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Craniomaxillofacial bone serves a variety of functions. However, the increasing number of cases of cranio-
maxillofacial bone injury and the use of selective rare implants make the treatment difficult, and the cure
rate is low. If such a bone injury is not properly treated, it can lead to a slew of complications that can
seriously disrupt a patient’s daily life. For example, premature closure of cranial sutures or skull fractures
can lead to increased intracranial pressure, which can lead to headaches, vomiting, and even brain hernia.
At present, implant placement is one of the most common approaches to repair craniomaxillofacial bone
injury or abnormal closure, especially with biomedical metallic implants. This review analyzes the research
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progress in the design and development of degradable and non-degradable metallic implants in cranio-
maxillofacial surgery. The mechanical properties, corrosion behaviours, as well as in vitro and in vivo per-
formances of these materials are summarized. The challenges and future research directions of metallic
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1. Introduction

For human beings, in addition to maintaining the facial
contour and shape, the maxillofacial bone is also closely
related to the functions of chewing, pronunciation and speech.
Injury or diseases (such as tumors, functional atrophy, conge-
nital diseases, periodontitis, iatrogenic injuries, etc., which
can lead to the loss of bone tissues in the oral cavity) will
affect the normal life and mental state of patients." Cranial
problems are also very complex, such as craniosynostosis, trau-
matic skull defects and deformity. These diseases commonly
need the intervention of implant materials to cure, so it pro-
motes the development of implant materials to a certain
extent. Currently, bone substitutions including autografts, allo-
grafts, xenografts, and artificial materials are used to recon-
struct cranio-maxillofacial regions. Autologous bone grafts are
considered the gold standard of implants because they
contain growth factors for osteoinduction, cells for osteogen-
esis and the framework for osteoconduction,” which are
thought to favor bone formation. The disadvantages of autolo-
gous bone grafts, allografts and xenografts, however, are
limited sources, high surgical risks, and high psychological
stress.?
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biomaterials used in craniomaxillofacial surgery are also identified.

Aiming at natural bone grafted defects, researchers have
gradually developed various artificial materials. Since hard
tissues are responsible for the mechanical stability of the
body, materials required to repair, replace and/or restore hard
tissues must possess strength, an anti-corrosion/degradation
ability, good biocompatibility and good wear resistance, while
biomedical metallic materials happen to possess high yield
strength (YS), high ultimate tensile strength (UTS), and high
fatigue resistance and fracture toughness, and thus have
become one of the most widely used materials in craniomaxil-
lofacial surgery;' particularly, biomedical nondegradable
metals such as titanium (Ti) have been widely used in the
treatment of calvarial defects, reducing the source of infection
after craniotomy® and repairing the maxillofacial defects of
patients with common diseases in craniomaxillofacial
surgery.® But biomedical nondegradable metals also have
limitations. Taking Ti plates as an example, due to their excel-
lent corrosion resistance, they will not disappear with the
patient’s recovery after implantation in the human body,
which means that they need to be removed by secondary
surgery after healing, and due to the complex craniomaxillofa-
cial structure, reoperation means a greater risk; in addition, Ti
plates will cause an obstacle to child growth and produce
hypersensitivity to cold stimuli and stress shielding.”®
Therefore, while continuing to optimize the performance of
nondegradable metal materials for biomedical applications,
researchers are actively developing degradable metal materials,
such as iron (Fe), magnesium (Mg), zinc (Zn), and their alloys
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which are representative of the current situation at a certain
scale, but still have various deficiencies, such as the mechani-
cal properties being relatively poor, the degradation rate not
matching the rate of wound recovery and so on. Furthermore,
there is a lack of up-to-date and systematic summary of the
current research progress of biomedical metal materials in cra-
niomaxillofacial surgery, which may hinder the continuous
optimization design of the performance of biomedical metal
materials. Therefore, this article summarizes the recent
research progress in conventional biomedical metal materials
including Ti and its alloys, stainless steel (SS), tantalum (Ta)
and biomedical degradable metal materials including iron
(Fe), magnesium (Mg), and zinc (Zn), and their alloys in cra-
niomaxillofacial surgery including the skull, maxilla, and
mandible. In addition, the challenges and future research
directions on metallic biomaterials that can be used in cranio-
maxillofacial surgery are discussed.

2. Conventional nondegradable
metallic biomaterials in
craniomaxillofacial reconstruction

As one of the first artificial materials to be implanted in cra-
niomaxillofacial bone, biomedical non-degradable metals have
been extensively investigated and are widely used in clinical
practice due to their excellent mechanical properties, biocom-
patibility. and corrosion resistance.”® In particular, Ti and its
alloys have been developed in various forms for use in cranio-
maxillofacial surgery such as titanium-nickel (Ti-Ni) springs
for the treatment of sagittal cranial suture premature
closure,'® Ti mesh for the treatment of skull defects,” and Ti
plates and screws for the treatment of mandibular fractures.®
This section will focus on the progress of research on the use
of Ti-based alloys in craniomaxillofacial surgery. Other com-
monly used conventional nondegradable biomedical metal
materials are also presented, including SS, cobalt-chromium
(Co-Cr) alloys, and Ta and their main mechanical and biologi-
cal performances in craniomaxillofacial reconstruction appli-
cations are summarized and compared in Table 1.

2.1. SS for craniomaxillofacial reconstruction

The use of SS for craniofacial repair can be traced back to
1886, but the effect was unsatisfactory until 1967, when Luhr*®
performed a maxillofacial surgery using a compression plate,
and then evolved the experience of craniofacial reconstruction.
Examples include the use of dynamic compression plates,*®
self-healing plates for mandibular splits,*"** and the use of
monocortical microplates for mandibular and midface frac-
tures without axial compression.*?

SS springs are also used in the field of craniofacial repair.
Gewalli et al.'' implanted a dynamic spring made of SS into
the rabbit’s skull to verify the treatment of premature fusion of
the cranial sutures by the dynamic spring (in this experiment,
the titanium-molybdenum (Ti-Mo) alloy was used as the
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control group). The results showed that the force exerted by
the SS spring on the skull was stronger than that of the Ti-
based shape memory alloy, both in vivo and in vitro. In
addition, relatively long-term (24 weeks) in vivo experiments
using rabbits also showed that this spring had good biocom-
patibility, which was manifested in the formation of tissue in
the sutures. These results were later confirmed by David
et al.'? Lauritzen et al.® were more concerned about the role
of SS springs in children’s skull remodeling. Through the
implantation of SS springs, the shape of the patient’s skull
was restored to the normal range within three months. At the
same time, the removed spring remains in its original shape.
These experiences all brought revolutionary changes to the
high corrosion-resistant metallic implants in the field of maxil-
lofacial correction. Since then, many researchers have
indirectly tested the relevant properties of non-spring SS by
choosing stainless steel as the experimental reference. The
results showed that SS exhibited lower biocompatibility and
corrosion resistance than Ti and its alloys and lower wear resis-
tance than Co-Cr alloys.*

2.2. Ti and Ti-based biomedical metals for
craniomaxillofacial reconstruction

Ti is one of the few materials that naturally meet the require-
ments of human implantation due to its light weight, high
specific strength, low toxicity, and high corrosion resistance.**
Despite the significant developments in complete tissue-engin-
eered cranial and maxillofacial structures, Ti is still the pre-
ferred artificial material for the repair of defects in load-
bearing areas, including the mandible, maxilla and
craniofacial.**>>®

2.2.1. Pure Ti. Brem et al.'* found that commercially pure
Ti (CP-Ti; Grade 2) could combine hardness and maximum
strength with sufficient malleability to avoid brittle fracture, so
suitable plates and screws were prepared by this method.
Eichner’” and Schwickerath®® made a mechanical comparison
of the Ti plate formed in this way, and found that the bearable
force of the plate depends on the YS and geometric shape of
the plate-screw system (the size and notch effect caused by
screws and screw holes), in which maxillary plate < mandibu-
lar plate < SS (590 N < 1250 N < 1250 N). These forces are
much greater than the force required for physical chewing (100
N), which can meet the requirements of daily chewing. Animal
experiments showed that the abovementioned materials accel-
erated new bone formation, while restrained connective tissue
appearance in mini-pigs. Kuttenberger et al.'® conducted a
long-term follow-up study of Ti implants in the oral and maxil-
lofacial bones. The results showed that no wound infections,
exposures or loss of the mesh were observed, which suggested
that the long-term stability of the reconstructions was excel-
lent. Researchers then conducted the study of the walls of
paranasal sinus reconstruction and found that over time, com-
plete re-pneumatization took place. Wind et al.” then used Ti
to perform immediate cranioplasty on three patients and
found that the patients had no further postoperative compli-
cations and no evidence of recurrent infection over a follow-up
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Table 1 Conventional nondegradable metallic biomaterials and their mechanical and biological performances in craniomaxillofacial reconstruction

applications
Results
Type  Alloy Implant site Mechanical properties Biocompatibility Ref.
SS SS Cranial bone  Invitro In vivo 11
-SS springs exerted about 1.7 times more force than Ti-Mo springs. -No infections and postoperative complications
In vivo - There is osteogenic activity, but osteogenesis is
- Force (SD) provided at variant sites: slow.
F» o = 242 N, Fg nm = 2.18 N
In vitro In vivo
-SS springs exerted about 1.7 times more force than the memory -No short- or long-term technical complications
metal (Ti-based). -Have bony ingrowth
In vivo 12
- Force (SD) provided at 2 mm arm spread:
Fss = 2.3 N, Fripasea = 1.3 N
— In vivo 13
-The patient returns to normal.
Ti Pure Ti Cranial bone 70% deformation In vivo 14
YS = 750 MPa, ¢ = 8% -New bone formation was found beside and
above the miniplates and screws.
Torguer; = 0.53 Nm & Torguexzcrnimo = 0.52 Nm -No connective tissue
Pure Ti Cranial bone ~ — In vivo 5
-No further postoperative complications and
recurrent infection (over a follow-up period of
greater than 3 years)

Pure Ti Oral and — Invivo 15

Maxillofacial -No wound infections and exposures
-Excellent long-term stability of the
reconstructions
- Sinus walls were reconstructed.

Ti-6Al-4V  Cranial bone  -Construct E (MPa): — 16
146 + 9 to E-PBF, 156 + 10 to L-PBF and
-Energy absorbed at peak load (J): 17
3.1+ 0.1 to E-PBF, 6.0 + 0.4 to L-PBF

Ti-6Al-4V  Mandibular — In vitro 18

bone -Hydrophilic
-Sample extracts from plasma polishing have
serious cytotoxicity.

-V significantly inhibited the proliferation of
human gingival cells (human parotid gland
epithelial cells and human prostatic growth
factor).

Ti-6Al-4V  Frontal skull Parallel: In vivo 19

(porous) E =12.9(+0.9) GPa, CYS = 107.5(+3.6) MPa, UCS = 148.4(+3.5) MPa  -The percentage of bone volume over tissue

volume inside the pores steadily increased.
Perpendicular: - After 60 days the implants were filled
E =3.9(+2.1) GPa, CYS = 49.6(+20.6) MPa, UCS = 127.1(+29.2) MPa  completely with bony tissue.
- The histological analysis revealed only scarce
bone-implant contact.

Ti-2Ag Mandible 1 BSehole Ti-ag & 2BSshole Ti—ag ~ BScp i In vitro 20

- Ag ion release: ~200 ppb (4 h), ~150 ppb
(24 h)*

- Lower cytotoxicity than CP-Ti

In vivo

- Mild inflammation and no infection

- The mandible was completely repaired.

Ti-Mo Cranial bone  In vitro In vivo 11
SS springs exerted about 1.7 times more force than the Ti-Mo - No infections and postoperative complications
springs. - There is osteogenic activity, but osteogenesis is
In vivo slow.

- Ti-Mo expander elements gave 1.39 (0.25) N at 2 mm arm spread
and 1.09 (0.22) N at 9 mm arm spread.

Ti-Ni Skull and In vitro In vivo 10

mandible - The force varied with the shape and the number of deformations  Clinical research confirmed the possibility of and

cycling. applying superelastic rings and springs in 21
- Have a permanent plastic strain of 4% cranioplasty.
In vivo
-Implant movement
Ti-Ni Cranial bone  Microhardness values of nitinol averaged 350 kg mm™ In vivo 22
- No macrophage adhesion
- New bone was similar in hardness to old bone.
- Bone contact: BCy, > BCyiri
- Bone ingrowth: Blya < Blniri
Ti-Ni Cranial bone ~ — In vivo 23
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New bone formation
No apparent inflammatory response
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Table 1 (Contd.)

Results
Type  Alloy Implant site Mechanical properties Biocompatibility Ref.

Others CP-Ta Cranial bone —

The rate of infection is alarmingly high in these 24
large constructs

CP-Ta Cranial bone UCS = 50-70 MPa - There was a complete closure of the cranial 25
(porous) defect by the new bone formation. and
UTS = 63 MPa, BS = 110 MPa - No inflammatory reaction 26
- The connective tissue might form on the Ta
surface in the early stage.
CoCr Mandibular Prostheses were well tolerated by surrounding tissues and no - Normal organ function 27
bone evidence of wear of the metal implants causing osteolysis and - New tissue and bone formation

formation of granulomatous.

Vitallium Skull —

- Produced no evidence of tissue reaction

28

e: elongation; CP-Ta: commercially pure Ta; UCS: ultimate compression strength; CYS: compression yield strength; and BS: Bending strength. “ The minimum inhibi-
tory concentration of Ag ions for bacteria and yeast is 30 to 1000 ppb (g L™"), depending on the type of bacterium and the initial concentration. The cytotoxic con-
centration of Ag ions to mouse fibroblasts (L929) and human fibroblasts during a short incubation was 500 and 2000 ppb, respectively.

period of greater than 3 years. However, the lack of mechanical
properties and wear resistance of commercially pure titanium
limited its development to some extent.

2.2.2. Ti alloys. Lewin et al.'®"” investigated the effect of
different pore shapes and different printing techniques on the
mechanical properties of the additively manufactured Ti-6Al-
4V meshes implanted in cranial bone. On the one hand, they
compared the mechanical properties of two Ti meshes (D1 and
D2) with different pore shapes and showed that the quasi-
static applied pressure causes the D2 structure to fracture after
20 mm of deformation, while the D1 structure is only partially
deformed. In the impact test, there was no significant differ-
ence between the two designs. In general, the deformation of
D1 was better controlled and it was less dependent on the
loading rate. Furthermore, Ti-6Al-4V samples were prepared
by the hot isostatic laser powder bed melting technique
(HIPed PBF-L) and the electron beam powder bed melting
technique (PBF-EB), respectively, using the D2 model, and the
mechanical testing showed that HIPed PBF-L had better
mechanical properties.

The main reason for this discrepancy is the large geometric
deviation of the samples prepared by PBF-EB. In addition, the
large surface roughness of the samples prepared by the
PBF-EB technique is also a critical issue, because the surface
roughness concentrates stress and reduces the mechanical
strength of the printed parts. In addition, larger roughness
has a greater effect on cell activity. Bernhardt et al.'® studied
the influence of the surface roughness of additively manufac-
tured Ti-6Al-4V implants on their material properties and
in vitro biocompatibility. According to the rule that the
effective roughness spectrum R, = 0.2-2 pm which is suitable
for short-term oral and maxillofacial implants, the researchers
subjected the samples prepared by laser melting deposition to
different surface treatment procedures. The results showed
that plasma electrolytic polishing would lead to excessive
release of vanadium(v) ions, thus reducing cell activity.
However, the biocompatibility of samples formed by vibration
polishing and electropolishing basically met the requirements

This journal is © The Royal Society of Chemistry 2024

of implantation. In addition, the combination of different pol-
ishing methods also affected cell activity.

Aluminum (Al) enrichment of the a-phase in Ti was found
to be detrimental to its passivity and corrosion resistance.*®
Moreover, Al may cause Alzheimer’s disease,’®*' while V is
toxic to cells and can cause severe allergic reactions,*> and
hence, researchers focused their attention on Al-free and/or
V-free Ti alloys, such as titanium-silver (Ti-Ag)*® and nickel-
titanium (NiTi).>'">* As shown in Table 1, several papers about
NiTi were published in recent decades focusing on cranial
21723 particularly for children,”* because of its
superelasticity. For instance, Lekston et al.'® fabricated U- and
Q-shaped springs using NiTi wires with different diameters
and performed mechanical assessments both in vivo and

bone repair,

in vitro, and the results indicated that the smaller the diameter
of the ring, the larger the pre-deformation during formation
and the higher the induced stress. Moreover, U-shaped springs
increased the force and the increase in the deformation
cycling decreased the force. Morawiec et al.>’ suggested that
small formation favorably affected induced superelasticity.
Simske and Sachdeva®® proved that porous NiTi alloy had good
biocompatibility and osteogenic properties through in vivo
assessments. For osteogenic properties, they found that a
relationship existed between the pore size and both bone
apposition and ingrowth. Ayers et al.,”® however, thought if
implants were pressed into bone, bone growth might be inde-
pendent of pore size. Meanwhile, above 150 pm pore size,
increased porosity was unnecessary to enhance early cartilagi-
nous ingrowth.

However, the allergy, toxicity, and potential carcinogenicity
associated with Ni ion release in NiTi alloys limit their use.*?
In order to overcome this problem, surface modifications such
as oxidation treatment of NiTj to obtain a Ni-free surface** and
several alternative Ni-free shape memory alloys, such as Nb-
based, have been developed.*®

There are also studies on the corrosion resistance of Ti in
the craniomaxillofacial region, for example, in order to investi-
gate the effect of the surface modification on the corrosion be-
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havior of Ti, long-term open circuit potential (OCP) measure-
ment, cyclic voltammetry, and electrochemical impedance
spectroscopy (EIS) were carried out by Suba et al*® Researchers
have found that Ti-oxide layers produced by thermal and electro-
chemical processes prevent corrosion of pure Ti substrates, both
in vivo and in vitro. However, the non-density of oxide coating
and mechanical damage can make CI™ in the body fluid directly
in contact with the substrate, thus accelerating corrosion.
However, the spontaneous formation of phosphate and hydro-
phosphate (apatite)*”*® in the human body may close these
pores, and thus realize the continuous re-passivation and repair
of defects in the layer. Gonzalez and Mirza-Rosca®® and Marino
and Mascaro® studied the corrosion of Ti in the oral environ-
ment. It was found that Mo, V and Fe improved the passivation
of Ti and inhibited the active corrosion of the p-phase.’® The
EIS of grade 2 Ti was tested by immersion in artificial saliva,
and the results showed that with the extension of immersion
time, different structures of TiO, (the anodically grown oxide is
generally amorphous whereas thermal oxidation produced
mainly the anatase phase) would be formed on the surface of
Ti, which has long-term and stable passivation performance;
however, the porous structure in grade 2 Ti reduced the cor-
rosion resistance compared to solid pure Ti.*’

2.3. Other nondegradable metallic biomaterials for
craniomaxillofacial reconstruction

Ta implants in the cranio-maxillofacial area have a longer
history than Ti because of its unique combination of pro-
perties such as high corrosion resistance®® and biological
inertia, as demonstrated experimentally by Ta cranioplasties in
11 cats.’® One important finding in this animal study was the
closure of the cranial defect by new bone formation.?® The first
Ta biomaterial implanted in a human skull can be traced back
to 1941 in the US Naval Hospital in Washington, DC by
Fulcher.” Afterwards, especially in World War II, more than
1000 cases of Ta cranioplasty were performed in the sub-
sequent 5 years. However, the high thermal conductivity of Ta
leading to cold or heat sensitivity was a shortcoming and there
has been no definitive study on whether Ta implantation in
human cranial and maxillofacial regions would have adverse
effects on patients or the therapeutic effect on diseases, and
Ta use in cranioplasty declined precipitously in the early
1950s.>> However, with the advancement of manufacturing
technology, the porosity and average pore size of Ta-based
alloys can reach 75%~85% and 400-600 pm, respectively.
However, studies have shown that the average pore size of
400 pm and the porosity of more than 70% can promote osteo-
genic differentiation and the formation of blood vessels and
bone tissues.’*™° In addition, Ta has a low bacterial adhesion
rate but poor bactericidal effect.’” Porous Ta also has excellent
mechanical properties such as a large coefficient of friction
(i.e., high stability at the initial stage of implantation)’® and
elastic modulus (E) and compressive strength close to those of
cortical bone (i.e., load-bearing capacity).>>*° These superior
properties of Ta-based alloys enabled them to find widespread
use in orthopedics and dentistry. However, the excellent bio-
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logical properties of porous Ta are obtained at the expense of
some excellent mechanical properties.®® Therefore, balancing
the biological and mechanical properties of porous Ta
becomes a new challenge for Ta alloys.®*

In addition, there have been a small number of cases of
cranial and maxillofacial implants made of Co-Cr or vitallium
alloys. For example, several Vitallium plates have been fabri-
cated and tested,’® which showed excellent in vivo biocompat-
ibility with no adverse effects to the patients’ skulls.®*?
Kummoona et al?’ concluded that Co-Cr implants could
satisfy the patients’ physiological needs for mandibular
implants and muscle fiber attachments, based on long-term
health tracking of patients with 2-part Co-Cr prosthesis.

3. Biodegradable metallic materials
for craniomaxillofacial reconstruction

It is estimated that 10-12% of craniofacial implants are
removed due to infection, exposure, pain and discomfort.®*
Therefore, the development of biodegradable materials con-
tinues to receive increasing attention. A variety of bio-
degradable metallic materials for biomedical use with poten-
tial for implantation into the craniomaxillofacial surface have
been initially developed in recent years, such as splints and
screws for fixation of maxillofacial fractures,®® metallic mem-
branes for guided craniomaxillofacial bone regeneration®®®’
and devices for anti-cranial osteolysis and/or antibacterial
purposes.®®®® However, most experiments remain in in vitro
studies and are particularly underdeveloped for Fe and its
alloys. In this section, we focus on the progress of research in
craniomaxillofacial bone with three most typical biodegradable
metals for biomedical use, namely Fe, Mg and Zn. The bio-
degradable metallic biomaterials and their main mechanical
and biological performances in craniomaxillofacial reconstruc-
tion applications are summarized in Table 2.

3.1. Fe-based biodegradable metals for craniomaxillofacial
reconstruction

Fe exists in almost all organisms and is essential for their devel-
opment and survival.”® It is a vital part of various enzymes
involved in many biological processes, including DNA biosyn-
thesis, oxygen transport, and cellular energy generation.”
Ferroalloy therefore became one of the earliest metals
implanted in the human body. But in the field of metal
implants, Fe is different from other metals in that it contains
not only SS, a traditional implant with excellent corrosion re-
sistance in the human body, but also new degradable metals
that degrade less quickly than Zn and Mg (1-4 months), which
researchers have begun to explore the way to increase their
degradation rate. For instance, porous Fe-30Mn samples were
prepared using 3D printing technology (Fe-30Mn 3D-P).”°
Mechanical testing showed that the YS of the porous samples
was inferior to that of pure Fe and Fe-30Mn made by sintering
and rolling, but it was the closest to that of natural bone,
especially the Young’s modulus (32.47 + 5.05 GPa for Fe-30Mn

This journal is © The Royal Society of Chemistry 2024
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Table 2 Biodegradable metallic biomaterials for craniomaxillofacial reconstruction and their main mechanical and biological performances in cra-
niomaxillofacial reconstruction applications

Results
Alloy Implant site Mechanical properties Degradability Biological properties Ref.
Fe-30Mn Cranial bone YS =106.07 + 8.13 MPa, - Corrosion rate: In vitro 70

Fe-35Mn Cranial and
maxillofacial
bones

Fe-34Mn-1Ca

Pure Mg Mandible

AZ31

ZK60 + PLLA Le Fort I

WE43 Frontal bone

WE43 Le Fort I

WE43 Cranial bone

Mg-4Y-3RE Cranium

UTS =115.53 + 1.05 MPa
£=0.73 £0.15%

UTS = 228.1 MPa

YS =189.7 MPa,
E=39GPa, ¢=1.5%

UTS = 296.6 MPa, E = 163 GPa,
& = 0.1% (Brittle fracture
occurred)

UTS = 86 MPa, YS = 20 MPa,
£=13%

The pull force of AZ31 was
similar to SS

UTS = 372.94 + 20.10 MPa
YS =251.16 + 33.43 MPa

£=15.12 +1.95%

- Extruded WE43:
UTS = 303 MPa, YS = 195 MPa,
£=6%

- WE43:

UTS = 260 MPa, YS = 160 MPa,
£=6%

- As-cast:

YS =157.5 + 11.1 MPa

UTS =384.9 + 10.4 MPa
- As-cast + heat treatment

(WE43-T5):
YS =244.1 + 10.3 MPa

UTS = 427.7 + 17.1 MPa
HV = 114, YS = 280 MPa, UTS =
316 MPa, ¢ = 5.3%, CYS = 239
MPa, UCS = 402 MPa

This journal is © The Royal Society of Chemistry 2024

v =2.81 + 0.88 mm per year (nominal surface

area);

v =0.73 £ 0.22 mm per year (estimated true
surface area)

- Corrosion unevenness

- Corrosion rate:

Vpe-mn = 0.03 mm peryear
Vpe—Mn-1ca = 0.14 mm per year

Veortical bone = 71.5% > Vione marrow = 9.6%

—Veortical bone < Vbone marrow

Veortical bone = 44.2% > Vione marrow = 20%

—Vcortical bone < Vbone marrow
Vscrew head = 61.5% < Vicrew shatt ~ 39%

—Vscrew head ~ Vscrew shaf Vmg > VzKk31
- Gas formation

- Uneven corrosion:

—Veortical bone < Vbone marrow

Volume change (V;,-V,,4):

AViwgaz = 70 £ 8.2%—43.0 £ 20.9%
>AVeoated weaz = 80 £ 6.3%—76.3 £ 19.2%
Production of gas:

Pywrss = %> Pooated weas = &

Gas occurrence decreased with time.

Veo d = 60.07  15.40 = 60% Vinicial
V24 weeks = 19.37%Vinitial

- Implant degradation was more pronounced

for the WE43 group relative to the WE43-
T5 group.

In vitro:

- Veorrosion rate = 1.51 Mm per year
- Local corrosion

In vivo:

- Veorrosion rate = 0.90 mm per year

- Corrosion products were thick and irregular.

- At the initial stage, it was toxic

to MC3T3 cells.

- At the later stage, it showed

good cell compatibility.

In vitro 71

- Numerous cell-to-cell junctions
and cytoplasmic expansion

- Fe-Mn-Ca exhibited more live
cells than Fe-Mn.

- Good cell viability

In vivo 72
- Bone remodeling occurred in
the area surrounding the screws.
- New bone was seen growing up
next to and in contact with the
metal.

In vivo

- New bone was seen growing up
next to and in contact with the
metal.

- Significant bone overgrowth
was also observed around the
AZ31 screws.

In vivo 7
- The implant moved, the wound
opened and became infected.

In vivo 73
- Bone density (BV/TV):

PTi > Pcoated WE43 ~ PWE43

- Bone contact area:

BICr; > BICcoated weas > BICweas

- No disturbances in wound

healing or signs of foreign body
reaction.

In vivo 74
- Producing slight inflammation

and gas in the initial stage (12
weeks).

- New bone was well formed near

the screw head and covered the
screw body.

In vivo 75
- Absence of increased

inflammatory content at both

bone and soft tissues interface;

- New woven bone formation;

- Lymph node Mg content
quantification:

No implant = 1126 + 430 ppb

WE43 = 2125 + 411ppb ~ WE43

— T5(p > 0.38)

In vivo 76
The biodegradable Mg-based
implants have no adverse effects

on the behavior or physical
condition of rats
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Results

Alloy Implant site Mechanical properties

Degradability

Biological properties

Ref.

Mg-6Zn-RE  Cranial bone —
(Y, Gd, La and

Ce)

Maxillofacial
bone

Pure Zn YS =92.16 + 8.76 MPa,
UTS =108 + 4.87 MPa,

£=42.82 +2.69%

Maxillofacial
bone

CP-Zn A significant reduction in UTS

Zn-xAg (x = Cranial bone

0.5,1, 2%)

- Increased tensile strength
- Significant reduction in
compressive strength
-£>30%

Cranio- Zn-1Cu:
maxillofacial

bone

Zn-xCu (x =1,
2, 4 wt%)

YS =25.8 MPa, UTS = 32.5
MPa

Zn-2Cu:

YS =50.1 MPa, UTS = 59.5
MPa
Zn-4Cu:

YS =73.0 MPa, UTS = 105.4
MPa, € = 42.2%

- YS and UTS:

Zn < ZnCu < ZnCuFe

Cranial and
maxillofacial
bones

Zn-0.5Cu-xFe
(x=0,0.1,0.2
and 0.4 wt%)

Max: ZnCu-0.4Fe

- £ (%):

20.5 = ZnCu—0.4Fe < Zn
Zn <ZnCu < 40 < ZnCuFe
Max: ZnCu-0.1Fe
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Invivo
Rapid degradation, 2 weeks to fragmentation
and cavitation

In vitro
A relatively uniform corrosion mode

In vitro
- Local corrosion (pore)

- The bigger the hole, the faster the corrosion.
In vivo

- The pure Zn membrane with 1000 pm pores
almost broke down at week 10.

In vitro

- The addition of Ag accelerated the corrosion
rate, with the highest corrosion rate for Zn-
0.5Ag

- R#"" was either maintained or increased

over 40 days of immersion.

- The rolling process appears not to enhance
the corrosion resistance of the Zn-Cu alloys.

- The degradation rate of the Zn-Cu alloy may
be reduced, while Zn-4Cu has the highest
corrosion resistance.

Invitro
- Min: ZnCu, Max: ZnCu-0.4Fe

- Compared to a-MEM, ZnCuFe corrodes more
rapidly in artificial saliva and increases
significantly with increasing Fe content.

In vivo

- Swelling at the wound area at
the beginning of implantation,
which subsides within 2 weeks
- Excellent osteogenic properties
- Milder inflammation

- Rare earth elements
accumulate in many organs and
are metabolized through
lymphatic vessels.

Invitro

- Favorable biocompatibility

In vivo

- Well attached to the cranial
defect area

- New bones formed in the edge
of implants.

- No obstruction,
histopathological changes and
accumulation of degradation
products

In vitro

- Favorable biocompatibility to
300 pm

- Noticeable toxicity to 1000 pm
In vivo

- Well attached to the cranial
defect area

- No obstruction,
histopathological changes and
accumulation of degradation
products

- New bones formed in the edge
of implants.

Invitro

- Antibacterial properties:

Zn < Zn-0.5Ag < Zn-1Ag < Zn-
2Ag

- Excellent cytocompatibility

- Zn-2Ag significantly inhibited
osteoblast differentiation.

In vivo (only Zn-2Ag)

- Good antibacterial properties
and osseointegration in the
femur.

- Effective inhibition of titanium
particle-induced cranial
osteolysis.

In vitro

- Good cell-to-cell connections

- No apparent cytotoxicity
(reduction of cell viability <30%)
- Promotes cell proliferation to
as-rolled Zn-4Cu

- Poor resistance to adherent
mixed oral bacteria

Invitro

- ZnCu-0.2Fe initially meets the
requirements of the GBR
membrane for cell selection®.

- ZnCu-0.2Fe has a good
bacteriostatic and not
bactericidal effect.

77

66

69

68

67
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Table 2 (Contd.)

Results
Alloy Implant site Mechanical properties Degradability Biological properties Ref.
Zn-2Mg Cranial bone HV =97, YS =235 MPa, In vitro: Invivo 76

UTS = 365 MPa, El. = 4.9%, - Veorrosion rate = 0.09 mm per year - Favorable biocompatibility to

rats
CYS =231 MPa, UCS = 426 In vivo:
MPa - Veorrosion rate = 0.10 mm per year
- Corrosion was relatively slow and uniform.
Zn-Mg-Fe Mandibular In a relatively long time (24 In vivo: — 65
bone weeks), the mechanical V4 weeks = 0.033 £ 0.015 mm per year, V1, weeks
properties of Zn-Mg-Fe did =0.079 + 0.009 mm per year, Vo4 weeks = 0.095

not decrease with the
extension of time.

+0.009 mm per year

HV - Vickers hardness. “ Blocks fibrous connective tissue cells and epithelial cells from surrounding soft tissue, but allows osteoblasts to enter the bone

defect area.

3D-P compared to 14.1-17.3 GPa for natural cortical bone®°).
Corrosion testing and cytotoxicity assessment showed that Fe-
30Mn 3D-P exhibited a significantly higher corrosion rate than
pure Fe with localized corrosion and good biocompatibility.”®
Hong et al.”" reported that the addition of Ca/Mg to Fe-Mn
increased the corrosion rate of the alloy, especially the
addition of Mg had a stronger effect on the corrosion rate
(Fig. 1a and b); and the microporous Fe-Mn and Fe-Mn-1Ca
metal sheets created by binder-jet 3D printing demonstrated
good biocompatibility (Fig. 1c).

As Fe presents different valence states under physiological
conditions, when it exists in the form of ferrous -Fe(u), it pro-
duces reactive oxygen species (ROS) through the Fenton reac-
tion, which damage the functions of cells and organs. In
addition, Fe-induced damage is aggravated by the fact that
there is no physiological way of Fe excretion, apart from blood
loss and (to a lesser extent) shedding of cells.®' The precipi-
tation form and content of Fe limit the implantation of Fe in
cranial and maxillofacial areas.

3.2. Mg-based biodegradable metals for craniomaxillofacial
reconstruction

The suggested daily intake of Mg lies in the range of
375-500 mg, and 0.75-1.15 mmol L~' within the blood

() (b)

plasma.?*® Mg ions are involved in many reactions in the
body, such as DNA synthesis, RNA transcription,®® ion
diffusion, and formation of cellular signals.®® Excess Mg also
collects in the kidneys and is excreted in the urine, which pro-
vides for Mg implantation in the body without disrupting the
body Mg balance. In addition, the good osteogenic
properties’>”” and biomechanical stability of Mg in the cranio-
maxillofacial region have been demonstrated.®*>®” For example,
three Mg screws on top plus two Mg screws at the bottom can
maintain the mechanical stability of mandibular propulsion,
while two Mg screws on top combined with one Mg screw at
the bottom can meet the implantation requirements for sagit-
tal split osteotomy of the mandibular branch.®®

The excellent biological properties and good mechanical
properties have led to a faster progress of research on Mg
alloys in craniomaxillofacial surgery than Fe and Zn, and the
Mg-based MAGNEZIX®CS screws developed by Syntellix AG are
currently in clinical use, which are used to accomplish sturdy
internal fixation of mandibular condylar fractures by incision
and reduction.®® In addition, sufficient mechanical properties
and degradability have led to the use of Mg-based alloys for
the preparation of metal membranes to guide cranial regener-
ation, such as Mg-Al-Zn alloy,*® Mg-Zn-RE(Y, Gd, La and
Ce),”” WE43, and Mg3Gd alloys.”°

(©)

Me + ZHZO = MelOH)2 + H2 & 2 I Fe-Mn
CALPHAD weight fraction of Ca and Mg, x g o 1504 [ Fe-Mn-1Ca
=
0.00 001 0.02 003 0.04 005 b= .
=
wp 2 : : ; < 5
ure Fe (31H = 0) = o
st [Feg,Mn, ) (4= 464 kdmol) | = 4- e
b S S 100
S vt [Fe, Mn_ ] (3aH'= 471 kJimol) | 3 & =
2 0.esMMy o i @ <
3 S a 2z
L 90 s Ca o “6{—Fe-Mn —
3 R % ——Fe-Mn-1Ca % i
—m—Fe, Mn, Ca | T~ E ——Fe-Mn-2Ca g
-704 - G o Q = ~——Fe-Mn-1Mg =,
& FeoMingqs, Mg, ~ gz [3) =
= Mg s, Wl dF® ~——Fe-Mn-2Mg [0}
~ |23 2 -8 T T O o
-804 ) S -0 -0.8 -0.6 -0.4 100% 50% 25% 10%

Potential (V vs. Ag/AgCl)

Fig. 1

Extract media dilution, %

(a) CALPHAD simulation showing that addition of Ca or Mg to a binary Fe—Mn alloy can accelerate the corrosion of the alloy; (b) Tafel curves

measured by potentiodynamic polarization of Fe—Mn, Fe—Mn-Ca, and Fe—Mn—-Mg pressed pellets; (c) cell viability of MC3T3-E1 cells incubated
with extracts of 3D printing Fe—Mn and Fe—Mn—-1Ca for 3 d (n = 3)"* (Copyright 2016 by Elsevier).
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However, the corrosion behavior of Mg, such as excessive
degradation and the production of hydrogen gas,* has led to
particular interest in improving the composition and surface
properties of Mg alloys for craniomaxillofacial bone appli-
cations. The corrosion reactions of Mg in a physiological
environment can be expressed as follows:

Mg — Mgt 4 2e” (anodic reaction)
2H,0 + 2e~ — H, T +20H (cathodic reaction)
Mg>" +20H" — Mg(OH), | (overall reaction)

Mg(OH), + ClI~ — Mg*" + Cl™ +20H~
Mg(OH), + HCO;~ — Mg5(CO3),(OH), - 5H,0

Mg*" + HPO,*~ — MgHPO, |

Henderson et al.”” studied the in vivo degradation behavior

of Mg and AZ31 and showed that the degradation rate of Mg-
based materials varied depending on the surrounding tissue,
exhibiting a significantly lower degradation in the cortical
bone than in the medullary cavity, besides, the degradation
rate varied between different parts of the same screw.

Based on the fact that alloying has an important influence
on the properties of Mg alloys, especially on corrosion behav-
ior, Kubasek et al.”® studied the in vitro and in vitro mechanical
properties and corrosion behaviors of Mg-4Y-3RE and reported
that rare earth element (REE) suppressed the formation of
strong basal texture so that resulted in a decrease in the an-
isotropy of the mechanical properties of the Mg alloy, and its
corrosion rate was still faster than that of the Zn-2Mg alloy
(corrosion rate = ~0.1 mm per year) with local corrosion. In
contrast, Zhao et al.”” investigated the degradation behavior of
Mg-6Zn-RE (REE = yttrium (Y), gadolinium (Gd), lanthanum
(La) and cerium (Ce)) in critical-sized rat calvarial defects and
showed that the large surface area accelerated the corrosion of
the Mg alloy and that the corrosion channels formed inside
the metal film decomposed the membrane into fragments
within two weeks. However, these fragments continued to
remain stable in the skull defect and formed gas bubbles due
to the presence of surface deposits, and these fragments con-
tinued to decompose in the gas bubbles.”” In addition, a rapid
increase in the content of REEs was observed in the lymph
nodes at 4 weeks of implantation due to the dissolution of
deposits on the implant surface, which may have adverse
effects on human health,”” and it has also suggested that REEs
may be phagocytosed by macrophages and enter the lymphatic
system to complete metabolism. shows micro-CT images
showing the new bone mass at the skull defect after implan-
tation for 2 weeks, 5 weeks, 8 weeks, and a blank defect at 8
weeks.”” It can be seen that an increase in bone mass was
observed with increasing implantation time and the defect was
completely covered at eight weeks.

Byun et al.” attempted coating the ZK60 Mg alloy with a
poly(r-lactic)-acid (PLLA) polymer and investigated its degra-
dation behavior in a LeFort I osteotomy canine model for max-
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illofacial applications; the p-CT images indicated that all the
PLLA-coated plates were completely dissolved in the five
beagles and the wound dehiscence did not heal after 12 weeks
of implantation. Rapid biodegradation of PLLA-coated ZK60
was observed due to the formation of microcracks during the
bending process while fitting on the bone, which allowed the
bodily fluid to penetrate into the coating and directly contact
with ZK60. To improve the corrosion behavior and torsional
strength of Mg alloys on the frontal bone, Schaller et al.” used
a proprietary Magoxid electrolyte to form an electrocoating
layer on WE43 and reported that this coating caused the degra-
dation rate of WE43 to be slowed and stable. In addition, the
presence of the coating also delayed the release of hydrogen
gas, and the occurrence of soft tissue cavities caused by gas
release decreased with increasing implantation time. Although
the formation of a coating enhanced the bone-forming ability
of WE43, it was still insufficient compared with Ti.

Byun et al.”* and Torroni et al.”” improved the properties of
the WE43 Mg alloy by improving the preparation conditions to
satisfy the conditions of cranial and maxillofacial implan-
tation. In the former study,’* the mechanical properties of
WE43 were improved by tempering after casting, with 55% and
28% improvement in the YS and UTS for WE43-T5 specimens
over the as-cast counterparts, respectively. Extrusion before
heat treatment also improved the YS of WE43.”> WE43 was bio-
compatible (e.g., showing new bone formation and without
long-term inflammation), except that the WE43-T5 produced
hydrogen gas at the beginning of implantation.”

Overall, the Mg-based alloys in a physiological environment
not only exhibit a rapid corrosion rate but also lead to the
excessive evolution of hydrogen gas. Due to the special cranio-
maxillofacial anatomical characteristics, subcutaneous gas cav-
ities may lead to wound healing disorders. These issues
impede the widespread use of Mg-based alloys in craniomaxil-
lofacial surgery.®®

3.3. Zn-based biodegradable metals for cranio-maxillofacial
reconstruction

Zn is the second most abundant micronutrient in living organ-
isms® with normal plasma levels of 70-120 mg dL™'.°*
Humans consume an average of 4-15 mg day " of Zn®* to regu-
late various essential biological functions, including nucleic
acid metabolism, signal transduction, apoptosis regulation,
and gene expression in the human body,*” especially for bone
formation processes, such as activation of amino acid-tRNA
synthetase in osteoblasts”® and inhibition of differentiation of
bone marrow cells to osteoclasts.”” Furthermore, studies have
shown that Zn has an important role in the prevention and
treatment of skeletal and neurological disorders,’®*'° which
provides strong support for the use of Zn alloys in craniomaxil-
lofacial surgery. On the other hand, the moderate degradation
behavior of Zn does not leave large amounts of corrosion pro-
ducts in the body that are difficult to be eliminated and its cor-
rosion products,”’ such as Zn phosphate, may also improve
the biocompatibility of Zn-based implants.'°*1%
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3.3.1. Pure Zn. The critical role of Zn in the human body
and its corrosive nature has promoted some research in cranio-
maxillofacial surgery. Guo et al®°® prepared pure Zn mem-
branes with different pore sizes (0, 300 um, and 1000 pm) for
guided bone regeneration (GBR) using the degradability of Zn
and its effect on bone marrow cell differentiation in order to
investigate the feasibility of using pure Zn membranes for GBR
in maxillofacial applications. This study demonstrated that the
degradation rate increased with increasing pore size and the
Zn membrane with 1000 pm pore size corroded most rapidly,
and even showed severe cracking after immersion for 28 d in
Hanks’ solution. The degradation rates of the Zn membranes
with different pore sizes were consistent with the Zn** ion con-
centrations of the immersion solutions with Cy pm) = 14.4 +
1.5 pg ml™" for membranes without pores, Coo pm) = 19.1 +
0.9 pg ml™' for membranes with 300 um pore size, and
Cr000 pm) = 21.3 £ 0.8 pg ml™" for membranes with 1000 pm
pore size. The 1000 pm Zn membrane showed poor biocompat-
ibility, insufficient mechanical strength, low bone regeneration
ability, and even new bone collapse. In contrast, the 300 pm
Zn membrane showed sufficient mechanical properties (even
stronger than pure Ti), excellent biocompatibility, and good
osteogenic properties. Therefore, reducing the E by increasing
the pore size is not a one-time-for-all solution, and the E,
degradation rate and biocompatibility of the implant materials
need to be balanced to meet the requirements of craniomaxil-
lofacial implants."®®

(a)

120
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3.3.2. Zn alloys. Deficiencies in the properties of Zn and its
alloys for craniomaxillofacial bone implants are usually
improved by adding other elements in addition to increasing
the porosity. The antimicrobial properties and osteolysis resis-
tance of Zn alloys were improved by adding different concen-
trations of silver (0.5, 1, 2 wt%) and 2 wt% Ag addition was
proved most effective.’® The good antimicrobial properties
were significant not only against coagulase-positive and nega-
tive staphylococci, the common types of bacteria tested, but
also against drug-resistant strains (methicillin resistant
Staphylococcus aureus and methicillin-resistant Staphylococcus
epidermidis). The mechanical and degradation properties of
these alloys are listed in Table 2. Cu** plays a role in improving
the antimicrobial properties of Zn-Cu alloys, but previous
research has shown that neither too high nor too low copper
content can make the mechanical properties of Zn-Cu alloys
meet the minimum requirements for biodegradable cranio-
macxillofacial bone implants (i.e., YS > 230 MPa, UTS > 300
MPa, and & > 15-18%),'**'°® and that a lower copper content
also makes Zn-Cu alloys insufficiently resistant to osteoly-
sis.'® Li et al.®® reported the tensile properties of the as-cast
and hot-rolled Zn-xCu alloys (x = 0, 1, 2, and 4 wt%) (Fig. 2). It
can be seen that for both the as-cast and as-rolled Zn-xCu
alloys, the YS and UTS increased with increasing Cu addition,
and the increase for the as-rolled Zn-Cu alloys was more sig-
nificant, but ¢ did not show a significant change with the Cu
addition, and it was concluded that Zn-4Cu appeared to be

G
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-~ As-cast Zn-1Cu 400+ —— As-rolled Zn-1Cy|
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Fig. 2 Tensile properties of as-cast and as-rolled Zn-xCu (x = 0, 1, 2, and 4 wt%) alloys: (a) stress—strain curves of as-cast alloys; (b) stress—strain
curves of as-rolled alloys; (c) YS, UTS, and ¢ of as-cast and as-rolled alloys®® (Copyright 2019 by Elsevier).
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Fig. 3 Comparison of tensile properties of hot-extruded biodegradable
Zn-xMg alloys (x = 0, 0.02, 0.08, 0.5, 0.8, 1, 2, and 3 wt%)*%” (Copyright
2021 by Elsevier).

Zn alloys

12 weeks
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the most suitable material for craniomaxillofacial bone
implant applications based on its highest YS and UTS values
among this series of Zn-xCu alloys. The corrosion of the Cu-
containing alloys was more uniform due to the increase in the
content or refinement of the second phase CuZns.
Furthermore, Zn-xCu alloys showed good biocompatibility
with a promotion effect on cell proliferation. However, it is not
realistic to solely rely on the copper ions released by the metal
matrix degradation to achieve a rapid and complete steriliza-
tion effect.

On the other hand, the high solubility of Cu in Zn makes
the microstructure of the Zn-Cu alloys similar to that of pure
Zn and it is difficult to form a second phase which would
provide a reinforcing effect. Zhang et al.®” added Fe to Zn to
form an FeZn,; second phase and fabricated a non-porous Zn-
0.5Cu—xFe (x = 0.1, 0.2, 0.4 wt%) membranes with 1.5 mm
thickness by hot extrusion for guided bone regeneration appli-
cations. It was demonstrated that the mechanical properties of
the films were significantly improved, except for a significant
decrease in the ¢ of Zn-0.5Cu-0.4Fe. In vitro antimicrobial and
cytocompatibility tests also showed good bacterial inhibition

Ti alloys

Fig. 4 Histological and micro-CT cross-sectional images of Zn—-Mg-Fe alloy, PLLA, and Ti—6Al-4V bone plates and screws after implantation in

beagles for 0, 4, and 12 weeks®® (Copyright 2019 by Elsevier).
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Fig. 5 Illustration of biomedical metals in the field of craniofacial repair and plastic surgery.

against S. gordonii media and mixed oral bacteria and appro-
priate cytocompatibility in Zn-0.5Cu-0.2Fe due to the release
of Zn ions. Notably, the degradation rates of Zn-0.5Cu and
Zn-0.5Cu—xFe in o-MEM and artificial saliva simulating the
craniomaxillofacial environment differed considerably. For
example, Zn-0.5Cu-0.2Fe did not degrade as fast as Zn-0.1Cu-
0.1Fe in a-MEM, but in artificial saliva, the former was signifi-
cantly faster than the latter; overall, a significant increase in
the degradation rate was observed with increasing the contents
of Fe. This could be due to the organic components in a-MEM
decomposing with pH and adsorbing onto the Zn alloy, which
in turn affects the corrosion behavior of the Zn alloys.
Therefore, for biodegradable Zn-based alloys, the transient
electrochemical corrosion results cannot directly translate into
a prediction of their long-term degradation.

Fig. 3 shows a comparison of the tensile properties of hot-
extruded biodegradable Zn-xMg (x = 0, 0.02, 0.08, 0.5, 0.8, 1, 2,
and 3 wt%) alloys. It can be seen that the addition of Mg sig-
nificantly strengthened pure Zn,'” while Kubasek et al’®
showed that the Zn-2Mg alloy showed a more uniform and low
degradation rate after implanted in rat cranium compared to
WE43.

Based on this, Wang et al.®® added Fe to Zn-Mg alloys (Zn >
95, 0.001 < Mg < 2.5, and 0.01 < Fe < 2.5, wt%) and carried
out a comprehensive study using a canine mandibular fracture
model. The results showed that the Zn-Mg-Fe alloys corroded
uniformly and slowly in vivo at a degradation rate of 0.095 +
0.009 mm per year with good biosafety and biocompatibility.
At the same time, the Zn ions played a significant role in the
bone formation process, which imparted the Zn-Mg-Fe alloy
with superior osteogenic properties compared to Ti and PLLA.
Fig. 4 shows histological and micro-CT cross-sectional images
of the Zn-Mg-Fe alloy, PLLA, and Ti-6Al-4V bone plates and
screws after implantation in beagles for 0, 4, and 12 weeks. It
can be seen that at 4 weeks post-operation, more external
callus appeared in the PLLA implant area than in the other
two groups. At 12 weeks post-operation, large areas of wide
and thick woven bone were formed around the Zn-Mg-Fe and
Ti-6Al-4V alloys, whereas there were small and discontinuous
areas of woven bone observed in the PLLA group.®’

This journal is © The Royal Society of Chemistry 2024

4. Summary and outlook

In summary, as illustrated in Fig. 5, biomedical metals have
great research value in the field of craniofacial repair and
plastic surgery. However, the research on large animal experi-
ments and clinical trials is still limited. The design require-
ments for artificial implant materials include: (1) facilitating
clinical manipulation, (2) being structurally compatible with
the defect, (3) good biocompatibility (meaning that the
implant can promote the development of tissues and cells in
the environment of bone defects, including the proliferation
and adhesion of osteogenic-related cells, the differentiation of
bone progenitor cells, the integration of bone tissue with the
implant material, and osteogenic-related angiogenesis'®®), (4)
sufficient mechanical properties to provide a stable space for
bone regeneration, and (5) minimizing complications.'*®**°
These requirements make most of the currently developed bio-
medical metal materials still inadequate for implantation,
including in the craniomaxillofacial area."'"''* In addition,
minimizing the impact of implant infection on the implan-
tation is also an urgent issue that must be addressed in the
field of craniofacial repair and plastic surgery. Therefore,
appropriate materials and processing techniques must be con-
tinuously explored in the future. Some possible research direc-
tions on these aspects are proposed below.

4.1. Conventional nondegradable metallic biomaterials

4.1.1. Improving antibacterial activity. Infection with
implant materials is detrimental to patient recovery and, once
infected, it would lead to implant failure and is often associ-
ated with chronic and/or recurrent disease. On the other hand,
infection is often difficult to treat because of antibiotic resis-
tance, tolerance, and/or persistence.'’*'"® vavari et al''®
applied a multilayer gelatin and chitosan-based coating con-
taining bone morphogenetic protein (BMP)-2 and/or vancomy-
cin to the surface of a porous Ti fabricated by selective laser
melting. This structure with different types and concentrations
of active substances in each layer allowed the continuous
release of antibiotics to kill any bacteria that enter the body
during the perioperative period and help host cells win the
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“surface competition”.'"” The results also verified the bacteri-
cidal effect and bone formation promoting effect of the multi-
layer structure. Of course, how the coating on the surface of
the drug or material is firmly combined with the base metal is
also a problem that cannot be ignored in design. In this
regard, bionics is a strategy worth learning. For example, Wang
et al.''® learned from the molecular adhesion mechanism of
the marine mussel foot protein, and used this protein to
firmly “lock” metal ions (Zn®*) and bone induction growth
factor (BMP-2 peptide) on the titanium group, which greatly
improved the mechanical and osteogenic properties of the Ti
group. In addition, the fluidity and buffering of body fluids
significantly diminished the antimicrobial effect of the
material in vivo®” and therefore placed a greater demand on
in vitro antimicrobial testing.

4.1.2. Modulation of inflammatory response to promote
osteogenic performance. In the treatment of diseases by
implantation of implants, it is inevitable to evoke a response of
immune cells dominated by macrophages, which trigger inflam-
mation, while inflammation is involved in tissue regeneration
and the development of fibrosis,"® in which fibrous tissue
formed through early inflammation can provide a barrier to
osseointegration, but earlier studies have shown that organisms
cannot select by themselves the inflammatory response for the
course of tissue regeneration and fibrosis, such as in amputated
salamanders. Either an antifibrotic process or both a profibrotic
and antifibrotic process mediated by immunity (this process is
balanced) is generated,"® and thus promoting wound healing
with the aid of inflammatory response and achieving osseointe-
gration need to be artificially regulated. Zhao et al.'*' developed
a type I collagen (COL1) modified nano-porous network on Ti
substrates via alkali treatment, polydopamine coating, and
layer-by-layer (LBL) self-assembly, and this coating could regu-
late the differentiation of macrophages and inhibit the
expression of inflammation and osteoclast related genes,
thereby promoting subsequent vasculature/bone formation.
Huang et al.'** studied the effects of M1 type cells and M2 type
cells, respectively, on human gingival fibroblasts attached to Ti
substrates and similarly showed that in the M1 immune micro-
environment, fibroblasts seem to aggravate inflammation in a
positive cyclic manner, whereas in the M2 immune microenvi-
ronment, fibroblasts produce better soft tissue regeneration,
adhesion to and contraction of metallic materials, and pro-
posed the concept of an “inflammation-fibrous” complex. Yu
et al."®® promoted the repair of infectious (bacterial) fractures
by directly regulating the release of exosomal mir-708-5p.

4.2. Biodegradable metallic materials

Although it is difficult to obtain craniomaxillofacial bones at
all ages of the human body, and the research on the mech-
anics and biology of craniomaxillofacial bones is very limited,
there are still some data for reference. The data for 6 to
10 months are more representative as the samples are fresh,
when they correspond to an E of 2.3 GPa to 6.4 GPa, an HV of
4.0 GPa to 7.2 GPa and a bending failure strain of 6.7%."** In
addition, cranial tissue hardens with age, and previous studies
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have shown that elastic modulus (determined by assuming a
solid section) increases from approximately 0.5 GPa at birth'*
to as high as 10 GPa by the age of 6 years (at which point the
elastic modulus of the cortical bone of the skull is 9.8 + 71.24
GPa and the elastic modulus of the sutures is 1.10 + 0.53 GPa.
The triple-layered bone has an effective modulus of elasticity is
3.69 + 0.92 GPa)."*® By adulthood, the hardness of skull tissue
will be three times that of children. The bending strength
decreases correspondingly, and in adulthood, the bending
strength is only one-fifth of that of young children."**"*” Since
maxillofacial fractures are the most common disease among
craniomaxillofacial fractures, especially mandibular fractures,
which can account for 70% of facial fractures,'*® researchers
have done more research on the mechanical properties and
stress distribution of maxillofacial bone, among which the
elastic modulus is 1500 MPa.?”

According to the above data of craniomaxillofacial bone,
there is still a large gap between the mechanical properties of
the degradable metal materials developed at present and those
of natural bone, which may cause the movement of the degrad-
able metal materials implanted into craniomaxillofacial bone,
especially in the skull (in addition to the high hardness, there is
also the presence of intracranial pressure). This unmet clinical
need will continue to prompt the development of new alloys.
Specifically, it is a great challenge to manufacture efficient
tissue-engineered craniomaxillofacial bone grafts. It can repro-
duce the complex structure of craniomaxillofacial bone, which
is the key factor in achieving natural and appropriate mechani-
cal properties, so as to achieve the desired curative effect.
Ceramic materials have high hardness, but their toughness is
poor, while biomedical degradable materials have relatively
high elongation. The combination of the two may further
improve the strength of the metal matrix to meet the require-
ments of mechanical properties of implanted materials in the
early stage of bone repair. For example, Bagherifard et al'*®
also sandblasted the surface of AZ331, and compared its
mechanical properties with those of untreated Mg alloy. It is
found that the microhardness of Mg alloy after sandblasting is
133% higher than that of untreated Mg alloy. Jamalian et al."*°
also sandblasted the surface of AZ31 and found that the surface
grain of AZ31 is refined under high pressure. The microhard-
ness of AZ31 after treatment was increased from 50 Hv to 92 Hv.
In addition, ceramics can also protect metal substrates to a
certain extent. For example, the protection of Ti substrates by
Ca-P under impact force is described in section 2.
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