mg-based fixation plates and screws
to fix maxillofacial fractures (Table 1). In the oral and maxillofacial
region, most publications about Mg-based alloy fixation systems are
preclinical studies, including finite element analysis. Clinical trials have
demonstrated that Mg-based screws provide adequate fixation and are
effective in the treatment of hallux valgus surgery and medial malleolar
fracture surgery [23,78-80]. Most of the published literature indicates
that Mg-based alloy plates and screws are good candidates for bone
fixation.
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Table 1

Mg-based fracture fixation systems for the oral and maxillofacial regions.

Bioactive Materials 6 (2021) 4186-4208

Implant site Materials Fixation types Experimental Evaluation method Results First author,
method year, ref
Mandible Posterior Mg Screw Finite element Stress Distribution Mg screws can maintain the LeeJ.Y., 2014
fracture mandibular body modeling (FEM) mechanical stability of the mandible ~ [91]
in advancement and setback sagittal
split ramus osteotomy.
Posterior Mg-Ca-Zn Screw FEM Stress Distribution; Mg-Ca—Zn alloy screws can Lee J.H.,
mandibular body alloy Deformation caused by maintain the stability of the 2017 [92]
masticatory loading mandible position after sagittal split
ramus osteotomy successfully.
The lower edge of Mg; AZ31 Screw FEM; Animal In-vitro pull-out test; Mg and AZ31 screws promote Henderson S.
the mandible just experiment Micro-CT; craniofacial bone remodeling and E., 2014 [18]
posterior to the (rabbits) Histological analysis exhibit a similar holding strength to
molars stainless steel screws.
The lower edge of WE43 Screw; Animal Micro-CT; Histological Three kinds (fluoridated, Naujokat H.,
mandibular angle Plate experiment analysis hydrogenated, and non-modified) of 2020 [84]
(miniature pigs) WE43 plates and screws can fix
mandibular angle osteotomy.
Mandibular Angle WE43 Rivet Animal Micro-CT; Histological The design of rivet-screw for the Schaller B.,
experiment analysis manufacture of Mg fixation is 2016 [85]
(miniature pigs) feasible.
Condylar head MgYREZr Cannulated Clinical Cone-beam CT MAGNEZIX® CS Screws can fix Leonhardt
alloy headless experiment condylar head fracture successfully.  H.,2017 [88]
screw
Midface Supraorbital rimand ~ WE43 Nonlocking Animal Standardized CT; WEA43 fixation systems show Schaller B.,
fracture Zygomatic arch screw; experiment Micro-CT; excellent fixation effect in mid-face 2018 [96]
Plate (miniature pigs) Histological analysis; fractures.
Histomorphometry
Zygomatic arch WE43 Screw; Animal Radiographs; WEA43 fixation systems show good Kim B.J.,
Plate experiment Micro-CT; biocompatibility, initial stability, 2018 [97]
(beagles) Mechanical Testing; and Osteogenic ability in fixation of
Histological analysis; zygomatic arch fractures.
Maxilla (LeFort I WE43 Screw; Animal Micro-CT; WEA43 fixation is clinically feasible Byun S.H.,
osteotomy) Plate experiment Histological analysis; for LeFort I osteotomy, but further 2020 [98]
(beagles) treatment is needed to reduce the
degradation rate.
Maxilla (LeFort I ZK60 Screw; Animal Micro-CT LLA-coated ZK60 fixation has Byun S.H.,
osteotomy) Plate experiment sufficient mechanical strength but 2020 [99]
(beagles) an unsuitable rapid biodegradation
rate.
Frontal Frontal bone WE43 Screw; Animal Standardized CT; WE43 plates and screws do not Naujokat H.,
fracture Plate experiment Micro-CT; interfere with bone healing and are 2017 [102]
(miniature pigs) Histological analysis; suitable for the fixation of minipig
frontal bone.
Frontal bone WE43 Screw; Animal Standardized CT; Mg plates and screws show good Schaller B.,
Plate experiment Micro-CT; biocompatibility and stability in the 2016 [103]

(miniature pigs)

Histological analysis;

frontal bone of minipigs.

3.1.1.1. Mandibular fracture. Mandibular fractures are the most com-
mon facial fractures requiring surgical intervention, accounting for
41.6-75.2% [81], which affect the patient’s occlusion, speech, and facial
symmetry [82]. Mandibular fractures usually require open reduction
fixation with rigid plates and screws [83]. In recent years, biodegradable
Mg plates and screws used for mandibular fracture fixation and
orthognathologic fixation have attracted the attention of researchers.
Henderson et al. inserted Mg-based screws (pure Mg and AZ31 Mg alloy)
into a rabbit’s mandible and found that the Mg screws promoted new
bone remodeling. Compared with stainless steel screws, the bone above
the head of both Mg-based screws was overgrown, suggesting that
Mg-based alloys might contribute to periosteum osteogenesis [18].
Naujokat et al. implanted three kinds of WE43 Mg alloy plates and
screws in an osteotomy at the mandibular angle in miniature pigs,
namely, the unmodified group, the hydrogenated group, and the fluo-
rinated group [84]. Within eight weeks of implantation, histological
analysis showed that all three types of WE43 fixations promoted bone
regeneration and remodeling (Fig. 1). Surface modification by hydro-
genation and fluoridation didn’t significantly affect the degradation
rate, biocompatibility, and fracture healing of Mg fixation systems.
However, the torsional strength of Mg alloys was limited. Therefore,
inserting poor self-tapping Mg screws into the bone with great torque
and compression force might cause Mg screw fracture. To eliminate
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these disadvantages, Schaller’s group developed a new type of
expandable Mg cylindrical hollow rivet-screw, which were successfully
implanted into the mandible of pigs. By pulling the mandrel out of the
hollow rivet-screw, the Mg rivet-screw expands and is pressed tightly
against the bone. In vivo experiments showed that the Mg rivet-screws
maintained sufficient stability after 12-24 weeks. Although Mg
rivet-screws exhibited inferior osseointegration and osteogenic capa-
bility to Ti rivet-screws, surface coating improved the performance of
Mg rivet-screws [85]. Overall, the design of Mg rivet-screw for fixation is
feasible.

Condylar fractures account for 25-35% of mandibular fractures,
representing one of the most common maxillofacial fractures [86]. Open
reduction and rigid internal fixation of a mandibular condylar fracture
can achieve better results because it can better restore the pre-traumatic
anatomical relationship and promotes the rapid healing of fractures
[87]. The biodegradable Mg-based headless MAGNEZIX® CS Screws
(MAGNEZIX® CS, Syntellix AG, Hanover, Germany) have been used in
patients with a condylar head fracture for clinical study. A short-term
observation after open reduction and internal fixation showed that Mg
showed excellent biomechanical stability and no other complications
[88].

Orthognathic surgery is an effective method to correct mandibular
deformity. The sagittal split ramus osteotomy (SSRO) of the mandible
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Fig. 1. Surgical procedure and histological specimens of mandibular fractures in miniature pigs fixed with WE43 Mg alloy plates and screws. (A) Screw holes were
drilled and then the osteotomy was performed. (D) The mandibular is fixed using an Mg alloy plate and four screws. After 8 weeks of fixation, the mandibular
osteotomy healed completely. Toluidine blue staining image shows the newly healed bone(B) and healed bone presents lamellar structures (arrows in E). In the
fluorescence microscopic image, two concentric bands of red fluorescence indicate new bone formation (C, F) [84].

can correct the retrognathism or prognathism while maintaining a
condylar position [89]. In the finite element analysis model of SSRO, the
stress distribution on the mandible of Mg and its alloy screws was similar
to that of Ti screws, but quite different from that of polymer screws [90].
Lee’s group compared the biomechanical stability of Mg, Ti, and poly-
mer as orthopedic screw material for SSRO, based on three-dimensional
finite element analysis [91]. In advancement SSRO, five Mg screws
(three upper, two lower) could maintain the mechanical stability of the
mandibular propulsive force, equivalent to the stability provided by
three to four Ti screws. However, five polymer screws provided insuf-
ficient stability. Three Mg screws (two upper, one lower) are recom-
mended for the setback SSRO operation. Later, these researchers also
used finite element analysis to study the feasibility of biodegradable
Mg-Ca-Zn alloy screws as fixation screws in setback SSRO of the
mandible [92]. After the osteotomy of the SSRO of the mandible, after
which the chewing load increased from 132 N to 1000 N, the defor-
mation of the Mg screw was almost the same as that of the Ti screw. The
deformation of the Mg screw was less than 0.21 mm under the initial
functional load (132 N). Results showed that the biodegradable
Mg-Ca-Zn alloy screws could bear more stress, reduce the stress
distributed in the mandible, and successfully maintain the stability of
the mandible position after SSRO. In conclusion, for mandibular
orthognathic surgery, biodegradable Mg screws provide sufficient me-
chanical strength and stability as a potential bone fixation. However,
this strategy needs to be confirmed in future animal experiments and
clinical trials.

3.1.1.2. Midface fracture. The midface bone is not only the attachment
point for many muscles, but also affects the occlusal relationship and
protects key structures, such as the eye. Maxillary and orbital fractures
account for 39.8% of facial fractures, respectively, representing common
facial fractures [93]. The zygoma connects with many bones in the
craniofacial region, which can absorb and buffer the force from the
cranial base [94]. Surgical intervention is usually required for midface
fracture [95]. Researchers have demonstrated the feasibility of WE43
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Mg alloy plates and screws for several different midface fractures.

Schaller et al. simulated two different types of midface fractures via
osteotomies of the supraorbital rim and zygomatic arch of minipigs, and
used WE43 Mg plates and screws to fix them (Fig. 2) [96]. After 9
months, the WE43 fixation system had a good fixation effect on the
midface fracture and showed excellent performance in promoting frac-
ture healing. Compared with that of the PLGA control group, the Mg
alloy fixation plates and screws demonstrated adequate mechanical
properties and a reduction in size. Kim’s group came to a similar
conclusion, that Mg alloy screws and plates provide excellent initial
stability and osteogenic ability for the fixation of zygomatic arch frac-
tures in beagles and could bear the load in the early stage of fracture
healing [97].

In 2020, Byun et al. used WE43 Mg alloy pretreated with an extru-
sion process to manufacture screws and L-shaped plates [98]. The me-
chanical strength of the Mg screws and plates was enhanced by
extrusion. A LeFort I osteotomy model was built in beagles to evaluate
the fixation effect of the extruded WE43 plates and screws on midface
fixation. The histological results showed new bone formed around the
Mg plates and screws. At 24 weeks, the disappearance of the osteotomy
lines indicated complete bone healing, and the Mg fixation system was
completely degraded. However, self-eliminating gas buildup, swelling,
and inflammation have been observed in some experimental animals.
Therefore, WE43 Mg alloy fixation is clinical feasible for midface frac-
ture fixation; however, further surface treatment or alloying is needed to
reduce the degradation rate. In the same year, the properties of
PLLA-coated ZK60 plates and screws for midfacial bone fixation were
verified in a beagle model. ZK60 fixation systems showed better me-
chanical properties than WE43 fixation systems; however, the biodeg-
radation rate was too fast, leading to an inflammatory response. PLLA
coating failed to prevent the rapid absorption of ZK60 because of
microcracks [99].

3.1.1.3. Frontal fracture. Frontal fractures on the upper third of the face
are relatively rare facial fractures, accounting for only 5-15% of all
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Fig. 2. (A) Schematic presentation of osteotomies of the supraorbital rim and zygomatic arch of minipigs fixed by plates and screws. Computed tomography (CT)
images of midface osteotomies fixed in Mg alloy (middle side) and polymer (right side) groups at 1 month (B, C) and 9 months (D, E) after surgery. At 1 month, the
fracture line becomes blurred in the Mg alloy group (B). At 9 months, the fracture line and bone surface are completely healed (D, E) [96].

maxillofacial fractures [100]. However, because the frontal bone is close
to important structures and organs, such as the eyes and brain, frontal
bone fracture is often associated with intracranial injury and ophthalmic
diseases, making it a troublesome maxillofacial fracture [101].

In 2017, Naujokat’s team applied WE43 Mg alloy fixation to a cranial
fracture model for the first time. They implanted standard-sized plates
and screws made of WE43 Mg alloy and Ti in nine minipigs to fix cranio-
osteoplasty, following similar surgical procedures to those used on
humans. Although the adjacent bone in the Mg alloy group showed in a
lower bone-implant contact ratio and a less homogeneous structure than
that of the Ti group, the results indicated no significant differences be-
tween Mg-based and Ti-based osteosynthesis during bone healing of the
osteotomies. WE43 Mg alloy plates and screws displayed good
biocompatibility and did not interfere with minipig frontal bone healing
[102]. Schaller et al. implanted WE43 Mg alloy fixations, with and
without plasma electrolytic surface coating, into the frontal bone of
adult miniature pigs [103]. The Mg plates and screws showed good
stability in the frontal bone of pigs. No signs of Mg implant displacement
and deformation, nor complications of inflammation and allergies, were
observed. In a few cases, a slight subcutaneous emphysema occurred
around the uncoated Mg implants in the early post-implantation period,
which decreased gradually without affecting wound healing. Although
the bone around WE43 Mg alloy fixations has lower bone density and
bone-implant contact area than Ti screws, plasma electrolytic surface
coating can significantly reduce the degradation rate of the Mg fixation
and increase the bone-implant contact area. These studies indicated that
Mg alloy plates and screws are promising candidates for the fixation of
frontal bone fractures.

3.1.2. Mg for bone augmentation

3.1.2.1. Mg-based alloys for bone regeneration. GBR is one of the most
common and effective methods to treat maxillofacial defects. The GBR
membrane acts as a barrier between hard and soft tissues, providing
enough space for bone regeneration [104]. In general, GBR membranes
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are divided into absorbable membranes (usually made of collagen or
PLA) and non-absorbable membranes (usually Ti or polytetrafluoro-
ethylene) [105]. Absorbable GBR membranes are widely used in the
clinic because of their good biocompatibility and the advantage of not
requiring secondary surgery. However, the deformation caused by their
insufficient strength and rapid degradation rate lead to the collapse of
the osteogenic space, which will have a negative impact on osteogenesis
[106]. Currently, the main challenges for absorbable membranes are
rapid degradation and low mechanical strength, especially in areas with
large bone defects [107].

In recent years, some novel GBR membranes have been fabricated
using Mg-based alloys. Meshes made from Mg and its alloys have suf-
ficient mechanical properties to maintain the space of the osteogenic site
and can be used in large bone defects. For example, an Mg-Al-Zn alloy
mesh (diameter 8 mm, thickness 250 pm, square hole 1.5 x 1.5 mm)
could greatly improve the flexural stress and modulus of polymer/
demineralized bone matrix hybrid scaffold, which facilitated the
reconstruction of rat calvarial critical-sized bone defect [108]. Zhao
et al. Developed Mg-Zn-RE(Y, Gd, La and Ce) alloy membranes
(diameter 5 mm, thickness 110 pm) with excellent biocompatibility and
peomoted bone formation in critical-sized rat calvarial fefects [109].
Gao et al. found that WE43 and Mg3Gd Mg alloys membranes (diameter
6 mm, thickness 100 pm) had good biocompatibility but pure corrosion
resistance [110]. A variety of surface modification methods have been
used to reduce the degradation rate of Mg menbranes. For instance, Wu
et al. formed a dense protective layer on the pure Mg mesh (diameter
10 mm, thickness 0.1 mm, aperture 0.4 mm) using plasma electrolytic
oxidation (PEO) and hydrothermal treatment (HT), which delayed the
biodegradation of Mg mesh and increase the bone volume and bone
density of calvarial defects in rats [111]. Peng et al. prepared a calcium
phosphate coated Mg membrane and confirmed that calcium phosphate
coating reduced the degradation rate of pure Mg membrane and pro-
moted early healing of rabbit calvarial defect better than that of Ti
membrane [112]. Steigmann et al. fabricated physical vapor deposition
coated pure Mg membranes and found it alleviated numbers of
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anti-inflammatory macrophages compared with pure Mg membranes
[113]. Lin et al. integrated solution heat-treatment and fluoride coating
technique to treat Mg-5Zn-0.5Zr alloys for GBR membranes (diameter
7 mm, thickness 0.4 mm, no pores), which could improve the corrosion
resistance and minimize the effects of stress corrosion and crevice
corrosion [114]. Guo et al. prepared composite Mg chitosan (CS-Mg)
membranes (diameter 6 mm, thickness 1 mm, no pores) by dipping the
Mg3Gd alloy into a chitosan solution [115]. Mg promoted cell adhesion
and osteogenic activity of the CS-Mg membrane. Similar to previous
studies [116,117], the chitosan coating reduced the degradation rate of
Mg3Gd alloy. In addition, chitosan neutralizes the cytotoxicity of high
concentration Mg alloy extracts. CS-Mg membrane showed good ability
to repair the rabbit calvarial defect, which was not inferior to that
induced by a commercial collagen GBR membrane (Heal-All®). The
CS-Mg membrane with high porosity, adequate pore diameter, and pore
interconnectivity might be more osteogenic, which has excellent po-
tential in GBR. However, Byun et al. manufactured a highly pure Mg
mesh (diameter 12 mm; thickness 0.05 mm; aperture 0.3 mm) with a HA
coating, which did not show bone regeneration in a rat calvarial defect
model [118]. This undesirable result may be caused by the large pore
spacing, low porosity, and pore interconnectivity.

Mg-based alloys can also be used as bone filling materials. Liu Y et al.
synthesized a Na micro-alloyed MgSnZnNa alloy with enhanced hard-
ness and corrosion resistance, Mg6Sn5Zn0.3Na with 5 mm in diameter
and 0.3 mm in thickness with 600 pm holes promoted the repair of rat
calvarial defects through co-release of Mg and Na for osteogenesis and
angiogenesis [119]. Yu et al. manufactured a mineralized colla-
gen/Mg—Ca alloy combined scaffold by physical combination of three
Mg-Ca alloy rods and porous mineralized collagen. The Mg-Ca alloy
rods improved the mechanical properties of mineralized collagen, which
could withstand the physiological force in the mouth and maintain the
osteogenic space without collapse. Hematological examination showed
that the Mg?" released by the alloy rod degradation was safe, however,
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the combined scaffold did not appear to achieve the desired effect in
repairing alveolar buccal bone defects in dogs [120]. A canine socket
preservation experiment showed that the mineralized collagen/Mg—Ca
group was superior to the mineralized collagen group according to
several osteogenic indexes [121]. Brown et al. added pure Mg particles
(0, 10, 20, 40 mg) to PLGA (40 mg) to overcome the shortcomings of the
low mechanical strength of PLGA and the possible inflammation caused
by acidic by-products [122]. The Mg/PLGA scaffolds not only facilitated
the proliferation of BMSCs, but also increased the bone height in a
canine premolar tooth socket preservation model (Fig. 3). Those indicate
that Mg-alloys are promising candidates for bone regeneration.

3.1.2.2. Mg for surface modification of dental implants. The elementary
theory of dental implants is the osseointegration between the implant
and the alveolar bone [123]. In recent years, surface modification to
increase osseointegration has become a research hotspot. Researchers
have developed various methods to modify the roughness, microscopic
morphology, wetness, chemical properties, and bioactivity of the
implant surfaces [124,125]. Surface modification of implants with BMs
is considered a promising method for the development of Ti implants
with early osteogenic ability [126,127].

Many studies have shown that the incorporation of Mg could
enhance osseointegration and the stability of Ti implants [128,129].
Compared with Ca modification, surface Mg modification was more
effective in promoting osteogenic differentiation of BMSCs, possibly by
enhancing cell adhesion and inhibiting the phosphorylation of f-catenin
[127]. Song et al. prepared a novel Mg-SLA-Ti implant using a vacuum
arc source ion implantation method by adding Mg to the sand-blasted
and acid-etched (SLA) Ti implant [130]. The Mg-SLA-Ti implants were
implanted into the mandible of dogs to study the bone healing response.
The results of histomorphological analysis and resonance frequency
analysis showed that Mg increased the bone-implant contact and
implant stability. In addition, Galli et al. constructed Ti implants with a
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Fig. 3. Micro-CT images displaying the implantation of polylactic acid-glycolic acid (PLGA)+ 10 mg Mg scaffolds (A, C), which increased the bone height compared
with empty defects (B, D). (E) Bone height was found to be better preserved by the Mg/PLGA scaffold compared with the empty defect (p < 0.05). (F) Bone volume as
a percentage of total defect volume was higher for Mg/PLGA than for the empty defects; however, this increase was not statistically different [122].
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mesoporous surface loaded with Mg and concluded that Mg released
from the implant surfaces promoted osseointegration at the early stage
of healing (0-3 weeks), which is highly desirable for implant early
loading [131].

According to the results of Sul’s group and Cho’s group, the most
appropriate Mg ion concentration to promote osseointegration for Mg-
doped Ti implants produced by plasma ion implantation and microarc
oxidation was 9% [126,132,133]. In addition to the surface composi-
tion, the microscopic morphology, roughness, hydrophilicity, pore
configurations, oxide thickness, crystal structure, and other surface
characteristics of the implant could also affect cell behavior and the
osseointegration of the implants [134]. However, the specific effects and
roles of many of the above-mentioned factors remain unclear; therefore,
the extensive application of Mg-rich Ti implants requires further study.

What’s more, infection cause soft tissue inflammation and sur-
rounding bone loss, which is an important cause of implant failure.
When bacteria form biofilms, it is difficult for external antibiotics to
clear the bacteria on the surface of the implants because they are not
sensitive to antimicrobials [135]. The fight against bacterial infection
and biofilm formation, and the regulation of inflammation, is a new
research direction for Ti implants [136]. Mg is used to modify the sur-
face of Ti implants, playing simultaneous osteogenic and anti-infection
roles [137,138]. For example, Shen et al. constructed a metal-organic
framework coating that was rich in Mg and Zn ions on an alkali-heat
treated Ti surface, which could release large amounts of Mg in the
early postoperative period to kill pathogenic bacteria. This coating not
only demonstrated high antibacterial and anti-inflammatory properties,
but also greatly improved the formation of the new bone around the
implant [139]. Furthermore, Yu et al. developed Zn/Mg ion
co-implantation Ti dental implants (Zn/Mg-PIII) using plasma immer-
sion ion implantation (PIII) [140]. Zn and Mg ions released by
Zn/Mg-PIII not only enhanced osteogenesis and osseointegration at the
bone-implant interface, but also inhibited the adhesion and growth of
typical oral bacteria, including Porphyromonas gingivalis, Fusobacterium
nucleatum, and Streptococcus mutans. The broad spectrum antimicrobial
activity of Mg helps dental implants to fight bacterial infections in a
complex, germ-infested oral environment.

3.1.2.3. Mg-containing bone substitutes. Hydroxyapatite, bovine bone
matrix, and bioglasses are the most common bone substitutes to prevent
the collapse of hard and soft tissues and to maintain blood supply [141].
In recent years, bone substitutes containing Mg have achieved encour-
aging results [142].

Mg can be incorporated into HA to enhance the biological and
physicochemical properties of HA. Mg effectively inhibited the harmful
crystallization of HA by adsorbing onto the HA surface and blocking the
crystallization site [143,144]. Mg-doped hydroxyapatite (MgHA) is
relatively well studied Mg-based bone substitute material, whose com-
mercial product is SintLife®. Compared with pure HA, the solubility of
MgHA is improved under the physiological PH value (pH = 7.4), which
increases the local concentration of Mg ions and phosphate, and pro-
motes the formation of nucleation sites and the growth of apatite [145,
146]. In vitro and in vivo experiments demonstrated that the addition of
Mg enhanced the bone induction of porous HA in a dose-dependent
manner [147]. After being implanted in human alveolar sockets for 4
months, histological examinations showed extensive newly formed
bone, consisting of lamellar and braided tissues, and no inflammatory
infiltration in all treated sites. Some MgHA particles were integrated by
bone, and the residual biomaterial graft particles account for 32.2-38%
[141,148]. Recently, MgHA has been applied to produce bone sub-
stitutes with excellent biocompatibility and osteogenic activity
[149-152]. Caneva’s team evaluated the performance of small particles
of MgHA (Cajo-xMgx[PO4]6[OH],; SintLife®, Finceramica, Faenza,
Italy) as a bone substitute in the immediate implantation of dog poste-
rior teeth. Histomorphometric analysis showed that, although not
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statistically significant, MgHA implantation preserved the lateral buccal
bone wall better on average [153]. Crespi et al. compared the effects on
reducing alveolar bone resorption and increasing alveolar bone forma-
tion of MgHA and Calcium sulfate (CS) in clinical trials. They found that
the reduction of alveolar bone in the MgHA group was smaller than that
in the CS group, and MgHA had a better effect of maintaining bone
contours [154]. They also found that the ability of MgHA to reduce
alveolar bone resorption and promote bone formation in alveolar fossae
was similar to that of allograft porcine bone graft in similar clinical trials
[148]. These conclusions are consistent with the systematic review by
Barallat, who conclude that MgHA is one of the most effective bone
substitutes for alveolar preservation, showing similar osteogenic effect
to CS and porcine-derived bone grafts [155].

MgHA can also be applied as in human maxillary sinus lifting sur-
gery. Histomorphological results showed that the MgHA granules have
good osseointegration properties, although weaker than autogenous
bone. Considering that autologous bone is regarded as the gold standard
for bone regeneration materials, the osteogenic effect of MgHA in
maxillary sinus augmentation is acceptable [156]. A prospective
two-year clinical study demonstrated the feasibility of nanostructured
MgHA as a reinforced filler for vertical ridge augmentation [157]. The
nanostructured MgHA was successful in increasing the alveolar ridge
height, even in cases with early implant loading. In addition, compared
with pure HA scaffolds, MgHA scaffolds had stronger osteogenesis and
angiogenesis activities in vitro and could significantly improve the
restoration effect of goat calvarial defects [158].

MgHA was also applied in combination with collagen scaffolds for
alveolar socket preservation. Recently, a double-blinded prospective
clinical trial revealed that the effect of the combination of MgHA and
collagen scaffolds on alveolar socket preservation was consistent with
that of the deproteinized bovine bone matrix [159]. The MgHA com-
posite scaffold was almost completely replaced by newly formed bone
tissue after 6 months of implantation. The MgHA composite scaffold
with high porosity has good operability after being wetted with liquid
and can be considered as a potential bone substitute with better effect.

The Mg-doped wollastonite (CaSiO3; CSi) ceramic improved the
mechanical strength or osteogenesis of the original scaffolds, thus hav-
ing great potential to repair thin-walled bone defects [160]. An increase
in the Mg content promoted the expression of osteogenic genes and the
production of more skeletons and osteoids. The higher the Mg doping
ratio, the higher the densification and the lower the degradation rate of
wollastonite bioceramic [161]. SrO and MgO doped TCP scaffolds
enhanced the mechanical and in vivo biological performance of TCP
scaffolds [162]. In addition, adding Mg into deproteinized porcine
cancellous bone substitute could enhance its osteoconductivity and
repair rabbit calvarial defects more effectively [163].

Mg-based bone cement named OsteoCrete® (Bone Solutions Inc.,
Colleyville, TX, USA) with adhesive qualities to bone and bone regen-
eration ability have been used as a bone gap filler for human long bones
and the pelvis, which is receiving increased research attention
[164-166]. Sehlke et al. used OsteoCrete® for bone grafting of imme-
diate implant in mongrel dog posterior teeth. Results proved that the
Mg-based bone cement successfully filled the bone defect and restored
the complex outline of bone defects. However, due to lack of pores,
OsteoCrete® is difficult to be completely replace by new bone when
applied to large bone defects; however, it can be applied to small bone
defects around the implant [167].

Zhang’s group manufactured a nanocomposite hydrogel based on
hyaluronic acid and self-assembled bisphosphonate-Mg (BP-Mg) nano-
particles [168]. This novel hydrogel, which controls the release Mg ions
for a long time, effectively improved the progress of calvarial defect
healing in rats. In addition, Yuan et al. synthesized novel injectable
Mg-rich PLGA microspheres by compounding MgO and MgCOs into
PLGA scaffolds, which could effectively promote the restoration of rat
critical-sized calvarial defects, as well as the formation of vessel-like
structures through the load and release behavior of Mg ions (Fig. 4)
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Fig. 4. (A) Micro-CT images of the reconstruction of a calvarial defect in rats at 4, 8, and 16 weeks after operation. (B, C) The osteogenesis effect of the Mg-rich PLGA
microsphere microsphere group were significantly higher in comparison with the control group and PLGA group. *(p < 0.05), *%(p < 0.01),

* % *(p < 0.001) [169].

[169]. Liu et al. prepared poly (i-lactic acid)/gelatin degradable mem-
branes containing MgO nanoparticles (nMgO) using electrospinning
[170]. The nMgO improved the mechanical properties of the membrane
significantly, adjusted the degradation rate of the membrane to suit the
rate of periodontal tissue regeneration, and effectively repaired the
periodontal bone defects in rats in a dose-dependent manner. On the
whole, the incorporation of Mg and its compounds into polymers is
effective to achieve better performance.

3.1.3. Mg for teeth

Dental caries, trauma, acidosis, abrasion, and other common oral
diseases can lead to tooth tissue damage. However, dental hard tissue is
non-renewable or hard to regenerate; therefore, the development of
tooth tissue engineering is important [171]. Regenerative endodontics
can construct a functional dentin-pulp complex and promote the
regeneration and repair of new dental tissue [172,173]. The concen-
tration of Mg in cells is relatively high, which has a catalytic effect and is
an important cofactor in many metabolic processes in vivo [174]. Mg is
involved in the mineralization of teeth and directly affects the formation
of apatite crystals, relating to the quality of hard tissue and the
anatomical structure of teeth [175,176]. Lack of Mg ions will interfere
with the normal mineralization of the dental tissues, resulting in insuf-
ficient mineralization of dentin and enamel, and even a reduction in
tooth length [177,178].

Mg can be used as a growth factor in dental tissue engineering to
stimulate various cells’ odontogenic differentiation and the formation of
mineralized tissue. Mg ions enter human dental pulp cells (hDPSCs) via
ion channel TRPM7, and are involved in cell proliferation, migration,
and osteogenic differentiation, and participate in the process of pulp
repair [179]. The addition of 2.5% Mg carbonate apatite to a glass
ionomer cement promoted the proliferation and mineralization of
hDPSCs, which showed a potential for dentin regeneration and repair
[180]. Kong et al. added different concentrations of MgCl; to the culture
medium and found that the transcriptome of hDPSCs suggested signifi-
cant odontogenic differentiation through RNA sequencing. An extra-
cellular microenvironment with high Mg concentration activates
extracellular signal-regulated kinase (ERK)/BMP2/Smads signal trans-
duction by increasing the intracellular Mg concentration, thus promot-
ing odontogenic differentiation in hDPSCs [181]. Using a similar
method, Zheng et al. found that Mg ions entered the cells through
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Magnesium transporter 1 (MagT1) and affected the odontogenic dif-
ferentiation of BMSCs through the ERK/mitogen-activated protein ki-
nase (MAPK) signaling pathway [182].

Theocharidou et al. produced Mg-doped and Zn-doped bioceramic
scaffolds with high porosity and porous interconnectivity. These scaf-
folds provide a microenvironment rich in Mg and Zn ions, which is
conducive to the odontogenic differentiation of hDPSCs and the for-
mation of mineralized tissue with a Ca/P ratio close to that of biological
apatite [183]. Qu et al. combined organic nanofibrous gelatin with
inorganic Mg phosphate to create a bionic composite scaffold for dentin
regeneration. Organic nanofibrous gelatin with high porosity is close to
the matrix composition and structure of natural dentin. Mg phosphate
increased the mechanical strength of the nanofiber gelatin scaffolds
significantly. The controlled release of Mg ions from the scaffolds
significantly enhanced the proliferation and odontogenic differentiation
of hDPSCs in vitro and generated more dentin like mineralized structures
in vivo [184].

3.2. Mg for the oral mucosa

About 27% of Mg in adults is stored in soft tissues [185]. There is a
close relationship between Mg and soft tissue. The adhesion and growth
of fibroblasts are the first steps of soft tissue regeneration. Studies have
shown that the concentration of Mg ions affects the migration and
adhesion of human fibroblasts [186,187]. Amberg et al. found that Mg
ions promoted the growth of oral soft tissue and establish a soft tissue
barrier in a palatal defects model in beagles [188].

Histologically, the soft tissue barrier around the implant is weaker
than the natural gingiva, which is also the reason why bacteria are more
likely to erode the tissue around the implants [189,190]. Therefore, it is
important to establish a good sealing soft tissue barrier in the neck of
dental implant and strengthen the combination between soft tissue and
implant. Mg ions can be applied to modify Ti surface to improve their
combination with soft tissue, because of their excellent biocompatibility
and antibacterial effect. In 2012, Okawachi et al. employed hydrother-
mal treatment of Ti with an Mg solution, which improved the integration
of gingival epithelial cells and fibroblasts with Ti. This study provided a
new strategy to increase the quality of the soft tissue seal around the
implant [191]. Zhu’s group immobilized Mg ions onto the Ti substrate
using an Mg plasma immersion ion implantation technique [192]. The
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Mg-modified Ti surface could regulate the expression of integrins, and
greatly enhanced cell adhesion, proliferation, migration, and extracel-
lular matrix components synthesis by activating the PI3K/Akt signaling
pathway (Fig. 5). Furthermore, Mg increased the expression of wound
healing gene TGFB1 (encoding transforming growth factor beta 1
(TGFB1)) and remodeling related gene expression, which helped to
establish functional soft-tissue barriers around dental implants. These
studies indicated that the modification of Ti surface by Mg is beneficial
to the integration of soft tissues around the neck of Ti implants, which
can be an ideal strategy to promote the development of a soft tissue
barrier around the dental implant.

4. Zn-based BM:s for oral and maxillofacial application

In recent years, Zn and its alloys have gradually become research
hotspot of biodegradable biomaterials. Zn is a cofactor in many enzymes
and regulatory proteins, and is found in about 2-3 g in the adult body,
with 60% in muscle tissue, 30% in bone and 5% in skin [193,194]. Zn is
the most abundant trace element in cells, and plays a regulatory role in
gene transcription, cell signal transduction, hormone release, and cell
apoptosis [40]. Zn also functions in bone growth and development,
wound healing, and tissue maintenance. Zn intake deficiency will hinder
the growth and development of maxillofacial bones and teeth [195]. Zn
can also effectively inhibit the formation of gingivitis, plaque, and cal-
culus, which are closely related to periodontal health [196,197]. In the
oral and maxillofacial region, Zn-based alloy fracture fixation systems
can be applied for maxillofacial surgery. Zn can also promote hard tissue
regeneration and wound healing.

4.1. Zn-based fracture fixation systems

Zn and its alloys have good biological safety and osteogenic prop-
erties. The degradation rate of Zn is moderate, between those of Fe and
Mg, which is a major competitive advantage of Zn [198]. Zn-based al-
loys overcome the disadvantages of Mg-based alloy degradation result-
ing in gas and Fe-based alloy degradation resulting in insoluble
substances. Zn-based alloys have low melting points and reactivity, and
good machinability, allowing them to be processed at low temperature
without shielding gas [199]. Oral intake of Zn can increase serum Zn and
alkaline phosphatase (ALP) activity and promote fracture healing in
patients [200]. Local injection of ZnCl, promoted fracture healing of
bones in rats, and increased the mechanical strength and stability after
fracture healing [201,202].

Some scholars think that the minimum mechanical requirements for
biodegradable orthopedic implants are a yield strength greater than
230 MPa, a tensile strength greater than 300 MPa, and elongation
greater than 15-18% might be a reference for the mechanical properties
required for craniofacial applications. Although the mechanical prop-
erties of pure Zn are poor, the mechanical properties of Zn-based alloy
are similar to those of Mg-based alloy, which can satisfy the
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requirements for its clinical application in maxillofacial surgery [44].
Researchers have developed Zn-based alloys for maxillofacial surgery
and verified their performance in vitro and in vivo. Ping Li et al. suggested
that the rolled Zn-4Cu alloy was a promising biodegradable implant
material for maxillofacial bone. The rolled Zn-4Cu alloy showed
excellent mechanical properties, a uniform corrosion pattern, and good
biocompatibility. In addition, it improved the proliferative activity of
cells and inhibited mixed bacterial adhesion and biofilm formation in
the oral cavity [198]. Kubasek et al. implanted Zn-2Mg alloy hemi-
spherical implants into the calvarial defects of rats without any adverse
effects, which showed that the Zn-2Mg alloy had good biocompatibility
[199]. The compressive and tensile strength of the Zn-2Mg alloy were
similar to those of Mg-4Y-3RE alloy, which can meet the mechanical
requirements for maxillofacial applications. The corrosion rate of the
Zn-2Mg alloy in vivo was 0.1 mm/year, one-ninth of that of the
Mg-4Y-3RE alloy. However, low ductility (~5%) and high elastic
modulus (~90 GPa) were disadvantages of Zn-2Mg alloys.

Currently, there is only one preclinical study on a Zn-based alloy
fracture fixation system for maxillofacial fractures. Wang et al. evalu-
ated the efficacy of a Zn-Mg-Fe alloy internal fixation system for
maxillofacial fracture fixation using a beagle bilateral mandible fracture
model [203]. Results showed that the Zn-Mg-Fe alloy could provide
stable fixation for canine mandible fractures and ensured good me-
chanical properties of the healed mandible (Fig. 6). The effect of the
Zn-Mg-Fe alloy fracture fixation system on the mandible was compa-
rable to that of Ti alloy and superior to that of PLLA. Compared with the
PLLA group and Ti group, Zn-Mg-Fe alloy fixation had an advantage in
promoting new bone formation, which was caused by the osteogenesis
effect of Zn ions produced during degradation.

4.2. Zn for bone augmentation

Zn is an important trace element in growth and development, 85% of
which is stored in bone and muscle, and plays an indispensable role in
bone metabolism [204]. Most Zn binds to metalloprotein complexes,
such as ALP [205]. Zn ions can inhibit osteoclast-mediated bone
resorption, stimulate the proliferation of osteoblasts, and enhance
osteogenesis by increasing ALP activity and collagen synthesis [206]. Zn
transporters regulate the expression of osteoblast differentiation pro-
teins such as ALP, osteopontin, runt-related transcription factor 2
(Runx2), and bone sialoprotein, which induces an osteoblast phenotype
[207]. Zn deficiency can cause bone retardation by inhibiting Runx2
regulation and extracellular matrix mineralization [207]. Zn supple-
mentation promotes bone formation in patients with thalassemia and
those receiving hemodialysis [205]. Tokudome et al. found that local
injection of zinc octanate and zinc stearate around alveolar bone could
improve alveolar bone formation in ovariectomized Zn-deficient osteo-
porosis rats [208]. Zn combined with puerarin prevented mandible loss
in ovariectomized rats by inhibiting osteoclast activity [209].
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Fig. 5. Wound healing assay: (A) 4',6-diamidino-2-phenylindole (DAPI) and rhodamine-phalloidin staining images exhibited more apparent migration tendency at
0 and 24 h after creating the cell-free gap. (B) The quantification of migrating fibroblasts. * Represents p < 0.05 and ** represents p < 0.01 [192].
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IF

Fig. 6. Bilateral mandibular fractures of a beagle were fixed with plates and screws of three materials. (A) Operation simulation diagram. (B) Fixation of mandible
fractures with three fracture fixation systems. From top: Zn alloy group, PLLA group, Ti alloy group. (C) Micro-CT cross-sectional images of the mandible at week 4
and picrofuchsin staining images of the mandible, from top: Zn alloy group, PLLA group, and Ti alloy group [203].

4.2.1. Zn for GBR membranes membranes showed sufficient mechanical properties and a suitable

Zn can be used as GBR membranes for bone regeneration. Guo et al. degradation rate. In a rat calvarial defect model, the pure Zn membranes
prepared three kinds of novel biodegradable pure Zn membranes for with 300 pm holes showed the most significant osteogenic capacity,
GBR: non-porous pure Zn membranes, pure Zn membranes with 300 pm which were comparable to non-porous Ti membranes. This study was
holes, and pure Zn membranes with 1000 pm holes (Fig. 7) [210]. the first systematic in vitro and in vivo investigation of Zn-Based GBR

Except for the pure Zn membranes with 1000 pm pores, the pure Zn membranes. Zhang et al. produced Zn-0.8Li-0.2 Mg and Zn-0.8Li-0.2Ag

Zn without pores Ti without pores

Zn with 300um pores  Zn with 1000um pores

Fig. 7. (A) Macroscopic images of three types of pure Zn membranes and pure Ti membranes. (B, C) Representative micro-CT results of rat calvarias covered with
three kinds of pure Zn membranes at week 6 and week 10, with a Ti membrane as a control, and a bone defect without a membrane as sham control group [210].
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alloys for GBR membranes by adding alloying elements to enhance the
mechanical properties and corrosion resistance of a Zn-Li alloy [211].
The addition of Mg increased the yield strength and ultimate tensile
strength of the Zn-Li alloy, but decreased its elongation and corrosion
resistance. The Zn-0.8Li-0.2Ag alloy had the strongest tensile properties
and corrosion resistance. The hot-extruded Zn-0.5Cu-0.2Fe alloys
manufactured by Zhang’s team with excellent biosafety and antibacte-
rial properties were candidate materials for biodegradable GBR mem-
brane materials [212]. Hot-extrusion and Cu improved the mechanical
properties of the Zn-Cu-Fe alloys, and Fe alloying improved the
degradation rate of the Zn—-Cu-Fe alloys. The osteogenic differentiation
ability of these Zn-based alloys for GBR membrane requires further in
vitro and in vivo experiments.

In addition to the manufacture of Zn-based GBR membranes, Zn have
been combined with degradable polymers to prepare composite GBR
membranes with osteogenic effects. Researchers combined Zn-
containing bioactive glass with PLA to produce a degradable GBR
membrane for periodontal bone regeneration with flexibility and oper-
ability [213]. Compared with the incorporation of Zn-free bioactive
glass, the incorporation of Zn-containing bioactive glass into GBR
membranes significantly improved the osteogenic differentiation and
mineralization ability of rat BMSCs in vitro. Chou’s group prepared a
Zn-HAp GBR membrane by heat treatment and compared its osteogenic
effects with a commercially available collagen membrane and unfilled
defect groups using a rat calvarial defect model. Micro-CT and histo-
logical analysis showed that the bone regeneration in the Zn-HAp group
was markedly higher than that in the collagen membrane group and the
control unfilled defect group [214]. Toledano et al. produced
Zn-containing methylmethacrylate membranes for GBR [215].
Compared with the incorporation of Ca, TiO,, and BMP, the incorpora-
tion of Zn into the methylmethacrylate membrane more effectively
promoted the repair of rabbit calvarial defects and induced more new
bone formation. The same research group also prepared Zn-containing
composite polymer GBR membranes that promoted angiogenesis and
regulated the macrophage polarization toward a healing phenotype
[216]. In vivo results proved that Zn-containing composite polymer GBR
membranes had a stronger osteogenic ability than that of the blank
control group and the doxycycline-containing composite polymer GBR
membranes. Thus Zn can be used as an effective osteogenic biological
activity regulator in manufacturing GBR membranes.

4.2.2. Zn for surface modification of dental implants

Zn can be used for surface modification of Ti dental implants. Zn
could help improve osseointegration and antibacterial properties of Ti
dental implants to reduce the risk of osseointegration delay and infec-
tion [217,218]. For instance, Jin et al. incorporated Zn into etched Ti
using plasma immersion ion implantation [219]. The addition of Zn
promoted the adhesion, osteogenic differentiation, and extracellular
matrix mineralization of rat mesenchymal stem cells, and enhance the
broad-spectrum antibacterial activity. He et al. prepared Ti implants
with porous Zn-containing coatings by PEO [220]. Compared with
sandblasted Ti implants and Ti implants with Ca/P coatings, the Ti im-
plants with Zn coatings promoted bone integration and bone recon-
struction, and improved the bone-implant bonding strength in rabbit
mandibles. Other researchers developed a TiO2/ZnO coating for Ti im-
plants. The TiO5/ZnO coating not only promoted osteogenic differenti-
ation of BMSCs and osteoblasts by releasing appropriate concentrations
of Zn ions [221-223], but also induced balanced activation of macro-
phages, regulated bone immunity, and accelerated bone healing [224].
In vitro experiments showed that the TiO2/ZnO coating inhibited bac-
teria in a concentration-dependent manner [223]. Studies have shown
that an ZnO coating for Ti implants could inhibit facultative anaerobes
and Streptococcus sp. in the oral cavity by releasing Zn ions or reactive
oxygen species [225,226].

Zn can also be combined with other bioactive materials to modify the
surface of Ti dental implants. Feng et al. prepared an active Zn/Ca/P
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coating on Ti implants using PEO. They proved that this Zn/Ca/P
coating had a stronger bone healing effect and bone bonding strength
than Ti implants with a Ca/P coating only and sandblasted Ti implants
after implantation into the mandible of rabbits [227]. In addition, in
vitro and in vivo experiments in rats proved that Zn/Ag co-implanted Ti
had excellent osteogenic and antibacterial abilities, which were related
to the synergistic effect of Zn and Ag [228]. The synergistic effect is
induced by the release of Zn ions into the microenvironment, which a
long-range role, while Ag on the sample surface has a short-range role. In
addition, the micro-galvanic couples of Zn and Ag were also attributed
to the synergistic function of the Ti surface [229]. Roguska et al. also
confirmed the anti-infection role of Ag/Zn coatings for dental implants
[230].

4.2.3. Zn-containing bone substitutes

Zn-doped bone substitutes also play an important role in the oral and
maxillofacial regions. Sil-Oss® (Azurebio, Madrid, MA, Spain) is the
only commercially available Zn-doped bone substitute at present, which
is a synthetic and inorganic bone graft material, mainly composed of Zn-
substituted monetite [231]. It can release Zn ions and other inorganic
ions to promote the differentiation of osteoblasts and inhibit osteoclasts,
which can be used as a bone substitute for oral and maxillofacial regions.
Sil-Oss® promotes bone regeneration, showing the advantages of faster
absorption and replacement of vascularized new bone [232]. Mario
et al. found that Sil-Oss® shows similar bone regeneration ability to a
Bio-Oss® xenograft and a higher ability of new mineralized tissue for-
mation and absorption rate using a beagle model of bone defects around
implants. The results showed that Sil-Oss® was suitable for GBR
bone-grafting and periodontal bone repair in fenestrated areas, which
proved its potential for periodontal bone regeneration [233]. A ran-
domized, controlled clinical trial conducted by Fraile et al. demon-
strated the safety and effectiveness of Sil-Oss® in alveolar bone
preservation after tooth extraction. The ability of Sil-Oss® to maintain
alveolar bone contours is similar to that of Bio-Oss®, with the advantage
of being absorbed more quickly and inducing new bone formation
[232]. Moreover, through a 9-month randomized controlled clinical
trial, Chandra et al. found that Sil-Oss® is effective to treat periodontal
three wall interproximal defects, showing a better bone filling effect,
bone density, and mineralization rate than HA [234]. Furthermore,
Wang et al. synthesized Zn-passivated carbon dots (Zn-CDs). In vitro
results showed that the Zn-CDs promoted the proliferation, osteogenic
differentiation, and mineralization of rat BMSCs at a low concentration.
The rat calvarial defect model results showed that Zn-CD-loaded
gelatin/HA nanofibrous scaffolds promoted significantly more (2-fold)
bone regeneration than that of pure HA nanofiber scaffolds [235].

Furthermore, Zn with antibacterial biological activity and can be
used to prepare functional bone substitutes [236]. Zn incorporated HA
(ZnHA) not only increased the growth and osteogenic differentiation
indicators of human amniotic mesenchymal cells, but also showed broad
spectrum antibiotic activity [237-239]. The addition of Zn improved the
osteogenic activity and reduced the inflammatory response of HA by
affecting cytokines production [240]. Bhardwaj et al. conducted a
1-year clinical trial on 45 sites of intraoral bone defects to compare the
osteogenic properties of ZnHA and HA in repairing periodontal bone
defects. According to clinical examination and radiographic examina-
tion, ZnHA had a significant effect on the treatment of periodontal
intrabony defects compared with HA alone [236]. Suruagy et al.
implanted nanostructured porous HA scaffold containing 2 wt% Zn
(nZnHA) and nanostructured porous HA (nHA) scaffolds into the cal-
varial defects of rabbits. The results showed that nZnHA promoted the
formation of new bone and improved bone repair to a greater extent
than nHA, but with no significant difference. The results of this exper-
iment were not as clear cut as previous experiments, possibly because
the addition of Zn changed the microstructure of the scaffolds [241].
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4.3. Zn for teeth

Zn exists naturally in saliva, teeth, and the oral mucosa [193]. Zn has
good oral compatibility, can stay in the mouth for several to 10 h, and
can exert an antibacterial role, after using oral health products con-
taining Zn [242]. Zn can inhibit the growth of dental plaque and dental
calculus by changing the growth of calcium phosphate crystals [243]. Zn
plays an important role in tooth development and enamel maturation
and mineralization, and affects the dynamic demineralization and
remineralization balance of teeth. Toothpaste containing low doses of
Zn can reduce demineralization of tooth enamel [244]. Zn deficiency
decreased Zn levels in the enamel and dentin of progeny rats and
increased the incidence of dental caries [245,246]. Some researchers
believe that the distribution and content of Zn in enamel might affect the
occurrence of caries [247].

Although high concentrations of Zn (10 and 20 ppm) are toxic to
hDPSCs, low dose Zn (0-5 ppm) has good biosafety and can induce the
proliferation and differentiation of hDPSCs. As a growth factor, Zn ions
promote the osteogenic differentiation of hDPSCs [248,249]. Lin et al.
found that Zn chloride promotes odontogenic differentiation of hDPSCs
by up regulating metallothionein gene expression [250]. Huang et al.
manufactured Zn-containing bioactive glasses, which promoted the
odontogenic differentiation and mineralization of hDPSCs via in vitro
experiments. The possible mechanism is that Zn-containing bioactive
glasses upregulate the expression of vascular endothelial growth factor
(VEGF) in the odontogenic and osteogenic differentiation pathways
[251].

5. Fe-based BMs for oral and maxillofacial application

Fe and Fe-based alloys were one of the earliest BMs to be used in
medical devices. Fe is a necessary trace element for the human body.
Compared with Mg-based and Zn-based alloys, Fe-based alloys have
excellent mechanical strength similar to stainless steel, which is the
greatest advantage of Fe-based alloys [11]. However, Fe-based alloys
also have obvious disadvantages, such as a slow degradation rate and
insoluble degradation products, which greatly limit their application
and clinical transformation. Also, ferromagnetism interferes with the
performance of some radiological examinations, such as magnetic
resonance imaging. Another controversial issue is the biological safety
of Fe in osteogenesis [47].

Fe overload can lead to systemic bone loss, which causes a range of
bone diseases [252-254]. Fe deficiency restricted mineralization and
damaged bone morphology, strength, and density [255,256]. Both Fe
overload and Fe deficiency are detrimental to bone homeostasis [257].
Some researchers believe that Fe influences osteogenesis in a
dose-dependent manner. High concentrations of Fe decrease differenti-
ation and osteogenic activity of osteoblasts and increase osteoclast ac-
tivity [258]. Low doses of Fe do not affect intracellular Fe content and
osteoblast function [259]. Zhao et al. considered that the intracellular Fe
slightly lower than the normal concentration promoted the osteoblast
activity, while the intracellular Fe seriously lower than the normal
concentration inhibited the osteoblast activity [260].

Compared with Mg-based alloys and Zn-based alloys, Fe-based alloys
are used less frequently in soft and hard oral and maxillofacial tissues
because of their degradation properties and biological activities. In
recent years, researchers have improved the degradation rate of Fe-
based materials by alloying [261,262], surface coating [52,263],
changing the material structure [264], or forming composite materials
[52,265,266]. The addition of manganese (Mn) is an alloying strategy to
speed up the corrosion of Fe-based alloys. For example, Hong et al.
developed Fe-Mn and Fe-Mn-1Ca alloys for 3D printing in maxillofacial
bone regeneration, which showed good biological activity, cellular
compatibility, and corrosion rates [267].

However, there have been no preclinical and clinical trials on the
application of Fe-based alloy fracture fixation in maxillofacial surgery.
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There are several studies on the application of Fe-containing scaffolds in
maxillofacial bone regeneration. For example, Manchdn et al. manu-
factured Fe-containing p-TCP (tricalcium phosphate) ceramic bone tis-
sue engineering scaffolds with cytocompatibility and bone conduction
properties [268]. The presence of Fe accelerated the degradation rate of
B-TCP, which releases more Ca ions to the surrounding, promotes bone
formation, and provides growth space for new bone tissue. Compared
with the pure p-TCP scaffold, this Fe-containing p-TCP scaffold showed
stronger bone regeneration and better restoration of rabbit calvarial
defects.

Iron oxide nanoparticles (IONPs), mainly comprising magnetite
(Fe304) and maghemite (y-Fe303), are useful for oral and maxillofacial
bone regeneration. They can be used to manufacture magnetic response
scaffolds to promote bone repair and regeneration [269]. IONPs pro-
mote osteogenic differentiation of hBMSCs through the MAPK pathway
[270]. In addition, magnetic IONPs promoted osteogenic differentiation
of MSCs by upregulating the expression of long noncoding RNA INZEB2
[271]. Under a magnetic field, IONPs promote osteoblast differentiation
via activation of integrin alpha-3, inhibit osteoclast activity, and exert
an anti-inflammatory effect. Xia et al. used superparamagnetic IONPs to
prepare magnetic calcium phosphate cement scaffolds. IONPs not only
improved the mechanical strength and biocompatibility of calcium
phosphate cement scaffolds, but also induced osteogenic differentiation
and mineralization of hDPSC in vitro via the WNT pathway [272].
Magnetic IONP-doped scaffolds with an external static magnetic field
have better bone induction ability. Scaffolds containing IONPs promoted
four times more bone regeneration in mandibular defects in rats than
calcium phosphate scaffolds [273]. In addition, the authors manufac-
tured injectable calcium phosphate scaffolds containing IONPs and
demonstrated their osteogenic effect in vitro [274]. Furthermore, Brett
et al. combined IONPs with an HA-PLGA scaffold to manufacture a
magnetic response scaffold [275]. Under the effect of an external mag-
netic field, the prefabricated magnetic nanoparticle scaffolds promoted
magnetic transfection and increased the expression of the target gene,
BCL2 (encoding B-cell lymphoma 2), which stimulated the survival of
cells. The combination of magnetic IONPs-doped scaffolds and hASCs
promoted bone regeneration of mouse critical calvarial defect.

6. Perspectives

Currently, the application of BMs in the oral and maxillofacial re-
gions is still in its infancy. Most preclinical studies of BM fixation sys-
tems for maxillofacial surgery have yielded encouraging results.
Considering the advantages of BMs mentioned above, they have great
potential in future application. Although BMs and BM ions have not
been applied to cartilage regeneration, nerve regeneration, and skin
wound healing in oral and maxillofacial regions, we believe that these
research fields have great research value and potential. Future appli-
cation areas for BMs in the oral and maxillofacial regions are summa-
rized in Fig. 8. In addition, structural optimization design and new
fabricating technology are needed to improve BMs instruments for oral
and maxillofacial application.

6.1. Cartilage regeneration

More than 25% of people have symptoms of temporomandibular
joint (TMJ) disorders (TMDs) [276]. The cartilage of the joint consists of
the TMJ disc and TMJ condylar cartilage, both of which are fibro-
cartilage with a high content of type I collagen [277]. The lack of blood
supply and the difficulty in self-repair mean that when a TMD progresses
to the later stage, invasive treatments, such as arthrodesis and joint
replacement, are needed [276].

Previous studies have demonstrated that Mg deficiency can lead to
the production of inflammatory factors [278], cartilage damage [279],
osteoarthritis [280,281], chondrocalcification [282], and other dis-
eases. Mg reduced the production of inflammatory mediators, inhibited
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Future directions for BMs in the oral and maxillofacial regions
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Fig. 8. Future application areas for BMs in the oral and maxillofacial regions.

abnormal mineralization of cartilage, exerted an analgesic effect on joint
diseases, and had a protective effect on cartilage [185,283,284]. Mg
enhanced the adhesion of synovial mesenchymal stem cells by affecting
integrin a3 and p1, and promotes the synthesis of the cartilage matrix in
the early stage [285]. A non-physiological high extracellular Mg con-
centration directly affects the metabolism of chondrocytes and promotes
their proliferation and redifferentiation [286]. In addition, Mg ions
enhanced chondrogenic differentiation of hBMSCs by inhibiting the
adverse effects of activated macrophage induced inflammation [278]. A
highly pure Mg screw stimulated fibrocartilaginous entheses regenera-
tion by upregulating the expression levels of BMP-2 and VEGF
[287-290]. Furthermore, Mg and Mg(OH), nanoparticles can be com-
bined with polymers to make a biomimetic scaffold for cartilage
regeneration and treatment of osteochondral lesions [291,292].

Zn has a well-known insulin-mimetic property, which is conducive to
cartilage regeneration [293]. Local application of ZnCl, enhanced
cartilage formation and improved endochondral ossification [201,202].
In vitro experiments showed that a low concentration of Zn ions could
increase the proliferation rate of growth plate chondrocytes by 40-50%
and increased the synthesis of highly charged proteoglycan molecules,
thus reducing mineralization [294]. Zn deficiency significantly inhibited
chondrocyte proliferation, promoted cell differentiation, and induced
apoptosis of growth plate cells, resulting in serious injury in the growth
plate of young chickens [295]. The combination of Zn and other drugs
reduced cartilage damage and prevented the development of arthritis
[296,297]. Zn ions inhibited the progression of arthritis through in vitro
cell culture and an in vivo rat osteoarthritis model by activating the
p-Akt/nuclear factor erythroid 2-related factor (Nrf2) pathway to resist
oxidative stress and reduce pro-inflammatory cytokines [298]. More-
over, ZnO can be used to synthesize ZnO composite fiber scaffolds to
promote cartilage regeneration [299].

Although BMs have not been reported to be directly used in maxil-
lofacial regions, published preclinical and clinical trials of Mg in carti-
lage applied to other parts of the body have achieved positive results
[300,301]. We believe that the application of Mg-based BMs and
Zn-based BMs has potential for the repair of temporomandibular joint
cartilage.

6.2. Wound healing

A new research direction is the application of BMs in wound healing.
Compared with the oral mucosa, skin wound healing takes longer and
produces more scar tissue [302]. The treatment of wounds has always
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been a thorny issue because of the enormous impact on the patient’s
appearance and psychological health, especially of the wound is in the
maxillofacial region. There is an increasing evidence that BM elements
are essential for wound healing, particularly Zn ions [303,304].

Zn is an important coenzyme in tissue repair and is a component of
many proteins, playing an important role in a series of wound healing
processes [305], such as coagulation [306], cellular immune regulation
[3071, epithelial regeneration, angiogenesis, and extracellular matrix
deposition [307,308]. Disorders of Zn metabolism and Zn deficiency
may cause a variety of skin diseases, such as poor wound healing, skin
rash, acral and pluriorificial dermatitis, and alopecia [309]. Since the
1980s, Zn-doped products for wound healing, such as Zn paste ban-
dages, Zn-impregnated bandages, topical Zn ointment, have appeared to
promote the wound healing and fight infection [310,311]. Supplemen-
tation with a Zn preparation is not only beneficial to the healing of
pressure injuries in the elderly and foot ulcers in patients with diabetes
[312-314], but also promotes wound healing of patients with burns
[315,316]. Khan et al. found that local injection of ZnO-modified gold
nanoparticles significantly promoted wound healing in mice in a
full-thickness skin trauma model [317]. ZnO was an important appli-
cation form of Zn that promotes wound healing, and exhibits
broad-spectrum antibacterial properties [318]. ZnO nanoparticles
(nZnO) have a high surface area and excellent antibacterial activity
[319]. ZnO and nZnO can be used to prepare a variety of functional
dressings.

Mg ions are indispensable cofactors involved in protein and collagen
synthesis during wound healing, and the control and regulation of the
functional properties of the integrin family, thereby affecting cell dif-
ferentiation, wound healing, and hemostasis [320]. Li W et al. inserted
Mg-2Zn pins into the leg muscles of rats and found that the pins had
good soft tissue biocompatibility and maintained mechanical strength.
Although the degradation rate remains to be improved, the authors
suggested that Mg-2Zn alloy pins may be an effective candidate for oral
soft tissue oral stapler [321]. Mg-Zn-Zr (ZK60) alloys can release
appropriate concentration of Mg ions (13.2 mM), which significantly
promoted the viability and migration of fibroblast and wound healing
[322]. Coger et al. proposed that wound healing might be enhanced by
time-specific supplementation of Mg from the late inflammation until
the mid-proliferation phase [323]. Sasaki’s group manufactured new
Mg-smectite that promoted collagen formation and angiogenesis, and
accelerates the wound healing process, by releasing bioactive ions such
as Mg ions and Si ions [324]. Furthermore, Mg has alkaline degradation
products and an inhibitory effect on gram-negative and gram-positive
bacteria, which can prevent wound infection [325-328]. A random-
ized study has proven that Mg ions accelerate wound shrinking, promote
wound healing, and control infection of abdominal and perineal inci-
sional wounds [329]. Hu et al. designed light-responsive multifunctional
nanoparticles loaded with Mg ions, which could significantly accelerate
wound healing in a rat wound infection model under laser irradiation
[330].

Fe is an essential element in hemostasis, inflammation, re-
epithelialization, extracellular proteins deposition, and extracellular
matrix remodeling [331-333]. Fe also affects wound healing and tissue
repair by influencing macrophage function [334,335]. Coger et al.
suggested that supplementing Fe during the late stage of inflammation
to the middle stage of proliferation might promote wound healing [336].
Fe with antibacterial properties and can be used for functional wound
dressing [337]. Moniri et al. developed an anti-bacterial nanocellulose
dressing containing Fe304 nanoparticles that could continuously release
Fe3" and upregulate the critical genes for wound healing [338]. Tian’s
group produced a hydrogel containing Fe>* complexes with antibacte-
rial activity and self-healing ability, which improved wound healing in
the back of mice. Although Fe ions have been used to promote wound
healing, studies suggested that Fe ions might be involved in the process
of tissue damage, which was harmful to the healing of ulcers and
wounds [339,340]. Considering that skin wound healing is a complex
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biological process involving multiple stages, the application of Fe to
promote soft tissue healing requires further research.

6.3. Nerve regeneration

The application of BMs, represented by Mg, in repairing nerve injury
is also a promising direction. Mg ion is involved in neurotransmission in
vivo and is an effective neuroprotective agent [341], e.g., by preventing
hypoxic synaptic damage [342]. The details of the mechanism are that
Mg blocks the calcium channel of the n-methyl-p-aspartic acid receptor
and inhibits the production of glutamatergic excitation signals [343,
344]. Mg deficiency is associated with many nervous system diseases,
such as cerebral vasospasm, Alzheimer’s disease, stroke, and migraine
[345]. In vivo experiments in horses have shown that oral or intravenous
Mg might reduce the signs of trigeminal neuralgia [346,347]. In addi-
tion, reduced serum Mg levels are associated with peripheral neuropa-
thy in type 2 diabetes [348]. Fei et al. found that ZN (Mg-2Zn-Nd) and
Mg-10Li alloys have no obvious neurotoxicity and have the potential for
nerve repair applications [349]. Crush injury models of the sciatic nerve
in mice and rats demonstrated that Mg supplementation inhibited
Schwann cell apoptosis and promoted nerve regeneration and nerve
structure recovery by downregulating inflammatory responses, exerting
protective effects on blood vessels and nerves [350,351]. Similarly,
sciatic nerve axotomy in neonatal rats demonstrated that subcutaneous
injection of an Mg solution reduced motor neuron death and increased
motor unit survival [352]. Furthermore, an appropriate concentration of
Mg ions could promote the proliferation of cultured neural stem cells by
regulating mitochondrial function [353,354]. The placement of an Mg
wire in the hollow nerve growth conduits is beneficial for nerve repair,
especially to the injured sciatic nerves with a short gap in adult rats. Mg
wires improved axonal parameters and had anti-inflammatory effects
compared with those of a single hollow nerve conduit or a Ti wire
conduit [355]. In the oral and maxillofacial area, nerve injury caused by
implant operation is a common complication during mandibular third
molar extraction [356]. The recovery of nerve injury has always been a
difficult clinical problem. It is believed that Mg can play a significant
role in oral and maxillofacial nerve repair.

6.4. New fabricating technology for BMs

The shape of the maxillofacial flat bone is irregular, which has higher
symmetry and aesthetic requirements. Additive manufacturing (AM)
technology makes it possible to produce porous BM implants with
custom geometric shapes. AM technology, especially the laser powder
bed fusion (L-PBF) technology, is expected to significantly and accu-
rately control the microstructure and degradation performance of BM
scaffolds, thus improving their mechanical properties and osteogenesis,
which has a strong advantage in manufacturing tissue engineering
scaffolds [357]. In 2019, Wen et al. successfully manufactured a porous
pure Zn scaffold through customized gas circulation system and process
optimization [358]. Studies by Chou et al. [359] and Yang et al. [360]
have shown that after optimization of structure and porosity, the
compressive yield strength and Young’s modulus of pure Fe and
Fe-30Mn alloy scaffolds are similar to that of natural bone, which makes
it possible for Fe-based alloy to be applied inbone tissue engineering. In
2017, Jauer et al. manufactured a WE43 Mg alloy porous scaffold that
can be customized geometrically based on the CT data of the mandible
[361]. In the future, the application of BM instruments fabricated by AM
technology needs extensive and in-depth study.

7. Conclusions

In summary, BMs have a broad application prospect in the oral and
maxillofacial regions. BMs can not only be applied for bone fracture
fixation, but also promote the regeneration of hard tissue, including
bone, cartilage, and teeth. Mg-based BMs degrades fast with gas
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formation, Fe-based BMs have a relatively low degradation rate and
insoluble degradation products, which greatly limits their application
and clinical transformation. Zn-based alloys have a uniform and mod-
erate degradation rate, and do not produce gas during degradation,
which are more promising than Mg-based and Fe-based alloys for frac-
ture fixation systems and GBR membranes. However, further research is
still needed to develop new structure and multi-functional surface
coatings and modification techniques to improve the degradation
properties and biological effects of fracture fixation systems and GBR
membranes. To pave the way for oral and maxillofacial clinical trans-
lation of BMs, long-term studies in large animal trials and clinical trials
are needed.
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