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Abstract: The advent of bioresorbable materials to overcome limitations and replace traditional
bone-reconstruction titanium-plate systems for bone fixation, thus achieving greater efficiency and
safety in medical and dental applications, has ushered in a new era in biomaterial development.
Because of its bioactive osteoconductive ability and biocompatibility, the forged composite of uncal-
cined/unsintered hydroxyapatite and poly L-lactic acid (u-HA/PLLA) has attracted considerable
interest from researchers in bone tissue engineering, as well as from clinicians, particularly for appli-
cations in maxillofacial reconstructive surgery. Thus, various in vitro studies, in vivo studies, and
clinical trials have been conducted to investigate the feasibility and weaknesses of this biomaterial
in oral and maxillofacial surgery. Various technical improvements have been proposed to optimize
its advantages and limit its disadvantages. This narrative review presents an up-to-date, compre-
hensive review of u-HA/PLLA, a bioactive osteoconductive and bioresorbable bone-reconstruction
and -fixation material, in the context of oral and maxillofacial surgery, notably maxillofacial trauma,
orthognathic surgery, and maxillofacial reconstruction. It simultaneously introduces new trends in
the development of bioresorbable materials that could used in this field. Various studies have shown
the superiority of u-HA/PLLA, a third-generation bioresorbable biomaterial with high mechanical
strength, biocompatibility, and bioactive osteoconductivity, compared to other bioresorbable ma-
terials. Future developments may focus on controlling its bioactivity and biodegradation rate and
enhancing its mechanical strength.

Keywords: oral and maxillofacial surgery; maxillofacial reconstruction; bioresorbability; bioactive
osteoconductivity; biocompatibility; uncalcined and unsintered hydroxyapatite; poly L-lactic acid

1. Introduction

Bone reconstruction and bone fixation device systems play crucial roles in the success
of oral and maxillofacial surgical treatments. Fundamentally, surgeries involving this region
can be divided into two categories: maxillofacial trauma and orthognathic surgery. Traffic
accidents and violence often lead to maxillofacial bone fractures [1]. Subsequent treatment
requires reconstruction devices to provide steady bone fixation for discontinuous bone
fragments, create good osteosynthesis conditions, and restore features to their original size,
shape, and location [2]. Various orthognathic-surgery techniques have been instituted to
reduce facial-bone-structure abnormalities, improve function, treat chronic disorders caused
by these abnormalities, and simultaneously satisfy the patient’s aesthetic demands [3]. After
various osteotomy procedures and displacement, with repositioning to the desired position,
bone segments must be fixed rigidly to form new bone in the gaps and avoid relapse. Thus,
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to enhance the quality of oral and maxillofacial surgery, there is a need to develop materials
with good mechanical properties, safety, and favorable biological and chemical features for
the manufacture of bone-reconstruction and bone-fixation devices.

Devices for bone reconstruction and fixation made of titanium alloys have been exten-
sively used in oral and maxillofacial surgery; they are considered the “gold standard” for
rigid fixation. Numerous studies have demonstrated that titanium alloy systems possess
properties which are suitable for applications in oral and maxillofacial surgery, such as
strength [4], corrosion-resistant oxide layer formation, biocompatibility [5], and osseointe-
gration potential [6]. However, there have also been reports of complications associated
with the use of titanium devices. These include infection, pain, hardware exposure, soft tis-
sue erosion, plate palpability over sensitive facial areas, nerve and tooth damage, and cold
intolerance [7,8]. Moreover, some studies have demonstrated adverse effects on craniofacial
skeletal growth in animals [9–11], thus, the use of permanent metallic fixation in pediatric
patients requires careful consideration [12]. The presence of metallic hardware may also
compromise secondary reconstructive or corrective surgeries, such as bone grafting and
osteotomies [13]. Therefore, a second operation is often necessary to remove the titanium
devices after bony healing [14–16]. For these reasons, it has been necessary to explore
alternative materials that can overcome the disadvantages of titanium materials.

With the successful application of bioresorbable suture materials to surgical wound clo-
sure [12], the concept of using bioresorbable polymers to manufacture bone-reconstruction
and bone-fixation devices emerged in the mid-1960s [17]. The use of bioresorbable materials
in facial fractures was first reported in 1971 [18]. Since then, various biological materials
have been developed and tested with the aim of identifying an ideal bioresorbable material
(i.e., superior to metallic systems). Potential advantages include the lack of a need for fur-
ther surgery, unrestricted bone growth because of gradual reduction in mechanical strength,
lower risk of stress-shielding-related osteoporosis, lack of metallic corrosion-related tissue
reaction, and absence of artifacts on computed tomography (CT) [19]. Poly α-esters are
the earliest developed, most extensively studied, and most widely used bioresorbable
polymers; they have been applied in many disciplines, including oral and maxillofacial
surgery [20–23]. Poly α-esters are high molecular weight aliphatic polyesters with re-
peating units of α-hydroxy acid (HO-CHR-COOH) derivatives, which are manufactured
by ring-opening polymerization [24–26]. The resorption of these polymers begins with
depolymerization via ester bond hydrolysis. Subsequent metabolism through the citric
acid cycle probably involves macrophages and ultimate excretion as water and carbon
dioxide [24,27]. Although the strength of bioresorbable fixation devices is poor, it can be
increased by using self-reinforcement technology.

Based on the time sequence, composition, physical, chemical, and biological charac-
teristics, the current bioresorbable aliphatic polyester materials can be classified into four
principal generations (Table 1):

- First-generation: homogeneous polymers.
- Second-generation: copolymers.
- Third-generation: composites of inorganic/bioceramic fibers or particles, and

organic polymers.
- Fourth-generation: composites of inorganic/bioceramic fibers or particles and

organic copolymers.

Although polyglycolic acid (PGA), a highly crystalline polymer with superior mechan-
ical properties, was one of the first homogeneous polymers investigated for biomedical
applications, there have been few uses for pure PGA in maxillofacial surgery because of its
rapid degradation rate [28]. PGA has high tensile strength [29]; however, its degradation
time is short, which does not allow complete bone healing. Moreover, the use of PGA has
been associated with local inflammation, osteolysis, and sterile abscesses related to the for-
mation of acidic degradation by-products [30,31]. Therefore, pure PGA has limited clinical
use as a homogeneous polymer, and is often combined with other resorbable biomaterials.
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Polylactic acid (PLA) is a bioresorbable polymer with diverse research and commercial
applications because of its inherent biocompatibility, high mechanical strength and modulus,
ease of processing, and availability from naturally renewable sources (e.g., corn) [32]. Lactic
acid is a chiral molecule that exists as two enantiomers; therefore, PLA has stereoisomers,
including poly L-lactide (PLLA), poly D-lactide (PDLA), and poly L/D-lactide (PDLLA) [33].
Among these, PLLA has been used as a first-generation material since the 1990s for fabrication
of maxillofacial osteosynthesis devices [34]. PLLA exhibits high tensile strength and low
elongation; accordingly, it has a high modulus, making it suitable for load-bearing applications
(e.g., orthognathic fixation) [35,36]. However, PLLA has a prolonged degradation period: high
molecular weight PLLA may require 2–5.5 years for complete resorption [37,38]. PDLA is
another stereoisomeric form of PLA with a slower degradation rate than PLLA; it is also highly
biocompatible and can be used in osteosynthetic facial surgeries [39,40]. The copolymer of
PLLA and PDLA, known as PDLLA, has lower tensile strength [37]; however, it is stable in
orthognathic surgery applications [41,42]. Although PDLLA degrades more rapidly than either
PLLA or PDLA [37], the constant degradation rates of these materials have the disadvantages
of foreign-body reactions and late-degradation tissue responses caused by their by-products
long after the original surgery [37,38]. Such limitations have led to restricted use of these
first-generation materials in oral and maxillofacial surgery [23].

Combinations of homogeneous polymers produce copolymers that have the advan-
tages of each constituent polymer, along with significantly improved degradation times.
Second-generation bioresorbable materials include copolymers of PGA, PLLA, and PDLA.
The most promising copolymer is PLLA/PGA because its strength and resorption rate
can be adjusted based on the ratio of PLLA and PGA [43]. For example, the degrada-
tion times of 50PLLA/50PGA, 75PLLA/25PGA, and 85PLLA/15PGA are 1–2 months,
4–5 months, and 5–6 months, respectively [37]. These diverse properties of PLLA/PGA
facilitate its use in various applications. For example, a copolymer of 82% PLLA and 18%
PGA with sufficient strength for 6–8 weeks and a resorption time of 12–18 months [44]
is suitable for the manufacture of clinical fixation devices that can be used in midface
osteosynthesis [27]. The metabolites of this copolymer (i.e., carbon dioxide and water) are
eventually excreted through the lungs [44]. Many studies have indicated that a PLLA/PGA
plating system is suitable for oral and maxillofacial surgeries with minimal postoperative
complications [27,45–48].

Despite significant improvements over first-generation materials, copolymers of
second-generation materials do not possess any bioactive characteristics [19,49–52], such as
osteoconduction and bone-binding ability, which are crucial to promote faster postoperative
bone healing. For example, osteoconduction is the ability of bone-forming cells in the graft
implant surface to move across a scaffold and gradually replace it with new bone over
time [53]. A mixture of inorganic (bioceramic) fibers or particles and organic polymers to
create bioresorbable composites (i.e., third-generation bioresorbable materials) possesses
superior features that the previous biodegradable materials lacked (e.g., bioactivity and
radiopacity). Two representative composites, u-HA/PLLA (30–40% wt. unsintered hydrox-
yapatite [u-HA]) and u-HA/PDLLA (70% wt. u-HA), have been used successfully because
of their excellent biocompatibility and bone regenerative potential. u-HA/PDLLA is fast
resorbing and more brittle; it is suitable for the reconstruction of bone defects caused by
trauma or tumors [54–58]. Furthermore, the mechanical strength of u-HA/PLLA facilitates
its use in the fabrication of bone fixation systems. u-HA/PLLA has been investigated since
the early 1990s and has received considerable attention from researchers and practitioners.
Numerous comprehensive and quantitative studies have been conducted to analyze its
physical, chemical, and biological properties, evaluate treatment outcomes in oral and
maxillofacial surgery, and identify its limitations. Several reports of u-HA/PLLA use in
oral and maxillofacial surgery have recently been published. We used these analyses and
assessments to provide readers with an up-to-date and comprehensive narrative review of
u-HA/PLLA. We also introduce new trends concerning the development of bioresorbable
materials in this specialized field.
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Table 1. Some bioresorbable aliphatic polyester materials used in oral and maxillofacial surgery.

Generation Name Structure Mechanical Strength Biocompatibility Bioactive/
Osteoconductivity Degradation Period Clinical Applications

1

PGA
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devices [66] 

PDLA 

 [62] 

High [63] High [64] − [64] 
Longer than PLLA 

[34] 
Tissue engineering. Drug-

delivery systems, [66] 

PDLLA 
[62] 

Lower than PLLA 
[37] 

High [64] − [64] 12–30 months [37] 
Tissue engineering. Drug-

delivery systems [66] 

2 PLLA/PGA 
[67] 

High [37] High [68] − [50] 12–18 months [44] 
Tissue engineering. Drug-
delivery systems. Fixation 

devices [66] 

3 

u-HA/PDLLA 

Ca10(PO4)6(OH)2 
 +  

 

Low [54] High [55] + [56] 12–18 months [69] 
Tissue engineering. 
Fixation devices [70] 

u-HA/PLLA 

Ca10(PO4)6(OH)2 
 +  

 

Higher than PLLA 
[19] 

High [19] + [19] > 5 years [49] 
Tissue engineering. 
Fixation devices [70] 

4 u-HA/PLLA/PGA 

Ca10(PO4)6(OH)2 
 +  

 

Similar to  
u-HA/PLLA [71] 

High [72] + [71] 2–3 years [73] 
Tissue engineering. 
Fixation devices [73] 

Similar to
u-HA/PLLA [71] High [72] + [71] 2–3 years [73] Tissue engineering. Fixation devices [73]
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2. u-HA/PLLA, an Outstanding Bioresorbable Composite

Over the past 20 years, u-HA/PLLA has been validated as a bioresorbable material
suitable for bone-regeneration applications, particularly in the maxillofacial region. Biore-
sorbable osteoconductive fixation devices using this material are commercially available,
commonly known as super FIXSORB MX or OSTEOTRANS MX, Takiron Co. (Osaka, Japan)
initially produced this commercial product; in 2017, its manufacturing was transferred
to Teijin Medical Technologies Co., Ltd. (Osaka, Japan). u-HA/PLLA is a composite of
u-HA/PLLA particles, the inorganic/bioceramic component, and PLLA, the homogeneous
polymer component [19]. This combination allows u-HA/PLLA to utilize the advantages
of each element, while alleviating their natural disadvantages [49]. Numerous studies con-
ducted in vitro and in vivo have shown that this bioresorbable material possesses physical,
chemical, and biological features superior to other previous materials.

2.1. Uncalcined and Unsintered Hydroxyapatite

In the living body, bone is a hierarchically ordered structure with a unique arrangement
of two main phases: an inorganic phase that consists of calcium phosphate (CaP) and water
(65–70% and 5–8%, respectively) and an organic phase that mainly consists of collagen, a
sizeable fibrous protein with a triple-helix structure [74–76]. Hydroxyapatite (HA) is the
most thermodynamically stable crystalline-phase salt of CaP in the body; it exhibits strong
similarity to the mineral component of bone [74,75]. Its chemical formula is Ca5(PO4)3OH,
but this is often written as Ca10(PO4)6(OH)2 to indicate that the crystal unit cell comprises
two molecules. The naturally occurring CaP is calcium-deficient, and is often found
as carbonated HA with a Ca/P ratio of < 1.67 [77,78]. It has excellent biocompatibility
and bioactivity because of its chemical similarities to the minerals of human bones and
teeth [79]; it also exhibits good mechanical strength, porous structure, and osteoconductive,
osteoinductive, and osteointegrative characteristics [80]. Therefore, HA has generated
considerable interest in various fields of biomedicine. Currently, HA is the biomaterial of
choice for multiple medical applications, such as implants or prostheses in orthopedics,
maxillofacial surgery, and dentistry, as well as bone restoration or regeneration.

Over the past two decades, multiple HA-synthesis methods have been developed to
control its microstructure and particle size. HA preparation methods can be classified into
five groups: dry, wet, high-temperature, biogenic, and combination procedures. Details
of these methods have been described in various publications [81,82]. The microscopic
shape, size, and size distribution of HA particles have been proven to significantly affect
their mechanical properties, processing conditions, surface chemistry, biocompatibility, and
bioactivity [83–87]. Hence, the method for synthesis of particular HA particles should be
selected based on the application.

u-HA is synthesized using the wet method by the hydrolysis of pure calcium hydrogen
phosphate anhydride and calcium carbonate, heated in an aqueous solution at 90 ◦C. After
filtration, the particles are incubated at room temperature for 5 h and completely dried for
10 h. The following chemical equation represents the u-HA synthesis:

6CaHPO4 + 4CaCO3 → Ca10(PO4)6(OH)2 + 4CO2 + 2H2O

The 5–50 µm clusters of the u-HA, aggregated with micro hexagonal prism crystals
that had an aspect ratio of approximately 4–10 (length: 2–3 µm; width: 0.3–0.5 µm), were
crushed and sieved to create particle sizes in the range of 0.3 to 20 µm (mean: 3 µm). The
chemical analysis showed a Ca/P ratio of 1.69, close to the molar ratio of pure HA in a
living tissue (1.67). This u-HA contained carbonate (CO3

2−) and particles with medium
crystallinity on Fourier-transform infrared absorption spectra and X-ray diffraction. HA
in the human bone is not calcined or sintered; its compounds contain some carbonate
(CO3

2−) [88]. Therefore, u-HA was similar to the HA in human bone.
Many studies have described the biological activity mechanisms of bioresorbable

ceramics in detail [56,89–95]. In brief, after bioresorbable ceramics are implanted, a layer of
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nano-apatite crystals formed on the surface of the CaP ceramics absorbs various osteogenic
proteins, particularly small molecular proteins (e.g., growth factors) [96–99]. In a biological
environment, the apatite surface layer offers a microenvironment that attracts mesenchy-
mal stem cells to the surface layer; it also induces their differentiation into osteoblasts,
while activating and regulating the expression of osteogenic genes in these cells [100–103].
Various studies [104–109] have demonstrated that HAs are disintegrated by osteoclast-like
multinucleated giant cells or macrophages [110], but their complete resorption requires
substantial time [111]. As mentioned above, HAs synthesized by different methods ex-
hibit distinct properties. HAs synthesized at high temperatures, such as s-HA (sintered
at 1000–1400 ◦C) and c-HA (calcined at 800–900 ◦C), were reportedly resorbable; however,
they are not naturally associated with bioresorbable ceramics and are unavailable for in-
ternal bone fixation device applications [112]. In contrast, u-HA has many similarities to
human HA, and their natural forms could be similar to each other in vivo [19]. Oonishi
et al. reported that u-HA particles were more bioactive and more resorbable, compared
with other resorbable bioceramics [113]. Therefore, u-HA was proposed for the fabrication
of biocomposites to manufacture bone reconstruction devices.

2.2. PLA (PLLA, PDLA, PDLLA)

PLLA, a first-generation biodegradable material, has been utilized in many areas of
tissue engineering (e.g., orthopedic fixation devices). PLLA is formed by ring-opening
polymerization of monomer L-lactide using stannous octoate and lauryl alcohol as initiator
and polymerization modulator, respectively; this is followed by extraction using ethyl
acetate, as described in previous studies [114].

Compared to other first-generation biomaterials (i.e., PGA, PDLA, and PDLLA), PLLA
possesses superior features, such as greater tensile strength and modulus. However, the
resorbable plates made from these polymers do not provide sufficient stability to counteract
the masticatory forces, leading to higher rates of delayed union, compared to titanium-
based devices [115,116]. Consequently, increased thicknesses of PLLA plate systems are
required to approach the strengths of titanium plate systems, which leads to problems
such as increased palpability [117]. However, its slower degradation has been presumed to
reduce inflammatory tissue reactions [118,119]; thus, it has robust biocompatibility and po-
tential bioresorbability. Some investigations [37,38] have demonstrated that PLLA devices
require 2–5.5 years to resorb completely. Slow resorption is a critical disadvantage and
leads to several complications, including late aseptic swelling [120,121], osteolytic changes
at the implant site [119,122], and late-degradation tissue response [65]. Bergsma et al. [65]
suggested that the aseptic swelling and the tissue response might be caused by a change
in PLLA morphology during material degradation. In the early stages after implanta-
tion, PLLA degradation is probably an extracellular hydrolytic process. After PLLA has
degraded into fragments and particles with higher crystallinity, it becomes stable and
resistant to hydrolysis. These fragments or particles induce a cellular reaction and are
internalized by phagocytes in membrane-bound vacuoles. Although phagocytes, partic-
ularly macrophages, release many lysosomal hydrolytic enzymes (e.g., acid phosphatase
and lactic dehydrogenase) to degrade PLLA, these enzymes cannot actively digest PLLA
particles. Therefore, PLLA particles either persist in the intracellular environment or are
egested into the extracellular space. These indigestible foreign-body particles may cause a
continuous inflow of macrophages that may repeatedly phagocytose the PLLA particles
and re-initiate the intracellular cycle. This phenomenon induces and maintains clinically
significant swelling for substantial intervals after PLLA device implantation.

PLLA was used to pioneer the applications of bioresorbable materials in oral and
maxillofacial surgery because of its good mechanical features and biocompatibility. How-
ever, the presence of inflammatory reactions long after implantation has been an important
problem. Furthermore, incomplete restitution of the medullary canal after implant resorp-
tion [34,123] and early micromovement of the implant [124–126] were also reported. This
showed that PLLA could not accelerate bone healing or osteoconductive capacity, which
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are vital processes for the reconstruction of critical defects in maxillofacial bones. Therefore,
PLLA is no longer used in oral and maxillofacial surgeries.

2.3. Forged Composite of u-HA Particles and PLLA Polymer

Tiny granules of uniformly distributed u-HA microparticles within a PLLA matrix
were obtained by precipitation of the polymer solution that had been formed by dropwise
addition of ethanol to a PLLA/dichloromethane solution. The granules were extruded
to create a thick billet, which was then forged at 103 ◦C into a thin billet without fibrilla-
tion using a compression molding process. Finally, it was cut using a lathe into devices
with different shapes and sizes (e.g., screws, pins, and plates). Its deformation ratio (i.e.,
percentage of cross-sectional area between thick billet and thin billet) was established at a
value of 2.8 with respect to the mechanical strength and two-dimensional balance [19]. The
resulting composite had the advantages of each component, including the osteoconductiv-
ity of u-HA, the strength of PLLA, and the biocompatibility and bioresorbability of both
components; it also exhibited other outstanding features, such as improved mechanical
properties and radiopacity. Therefore, the emergence of u-HA/PLLA marked a critical
event in the development of bioresorbable materials.

Osteoconductivity and bone-bonding are unique characteristics that make u-HA/PLLA
material superior to previous types of bioresorbable polymers. In an in vitro study, Shiki-
nami et al. [19] observed that numerous apatite crystals began to form on the composite
surface in simulated body fluid at 37 ◦C within 3–6 days; these crystals covered the entire
surface in a thick layer in 7 days. The results suggested that apatite deposition might
lead to early bonding between device and bone in vivo. In another study [127], Yasunaga
compared the bond strengths and behaviors of these u-HA/PLLA composites on the sur-
face of bone cortex in vivo. Direct contact between the bone and composite plates was
clearly observed after implantation, but no bonding was present between the bone and the
PLLA plates. These findings indicate that u-HA/PLLA possesses superior bone-bonding
features, compared to PLLA. In addition, Dong et al. [51] demonstrated that the amount
of newly formed bone in a rat model was significantly greater in the u-HA/PLLA group
than in the PLLA group. The osteoconductive features of u-HA/PLLA were also demon-
strated in an in vivo study by Ikumi [128]. Critical bone defects (8 mm in diameter) were
surgically created on the parietal bones of rats and covered by u-HA/PLLA or collagen
membranes. The bone defects were evaluated using micro-CT and histological analysis at
2 and 4 weeks postoperatively. The results at 4 weeks postoperatively showed that bone
growth was significantly greater in the u-HA/PLLA group than in the collagen membrane
group. Notably, the u-HA/PLLA membranes used in that study had been treated with
ultraviolet (UV) radiation to improve biocompatibility. Ikawa also suggested that UV
irradiation enhanced the regenerative potential of the u-HA/PLLA mesh [129]. Moroi et al.
suggested that UV treatment increases the hydrophilicity of u-HA/PLLA, leading to a
greater proportion of u-HA granules in this composite; it also allows easier u-HA exposure
on the subsurface, leading to enhanced osteoconductivity [130]. Because of these superior
abilities, u-HA/PLLA material offers outstanding benefits for clinical applications (e.g.,
direct bone-bonding-related reinforced stability after implantation), and thus, promotes
bone defect healing. Importantly, first- and second-generation bioresorbable materials do
not offer such benefits.

Theoretically, u-HA/PLLA material is biocompatible and bioresorbable because both
of its components possess these features. Indeed, an in vivo study investigating the
biodegradation of this material over 1 year [131] showed no inflammatory cells (e.g.,
macrophages or multinucleated giant cells) around the implants. However, its biodegrada-
tion process differs from the processes of previous bioresorbable materials. As mentioned
above, the degradation of PLLA and other polymers occurs by hydrolysis, while the degra-
dation of u-HA particles occurs by phagocytosis. Therefore, the combination of u-HA
and PLLA requires both hydrolysis and phagocytosis for degradation [19]. Because no
chemical bond is present between u-HA and PLLA and the composite exhibits surface
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porosity, body fluid can diffuse more easily into these composite devices [131]. According
to Shikinami et al. [49], during the early stage after implantation, partial dissolution of
CaP ceramic macrocrystals increases the concentrations of calcium and phosphate ions
in the local environment. The subsequent sequence of events (e.g., mesenchymal stem
cell migration to the surface layer, induction of mesenchymal stem cell differentiation into
osteoblasts, and activation and regulation of osteogenic gene expression in these cells)
leads to new bone formation around the material. Bioactive and bioresorbable u-HA
particles are then resorbed into the surrounding natural bone, where they show strong
osteoconductivity without the onset of physical irritation (Figure 1). The resorption of
u-HA particles on the surface of the porous composites leads to increased water uptake,
which may accelerate PLLA hydrolysis [131]. The degradation of the PLLA component
then occurs as described above. Therefore, the degradation time of this material continues
to be prolonged (i.e., 4–5 years after implantation) [49]. Although most long-term in vivo
studies [132,133] have detected no adverse tissue reactions with the material, the risk of a
harmful reaction increases during prolonged retention.
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Figure 1. Schematic diagram representing the bioactive/osteoconductive mechanism of the u-
HA/PLLA device. (A), The u-HA/PLLA device covers the space between two bone fragments. (B),
Magnified view of image A shows events that occur at the lower margin of the bone fragment. After
implantation, body fluids diffuse more easily into the composite devices and cause the dissolution of
u-HA particles into surrounding areas. This increases the concentrations of calcium and phosphate
ions in the local environment, thus leading to a sequence of events that facilitate new bone formation
around the material. This sequence of events includes promoting mesenchymal stem cell migration
to the surface layer, inducing mesenchymal stem cell differentiation into osteoblasts, and activat-
ing/regulating the expression of osteogenic genes in mesenchymal stem cells. (C), Progression of
osteoblast differentiation from mesenchymal stem cells.

As mentioned above, although some PLLA devices exhibit high mechanical strength,
this strength is sometimes insufficient to counteract masticatory forces [115,116]. However,
the combination of u-HA particles and PLLA polymer results in a novel material with
improved mechanical properties. An in vitro study by Shikinami et al. [19] compared
10 mechanical parameters (e.g., bending strength, tensile strength, compression strength,
impact strength, shear strength, and modulus) among devices made using only PLLA
and devices made using composites of u-HA and PLLA with various weight percentages
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of u-HA (from 20% to 50%). The results showed that u-HA significantly enhanced the
mechanical strength of u-HA/PLLA composites, compared to PLLA polymers. These
composites exhibited the greatest potency in all mechanical properties. For example, the
bending strength of approximately 270 MPa was far greater than the bending strength
of cortical bone, while the modulus of 12 GPa was equivalent to the modulus of cortical
bone. Furthermore, the u-HA/PLLA material maintained 85% and 80% of its initial
bending strength after 8 and 25 weeks in the subcutaneous tissue, respectively [131]. This
mechanical strength persisted for a longer interval, compared with previous bioresorbable
materials [134–136]. Generally, the union of a fractured bone requires 8–12 weeks of fixation;
therefore, the composite was suitable for bone healing and could be used in fixation device
manufacturing.

In addition to the characteristics mentioned above, u-HA/PLLA material possesses
other features that were absent from previous materials. Importantly, because of its greater
strength, the thickness of u-HA/PLLA devices is reduced; this decreases palpability in
areas covered by thin skin. Furthermore, u-HA/PLLA miniplates are easily bent to adjust
to the bone contour using a water bath (75 ◦C). It is also easier to apply in areas with
complex anatomy. Finally, it is easier to visualize u-HA/PLLA devices on X-rays and CT
scans because of the radiopaque u-HA particles.

In conclusion, based on the evidence from in vitro and in vivo studies of u-HA/PLLA,
this third-generation biomaterial completely outperforms previous biomaterials and may
be useful for manufacturing bone reconstructive devices that can be used in clinical practice.

3. Clinical Applications of u-HA/PLLA in Oral and Maxillofacial Surgery

Based on anatomy and function, the maxillofacial bones can be divided into three
main parts: the upper face (including orbital regions), the midface (primarily comprising
maxillae and zygomatic bones), and the lower face (consisting of the mandible) [137]. Each
part has unique skeletal features that ensure its proper function. For example, the mandible
is the largest, strongest, and only moveable bone of the facial skeleton. Its functions include
chewing, swallowing, and speaking; many strong muscles of mastication (e.g., masseter
and medial pterygoid) attach to it to perform functional movements [138]. The fixation
of the mandible is more complicated because of multidirectional pulling forces. This
requires fixation devices to have sufficient strength for fragment immobilization to facilitate
bone healing; they must also allow specific mandibular movements postoperatively to
ensure daily nutrition. To achieve good outcomes in this area, many requirements must be
considered with respect to the materials that are used to fabricate facial-bone-reconstruction
and bone-fixation devices.

Bioresorbable-device systems made from u-HA/PLLA composite are currently used
in a wide range of surgical fields, such as orthopedic surgery, oral and maxillofacial surgery,
plastic and reconstructive surgery, neurosurgery, and thoracic surgery. Products applied in
oral and maxillofacial surgery include plates, screws, and meshes or sheets with different
shapes, lengths, and sizes suitable for the diverse requirements of maxillofacial bone
structure (Figure 2). The percentages of u-HA particles in the screws and plates are 30% and
40%, respectively. This section presents the clinically proven effects of this bioresorbable
material in two main categories: maxillofacial trauma and orthognathic surgery (Table 2).

Table 2. Clinical applications of u-HA/PLLA in oral and maxillofacial surgery.

Maxillofacial Trauma Orthognathics Surgery Other Reconstructive Applications

• Orbital wall fractures [139]
• Midfacial fractures

- Maxillary fractures [140]
- Zygomatic fractures [141]

• Mandibular fractures [142]

• Le Fort I osteotomy [143]
• Mandibular osteotomies

- Sagittal split ramus osteotomy
(SSRO) [144]

- Genioplasty [145]

• Nongrafted maxillary sinus lift [146]
• Alveolar ridge augmentation [147]
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3.1. Maxillofacial Trauma
3.1.1. Orbital Wall Fractures

The ideal implant material for orbital reconstruction must be biocompatible, noncar-
cinogenic, nonallergenic, radiopaque, sufficiently strong (to support orbital contents in
patients with large orbital wall defects and large bony fragment dislocations), and easy
to manipulate. It should also be cost-effective and amenable to sterilization [148]. Before
u-HA/PLLA composites, diverse autogenous and alloplastic implant materials were used
for the reconstruction of orbital walls. Autogenous bones (e.g., ilium, calvarium, rib, max-
illa, and mandible) are well tolerated but are difficult to adapt to the shape of the defect;
they also require a donor site surgery [149]. Alloplastic materials can be divided into nonre-
sorbable materials (e.g., titanium mesh [150,151], porous polyethylene [Medpor] [152,153],
silicone elastomers [154], porous polyethylene sheet [155], and HA [156]) and resorbable
materials (e.g., polycaprolactone [157], polydioxanone [158], gelatin film [Gelfilm] [159],
and PDLLA [160]). However, each material has unique limitations, including manipulation
difficulties, poor visualization on X-rays and CT scans, implant extrusion, high infection
rates, or high costs [139,157,161,162]. Based on the characteristics demonstrated during
in vitro and in vivo studies, u-HA/PLLA is a promising biodegradable material for or-
bital reconstruction because it fulfills these clinical requirements. Indeed, many clinical
investigations have been conducted to evaluate the efficacy of u-HA/PLLA in this regard.

An important benefit of u-HA/PLLA sheets is their visibility on radiographs and CT
scans, because they appear brighter than the previously used resorbable implants [160].
Because the radiation exposure during CT examination is insufficient to cause damage,
Tsumiyama suggested that CT scans may be used regularly [161]. The easy observation
of this material on radiographs is helpful for assessing changes in physical properties,
biocompatibility, bioactivity, and biodegradability; it also helps detect complications during
long-term follow-up.

In a 2015 study by Park et al., 10 patients with pure medial wall blow-out fractures
and defects > 2.5 cm2 underwent repair using u-HA/PLLA devices. CT scans and plain
radiographs were used to measure changes in implant position and shape to analyze
the rigidity of u-HA/PLLA. The results showed no statistically significant differences in
implant position and shape, either immediately or at 2 months postoperatively. The study
concluded that u-HA/PLLA implants are physically difficult to manage and mold; they
are also inconvenient for use in reconstructing a complex three-dimensional (3D) defect.
However, u-HA/PLLA devices can be formed by immersion in warm water [139]. In
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another study by Kohyama, 70 patients with orbital wall fractures—treated surgically
using u-HA/PLLA sheets)—were followed up for durations of 3.3–52.3 months using CT
scans. Measurements of bony orbital volumes immediately postoperatively and on the
latest follow-up CT scans demonstrated that the u-HA/PLLA sheets firmly maintained
their fit to the orbital wall contours without deviation, soft-tissue herniation, broad or
round sagging effects, or other changes. These results confirmed the desirable handling
characteristics, initial mechanical strength, and long-term structural stability of this material;
they suggested that u-HA/PLLA is biocompatible and osteoconductive [162]. In another
study, Hess area ratio assessment of multiple orbital fracture repairs with different implant
materials showed absorption of the u-HA/PLLA sheet and replacement with calcification
on long-term follow-up scans, which is advantageous in critical defect treatment [163].

In a study by Kohyama, no patients exhibited any sign of infection or inflammation,
although the implants are usually connected to the walls of the nasal cavity or paranasal
sinuses [162]. Similar findings in studies by Tsumiyama et al. [161] and Jang et al. [164]
confirm the biocompatibility of this material. These studies have described some postoper-
ative complications, including diplopia in the extreme gaze, enophthalmos, infraorbital
nerve disturbance, extraocular muscle palsy, and severe trigeminal nerve palsy [163–165].
However, these complications may be explained by fracture extension and severity [162].
Some authors have presumed that postoperative enophthalmos is more closely related to
surgical skills than to the intrinsic rigidity or durability of the implant [139].

In 2016, Kanno and colleagues [166] reported navigation-assisted orbital fracture
reconstruction using u-HA/PLLA composite sheets with a tack fixation system (0.5-mm-
thick panel sheets and 5-mm-long tacks with a very low screw-head profile) (Figure 3).
The u-HA/PLLA sheets were preoperatively fabricated, shaped, and prepared using a
computer-assisted 3D morphological customization technique, mirroring the preoperative
3D model image of the u-HA/PLLA sheet. This technique reduced the risk of sheet
migration in the orbit, while providing excellent stability for orbital wall reconstruction at
fragile and anatomically complicated periorbital maxillofacial bony regions. This avoided
the risk of unexpected orbital wall breakage, which could exacerbate the orbital wall
defect and cause screw loosening. In addition, an intraoperative optical navigation system
based on preoperative CT data was used to determine the extent of orbital wall defects
and confirm accurate 3D placement of the u-HA/PLLA implants for reconstruction. A
combination of the u-HA/PLLA composite sheet with tack fixation and intraoperative
navigation systems provides satisfactory ophthalmic functional results with respect to
large and complex combined orbital floor and medial wall fracture reconstruction; it
avoids intraoperative or postoperative complications throughout 6 months of follow-up.
These results have attracted considerable attention from clinicians and researchers, with
numerous studies having been conducted to evaluate the effectiveness of this surgical
technique [165–170]. An assessment of the accuracy achieved in patients undergoing
orbital reconstruction for orbital floor defects using a u-HA/PLLA composite system, with
and without intraoperative navigation [167], showed that one patient had persistent slight
sursumversion diplopia after surgery in the non-navigation group; mean reconstructed
orbital volume accuracy differed significantly between groups. Hence, complex orbital
reconstruction using an optimal bioactive material with intraoperative navigation is an
accurate and reliable method that avoids the high costs and long preparation times needed
for implant fabrication. It is suitable for use in emergencies, as well as perioperative
positional evaluation. Although the sample sizes were small in these studies, subsequent
investigations have confirmed these findings.
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Figure 3. Example of navigation-assisted orbital fracture reconstruction using u-HA/PLLA composite
sheets and tack fixation system. A 29-year-old woman was diagnosed with a blow-out fracture of
the right orbital floor, which resulted in orbital content herniation. (A), Preoperative CT scan images
in the coronal and sagittal planes show the right orbital floor fracture and the orbital contents that
had prolapsed into the right maxillary sinus (red arrows). (B), Immediate postoperative CT scans in
the coronal and sagittal planes show the u-HA/PLLA sheet covering the orbital floor fracture (blue
arrows). (C), Intraoperative view of the orbital floor fracture after surgical exposure. The prepared
u-HA/PLLA sheet and tack screw were used to cover the fracture. (D), One-year postoperative CT
scan shows the completely healed right orbital floor (blue arrows). The u-HA/PLLA sheet remained
visible, and there was no evidence of orbital contents in the right maxillary sinus.

Hwang [171] described a 35-year-old woman with left tripod fracture, left orbital
medial wall and floor fracture, and left superficial lateral palpebral ligament rupture;
the patient had enophthalmos of the left eye at approximately 2 years after surgery with
u-HA/PLLA mesh. The mesh was removed during secondary orbital reconstruction
using an iliac bone graft. Gel permeation chromatography and Fourier-transform infrared
spectroscopy analyses suggested that u-HA/PLLA had favorable degradation properties.
As mentioned above, the degradation time of the new materials ranges from 4 to 5 years
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after implantation [49]. Most relevant human studies have used short follow-up intervals,
during which the u-HA/PLLA devices remained detectable on radiographs. Hayashi [172]
described a patient who was followed up for 60 months after fracture surgery that had
involved u-HA/PLLA devices. In that patient, the device had begun to assimilate at 1 year
postoperatively, and was almost fully absorbed at 5 years. Theoretically, extended material
persistence after implantation is associated with a greater risk of complications, regardless
of whether the material is biocompatible. However, there have been no published reports
concerning direct complications of u-HA/PLLA devices used for this particular treatment.

3.1.2. Midfacial Fractures

Titanium fixation systems have been widely used in the surgical treatment of max-
illofacial fractures because of their strength, ease of handling, dimensional stability [173],
minimal scatter on CT scan, and obvious visibility on radiography and magnetic resonance
imaging [174]. However, they have several disadvantages, such as potential interference
with facial growth [11], thermal sensitivity [174], plate migration [175], and interference
with diagnostic imaging [176]. Moreover, long-term interactions between this device sys-
tem and living tissues may cause cortical bone osteopenia through efforts to protect against
stress and corrosion [118]. Therefore, the superior properties of u-HA/PLLA are considered
suitable for osteofixation surgery in the midfacial area (Figure 4).
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and osteoconductive ability of this material. All patients in the study were satisfied with 
the symmetric soft tissue malar appearance at 3 months postoperatively, and with bony 
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degradation patterns between PLA/PGA and u-HA/PLLA materials. For PLA/PGA, there 
was persistent swelling and redness on the left side of the face at 2 years after implanta-
tion; the plate was later surgically removed. Solid, tiny remnants were also found near the 
surgical site. The same patient subsequently had a zygomaticomaxillary fracture on the 
right side; thus, the patient underwent internal fixation surgery using u-HA/PLLA com-
posite material. Contrary to PLA/PGA, swelling and redness only appeared after a trau-
matic injury to the right cheek; u-HA/PLLA plate remnants were observed as small pow-

Figure 4. Representative clinical photographs of the u-HA/PLLA fixation system in the midfacial
region. A 55-year-old woman exhibited complex maxillofacial fractures, including Le Fort I maxillary
fracture, zygomaticomaxillary complex fracture, and orbital floor fracture on the right side, and
maxillary sinus fracture on the left side. The Le Fort I maxillary fractures were fixed using u-
HA/PLLA plates. (A), Complex fractures on the right side of the maxilla. (B), Maxillary fracture on
the left side. (C), Preoperative CT scan image. (D), Two L-shaped u-HA/PLLA plates were used to
fix fractures on the left side. (E), A u-HA/PLLA straight plate was implanted to correct the fracture
on the left side. (F), Six-month postoperative CT scan image.

In 2013, Hayashi [172] conducted a study to assess the effectiveness of surgical treat-
ment for facial fractures using u-HA/PLLA composite devices in 17 patients with frontal
or zygomatic bone fractures. Intraoperatively, the miniplates could slowly be bent by
≤ 60 degrees using forceps at room temperature, or by >60 degrees through immersion in
hot water at a temperature of 65–68 ◦C for 10–60 s. The postoperative follow-up period
in that study was 6–60 months. All fractures healed well, and in one patient, the device
was almost completely absorbed at 5 years postoperatively. These findings suggested that
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the degradation time of this material remained excessively prolonged. There were also
two reported complications in separate patients: excess frontal bone formation at 6 months
postoperatively without any pain or infection (n = 1) and subcutaneous swelling in the
upper eyelid at 2 years postoperatively (n = 1). Hayashi suggested that because late PLLA
degeneration requires an enzymolysis reaction, the remaining PLLA could cause infection.
Despite the reported complications, u-HA/PLLA was considered beneficial because of its
strength, thinness, and radiopacity.

Landes [140] evaluated 29 patients with malar and midfacial fractures who underwent
surgical treatment using u-HA/PLLA composite fixation devices. The findings demon-
strated good intraoperative handling, with bending of ≤40 degrees angulation at room
temperature. During the follow-up interval of 12–67 months, all fractures successfully stabi-
lized and re-ossified without any instances of nonunion, although two patients experienced
foreign body reactions. In these two patients, local redness and swelling were observed at
15 and 33 months after fracture fixation, although plate removal led to symptom resolution.
However, Landes reported that the implants were palpable in all patients after surgery. The
noticeable residual prominence that remained on long-term follow-up examinations could
have been newly formed bone that had integrated and partially substituted the u-HA/PLLA
plate. The findings indicated that u-HA/PLLA material provided reliable and satisfactory
internal fixation, intraoperative handling, long-term stability, and biocompatibility.

Sukegawa et al. [142] also reported similar findings in a clinical study. Of 35 patients
with maxillary and zygomatic fractures, all 14 treated using u-HA/PLLA devices had good
fracture stabilization and re-ossification with few complications. One patient with a zygo-
matic fracture had discomfort at the infraorbital rim (without pus discharge) at 10 months
postoperatively. As the strength of the material approached the strength of titanium plates,
the thicker plates were presumed to increase the risk of palpability, particularly in areas
with thin skin, thus causing discomfort to the patient. After a few months without any
improvement, the plate was removed.

Kim et al. published two papers in 2019 concerning the stability and aesthetic outcomes
after one-point fixation of zygomaticomaxillary complex fractures using u-HA/PLLA [141]
and comparing degradation patterns between PLA/PGA and u-HA/PLLA [177]. For
patients with mild to moderate displacement of zygomaticomaxillary fractures, one-point
fixation at the zygomaticomaxillary buttress region using u-HA/PLLA plates was less in-
vasive, maintained sufficient stability, and demonstrated promising results. This technique
also avoided complications (e.g., wound infection, plate exposure, bony nonunion, and
incision scars) because of the high mechanical strength, biocompatibility, and osteoconduc-
tive ability of this material. All patients in the study were satisfied with the symmetric soft
tissue malar appearance at 3 months postoperatively, and with bony stability and symmet-
ric bony malar appearance at 6 months postoperatively [141]. Through direct comparison
in one patient [177], Kim et al. reported the differences in the degradation patterns between
PLA/PGA and u-HA/PLLA materials. For PLA/PGA, there was persistent swelling and
redness on the left side of the face at 2 years after implantation; the plate was later sur-
gically removed. Solid, tiny remnants were also found near the surgical site. The same
patient subsequently had a zygomaticomaxillary fracture on the right side; thus, the patient
underwent internal fixation surgery using u-HA/PLLA composite material. Contrary
to PLA/PGA, swelling and redness only appeared after a traumatic injury to the right
cheek; u-HA/PLLA plate remnants were observed as small powder-like particles during
the removal surgery. Based on these findings, Kim et al. concluded that u-HA/PLLA plates
might be ideal absorbable materials for use in facial surgeries.

3.1.3. Mandibular Fractures

In 2016, Sukegawa et al. [142] reported the clinical evaluation of u-HA/PLLA com-
posite devices used for the internal fixation of mandibular fractures in 21 patients. A
2-miniplate technique was used for parasymphysis, symphysis, and body fractures, i.e.,
1.0-mm or 1.4-mm plates and ≥2 screws were used on each side of the fracture (Figure 5).
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Postoperatively, guiding elastics were used to manage occlusion. The fracture lines healed
completely in all patients without any foreign body reactions, and the mechanical strength
of the u-HA/PLLA composite devices was sufficient for rigid fracture fixation. However,
thicker u-HA/PLLA plates were used to increase the strengths of the devices, which in-
creased the risk of exposure. Plate exposures were observed in the para-symphysis and
body of the mandible in two patients, suggesting that it is crucial to sufficiently cover
the fixation devices by means of the oral vestibular approach. Lee et al. [178] performed
an assessment of outcomes and complications of mandibular fractures treated using u-
HA/PLLA fixation systems in 11 patients; their findings demonstrated that this system has
sufficient strength for the treatment of mandibular fractures. Moreover, they noted that
the greatest advantage of this material was that it did not require a second plate-removal
surgery. Moreover, in a 3D analysis of 40 patients with mandibular body fractures that
had been treated with open reduction and internal fixation using either a titanium or
u-HA/PLLA fixation device, the stabilities of u-HA/PLLA plates/screws and titanium
miniplates/screws were equivalent for ≤6 months postoperatively [179]. The results sup-
ported the use of u-HA/PLLA as an alternative to titanium alloys for the internal fixation
of mandibular fractures.
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Endoscope-assisted open reduction and internal fixation of mandibular sub-condylar 
fractures has been reported as a minimally invasive procedure with few complications 
[180]. In 2017, Son et al. [181] evaluated the stability and efficiency of the u-HA/PLLA 
composite system in 11 patients with mandibular sub-condyle fractures that had been 

Figure 5. Representative photographs of the two-miniplate fixation technique for mandibular sym-
physis fractures using the u-HA/PLLA bone-fixation-device system. An 83-year-old man was
diagnosed with right orbital floor, right zygomaticomaxillary, and mandibular symphysis fractures.
The mandibular fracture was treated using two straight u-HA/PLLA plates. (A), Upper, Preoperative
CT scan image; Lower, Exposed mandibular fracture. (B), Upper, Postoperative CT scan image;
Lower, Mandibular fracture fixation using two u-HA/PLLA miniplates. (C), Six-month postoperative
3D CT scan.

Endoscope-assisted open reduction and internal fixation of mandibular sub-condylar
fractures has been reported as a minimally invasive procedure with few complications [180].
In 2017, Son et al. [181] evaluated the stability and efficiency of the u-HA/PLLA composite
system in 11 patients with mandibular sub-condyle fractures that had been treated en-
doscopically. They observed complete bone formation around the fracture (fading of the
fracture lines) with no change in fractured segment position. They also observed increased
radiopacity around plates and screws on 3-month postoperative cone-beam CT scans in all
patients. Calcification around the devices was presumably caused by the osteoconductivity
of the u-HA component of the hardware. Postoperatively, elastic bands were used to
limit mandibular movement and reduce occlusal interferences from condylar swelling
for 1 week, except in two patients who required postoperative intermaxillary fixation.
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The patients began mouth opening exercises at 3 weeks postoperatively and achieved
the full opening range by 6 weeks. This indicated that u-HA/PLLA bioresorbable plates
provided sufficient strength during fracture healing. The study reported mild swelling and
temporomandibular joint pain in two patients, which subsided after treatment. A study
by Kim [182] analyzed 28 patients with mandibular sub-condylar fractures that had been
treated endoscopically using u-HA/PLLA and titanium miniplates in 13 and 15 patients,
respectively. There were no differences between the two groups in any study variables (e.g.,
preoperative fracture conditions, postoperative stability during healing, and postoperative
complications). Thus, u-HA/PLLA composite plates were presumed to have stability and
reliability similar to titanium miniplates when used in endoscopic open reduction and
internal fixation of mandibular sub-condylar fractures.

In a 2019 in vitro study, Sukegawa et al. [183] compared u-HA/PLLA and titanium
plate systems using the polyurethane hemi-mandible model. They measured tensile and
shear strengths, as well as load values in anteroposterior and lateromedial directions, at
displacements ranging from 0.5 mm to 5 mm. Because the polyurethane mandible model
only replicates the properties of cancellous bone, this constituted a preliminary assessment
of stability in the two systems. At displacements of 0.5 mm and 1 mm the titanium fixation
system had greater tensile and shear strengths, as well as load values in the anteroposterior
direction; however, there were no significant differences between groups in the load values
in the anteroposterior direction at displacements of 1.5–5 mm or in the load values in
the lateromedial direction at all displacements. Although u-HA/PLLA bioresorbable
plates exhibited lower strength, compared to titanium plates, the authors suggested that
appropriate placement of the u-HA/PLLA bioresorbable plates could provide adequate
strength for the treatment of mandibular sub-condylar fractures. In 2020, a similar study
compared biomechanical loading between titanium and u-HA/PLLA screw systems for
the fixation of intracapsular condylar fractures [184]. Although this introductory study was
conducted using polyurethane replicas of hemi-mandibles, it was the first study concerning
the osteosynthesis of mandibular condylar head fractures using the u-HA/PLLA screw
system. The study demonstrated that double fixation using either titanium or u-HA/PLLA
screws substantially increased the fixation force against loads in both vertical and horizontal
directions, while the titanium screws had significantly greater shear resistance and slightly
greater resistance to vertical and horizontal loads for small displacements. The authors
suggested that intermaxillary fixation should be considered with the application of a
single screw because of anatomical complexities. Notably, dietary guidance and elastics
are required when u-HA/PLLA screws are used in patients with high occlusal forces.
In conclusion, although mechanical strength is lower in the u-HA/PLLA system than
in titanium systems, it remains useful for the fixation of mandibular sub-condylar and
condylar head fractures because of its biocompatibility and osteoconductivity.

3.2. Orthognathic Surgery

For over 30 years, titanium fixation systems have been considered the “gold standard”
for rigid fixation in orthognathic surgery because of their superior mechanical strength,
biocompatibility, and osseointegration [4–6]. Titanium osteofixation systems often require
removal because of adverse effects on surrounding tissues [185], radiological interfer-
ences, and possible stress-shielding; they may also be removed at the patient’s request.
Resorbable devices were developed to eliminate the need for removal surgery. The use
of resorbable plates in the field of orthognathic surgery was first reported in 1988 by
Haers [186]. Since then, numerous clinical investigations have reported the postoperative
skeletal stability and frequency of relapse with the use of resorbable-material fixation in
orthognathic surgery [187–190]. Although some studies have demonstrated good clinical
results [186,188–190], resorbable osteosynthesis systems (e.g., first-generation and second-
generation bioresorbable materials) are not widely used. Matthews [191] noted the lack of
segmental stability with resorbable osteosynthesis, particularly in the early postoperative
period. In a study concerning PDLLA fixation devices, failure caused by plate breakage in
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the early postoperative stages was reported in 40 of 685 patients. The earlier bioresorbable
materials were radiolucent and difficult to identify on radiographs. The combination of
u-HA and PLLA has created a new generation of bioresorbable materials with improved
initial strength, bioresorbability, osteoconductivity, and bone-bonding capacity, compared
to polymer-only devices. In this section, we evaluate the applications of u-HA/PLLA in
orthognathic surgery.

3.2.1. Le Fort I osteotomy

To assess the safety and efficacy of the u-HA/PLLA device system in Le Fort I os-
teotomies, Ueki et al. conducted multiple studies beginning in 2010. They compared bone
healing after Le Fort I osteotomy in 18 Class III patients using PLLA, u-HA/PLLA, and
titanium plates [143]. Their results showed that the bone defect volumes were remarkably
reduced in three dimensions at 1 year postoperatively, compared to immediately postopera-
tively; there were no significant differences among plate types [143]. In 2012, they compared
maxillary stability after Le Fort I osteotomy in 60 Class III patients using these three types
of fixation devices [192]. Although there was a slight difference between u-HA/PLLA and
PLLA plating systems, maxillary stability with satisfactory results was achieved in all types
of plating systems [192]. They also observed that the bone gaps after Le Fort I osteotomy
using these materials were not always completely healed after 1 year [143]. Therefore,
they used the self-setting α-tricalcium phosphate (α-TCP; Biopex®) to fill the bone defects
postoperatively, thus improving bone regeneration and long-term stability. A rabbit model
study confirmed that the use of u-HA/PLLA plates with this material was beneficial, i.e., it
could provide sufficient bone regeneration while maintaining strength and fixation in the
surgical bone defect [193]. A 2013 study evaluated the postoperative changes in maxillary
stability after Le Fort I osteotomy using u-HA/PLLA devices with or without α-TCP [194].
It demonstrated that maxillary stability depended on the direction of maxillary movement,
rather than the use of α-TCP [194]. Because the maxillary sinus walls are directly influenced
by Le Fort I osteotomy, Ueki performed a study to assess the maxillary sinus after Le Fort
I osteotomy using PLLA and u-HA/PLLA, with or without α-TCP [195]. There were no
significant differences in the sinus area between PLLA and u-HA/PLLA at 1 week and
1 year postoperatively. However, the frequency of intact sinus area was higher in the group
with α-TCP than in the group without α-TCP. These findings suggested that the use of
this alternative bone material significantly affected sinus conditions; as such, careful use
was recommended by the authors [195]. The use of self-setting α-TCP incorporated with
resorbable materials in Le Fort I osteotomy did not enhance maxillary stability, although it
did support the bone regeneration process.

The results of previous studies confirmed the feasibility of the u-HA/PLLA device sys-
tem applied in Le Fort I osteotomies. Moreover, the studies demonstrated no complications
(e.g., wound infection or dehiscence, bone instability, or long-term malocclusion) during the
1-year follow-up. Therefore, u-HA/PLLA may replace the conventional titanium plating
systems as a more optimal choice for Le Fort I osteotomy (Figure 6).

3.2.2. Mandibular Osteotomies

SSRO is commonly used to correct mandibular deformities (e.g., mandibular prog-
nathism or retrognathism) and is often indicated in combination with Le Fort I osteotomy.
Although the titanium plating system has excellent mechanical strength for the fixation of
bony segments in SSRO, the removal of its titanium plates has been recommended for rea-
sons, including the presence of metal ions [196] and the risk of developing bisphosphonate-
related osteonecrosis of the jaw [197]. Because u-HA/PLLA devices have been proven
effective in the surgical treatment of mandibular fractures, many researchers have investi-
gated their feasibility in mandibular osteotomies, particularly SSRO (Figure 6).
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using u-HA/PLLA fixation devices. Le Fort I osteotomy was used to correct the maxillary deformity. A 3-mm maxillary 
impaction was performed on the right side; a 3-mm downward movement with bone grafting was performed on the left 
side. Two Y-shaped and two L-shaped u-HA/PLLA plates were used for stabilization at the pyriform aperture and zygo-
matic buttresses, respectively. For the mandible, IVSO was performed to move the right side 6 mm posteriorly, while 
SSRO was performed to move the left side 10 mm anteriorly. A 4-hole square u-HA/PLLA plate and double u-HA/PLLA 
straight plates were used to fix bone segments on the right and left sides, respectively. (A), Preoperative cephalometric, 
panoramic, and 3D CT scans showing craniofacial asymmetry caused by abnormal maxillary and mandibular develop-
ment. (B), Intraoperative photographs showing the u-HA/PLLA plates that had been implanted to fix bone segments. (C), 
One-month postoperative 3D CT scans in frontal and lateral views. (D), One-year postoperative 3D CT scans showing 
new bone formation with fading of the folds between bone segments in both jaws despite residual fixation devices. 

Figure 6. Illustration of orthognathic surgeries using u-HA/PLLA fixation devices. A 23-year-old
woman with jaw deformity and facial asymmetry underwent plastic surgery treatment consisting of
Le Fort I osteotomy in the maxilla and intraoral vertical ramus osteotomy and split sagittal ramus
osteotomy in the mandible (IVSO and SSRO, respectively) using u-HA/PLLA fixation devices. Le
Fort I osteotomy was used to correct the maxillary deformity. A 3-mm maxillary impaction was
performed on the right side; a 3-mm downward movement with bone grafting was performed on
the left side. Two Y-shaped and two L-shaped u-HA/PLLA plates were used for stabilization at the
pyriform aperture and zygomatic buttresses, respectively. For the mandible, IVSO was performed
to move the right side 6 mm posteriorly, while SSRO was performed to move the left side 10 mm
anteriorly. A 4-hole square u-HA/PLLA plate and double u-HA/PLLA straight plates were used
to fix bone segments on the right and left sides, respectively. (A), Preoperative cephalometric,
panoramic, and 3D CT scans showing craniofacial asymmetry caused by abnormal maxillary and
mandibular development. (B), Intraoperative photographs showing the u-HA/PLLA plates that
had been implanted to fix bone segments. (C), One-month postoperative 3D CT scans in frontal and
lateral views. (D), One-year postoperative 3D CT scans showing new bone formation with fading of
the folds between bone segments in both jaws despite residual fixation devices.
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Since 2011, Ueki et al. have published multiple research papers concerning the appli-
cability of u-HA/PLLA fixation systems in mandibular osteotomies. A study of 60 patients
who underwent SSRO using PLLA, u-HA/PLLA, and titanium plating systems revealed
that time-course changes in the condylar long-axis and skeletal stability after surgery were
comparable among the systems [198]. All patients in that study had been treated with the
conventional plate-fixation technique: a miniplate and four monocortical screws placed in
the mandibular angle region bilaterally through a transcutaneous approach [199]. Another
method based on the miniplates involves placement of two monocortical screws in the
distal segment and two bicortical screws in the proximal segment [200]. Nevertheless, most
studies using titanium plate systems have concluded that there are no significant differences
in postoperative stability among various methods [144]. According to Brasileiro [201], the
conditional technique provides a less rigid fixation in SSRO. Therefore, a hybrid technique
(i.e., bicortical-monocortical fixation [202]), which combines the conventional technique
with an additional bicortical screw placed at the posterior-superior region on each side, was
developed to enhance stability and provide rigid fixation after SSRO. Ueki et al. compared
hybrid fixation using the u-HA/PLLA system and conventional fixation using the PLLA
system. They found that there were no significant differences in terms of temporal changes
in condylar long-axis and skeletal stability after surgery; plate breakage within 1 week post-
operatively during elastic traction occurred only in the conventional fixation group [203].
In another study of 76 patients who underwent SSRO using monocortical and bicortical
plate fixation techniques with the PLLA system or a hybrid fixation technique with the
u-HA/PLLA system, Ueki et al. found that postoperative skeletal stability was similar
among the three fixation techniques. However, CT scans demonstrated breakage of six
resorbable plates with the monocortical plate fixation technique [204]. Based on the results
of their two previous studies, Ueki et al. suggested that bicortical and hybrid fixation
techniques are reliable methods to improve fixation between bone fragments and prevent
the breakage of resorbable plates in SSRO. Although the additional bicortical screws used
for strength enhancement may delay the recovery of lower lip hypoesthesia after SSRO,
this can be avoided by appropriate positioning [205]. Moreover, Ueki et al. investigated
changes in CT values (pixels) of ramus bone and screws after SSRO in patients who had
been treated with and without self-setting α-TCP (Biopex®). They found that the use of
this alternative bone material and the fixation-plate type may affect bone quality during
the healing process [206].

Although u-HA/PLLA demonstrated greater mechanical strength, compared to previ-
ous resorbable materials, it remains weaker than titanium. Adequate osteosynthesis with
minimal morbidity is crucial for the success of orthognathic surgeries that use resorbable
plates because rigidity and stability between bony fragments can accelerate bone healing
and prevent complications [207]. An in vitro study compared the biomechanical loading
values of u-HA/PLLA plating systems in SSRO among three groups: a single u-HA/PLLA
straight plate with four screws, double u-HA/PLLA straight plates with eight screws,
and a u-HA/PLLA ladder plate with eight screws [208]. The findings indicated that the
u-HA/PLLA ladder plate system significantly optimized the resistance and stability of
plate fixation. In another clinical study, long-term skeletal stability of the u-HA/PLLA
ladder plate system in SSRO was compared with the long-term skeletal stability of titanium
miniplates [209]. The anterior displacement of point B at 6 months postoperatively and the
inferior displacement at 2 years postoperatively were significantly greater in the titanium
group than in the u-HA/PLLA group. This suggested that the use of a u-HA/PLLA ladder
plating system in SSRO leads to a stable postoperative mandibular position.

Another common procedure in the mandible is genioplasty (Figure 7). The application
of u-HA/PLLA fixation systems in this procedure has attracted the attention of various
researchers. Ueki et al. examined chin stability after advancement genioplasty using
u-HA/PLLA fixation [145]. In that study, 22 patients were divided into u-HA/PLLA
and titanium plate groups. In the u-HA/PLLA plate group, horizontal osteotomy was
performed and the central region of the chin was temporarily fixed using a titanium plate
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and screws; two u-HA/PLLA bicortical screws were then placed bilaterally. The titanium
plate and screws were subsequently removed and a u-HA/PLLA plate was implanted to
fix the segments. In the titanium plate group, the central region of the chin was fixed rigidly
using only a titanium plate and screws. Lateral cephalometric images were acquired before
surgery, immediately after surgery, and at 1 year postoperatively. The results showed that
the use of a u-HA/PLLA system with initial support from a titanium plate and screws
could achieve stability in advancement genioplasty. However, vertical relapse to an inferior
position and resorption at the anterosuperior margin of the segment was observed because
of forces on the bent part of the plate. Therefore, new prebent u-HA/PLLA plates were
developed to solve this problem; these require further investigations to determine their
usefulness and stability.

3.3. Other Reconstructive Applications

Because of the osteoconductive feature of u-HA/PLLA, it has also been studied for
procedures other than fracture and orthognathic surgeries (e.g., sinus lift and alveolar ridge
augmentation). Although there are few publications regarding these applications, their
results have demonstrated the feasibility, effectiveness, and safety of this material.
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Figure 7. Representative genioplasty images. A 20-year-old woman underwent bilateral SSRO for
mandibular protrusion. After 3 years, genioplasty was performed to correct her protruding chin.
(A), Preoperative 3D CT scans showing anteriorly and inferiorly protruding chin. Notably, this
patient had undergone SSRO using u-HA/PLLA plates at that time. (B), Chin repositioning was
designed using a 3D preoperative simulation program. (C), Surgical exposure and osteotomies were
performed as planned. (D), Fixation of bone segments was performed using two 4-hole u-HA/PLLA
rectangle plates. (E), Bone fragments were removed from the chin. (F–H), Cephalometric images,
skull anteroposterior views, and panoramic images (respectively) acquired before (upper) and after
(lower) genioplasty. Chin position improved considerably with the operation.

In 2016, Kaneko et al. reported a case of nongrafted maxillary sinus lift with a u-
HA/PLLA device in an atrophic maxilla [146]. A 60-year-old healthy woman with max-
illary alveolar ridge atrophy (caused by edentulous maxilla from the right first premolar
to the second molar region) underwent a nongrafted sinus lift and simultaneous dental
implant placement. After osteotomy of the lateral sinus wall had been performed using a
piezoelectric device, a bone window was created and fragmented bone was attached to a
u-HA/PLLA plate (Figure 8A). Subsequently, the sinus membrane was carefully elevated
from the sinus floor, and two dental implants were placed through the maxillary ridge
into the space created under the sinus membrane (Figure 8B). A bent u-HA/PLLA mesh
plate attached to the fragmented bone was fixed using two short u-HA/PLLA screws
to lift the sinus membrane and cover the bone window (Figure 8C). Bone regeneration
around the protruded implants was observed on CT scans at 6 months postoperatively; no
intrasinus problems were present, and the abutments were connected. From 6 to 42 months
postoperatively, continued vertical bone regeneration was observed in the space under the
u-HA/PLLA device. At the end of the 42-month follow-up period, increased bone volume
was confirmed above the implant apex and no unnecessary marginal bone loss was evident.
These results demonstrated the bioactive and osteoconductive abilities, biocompatibility,
and high mechanical strength of u-HA/PLLA material. Notably, UV-treated u-HA/PLLA
was superior to untreated u-HA/PLLA in terms of bioactive/osteoconductive abilities for
sinus lift in a rabbit model [210]. Other studies have demonstrated enhanced osteoconduc-
tivity and biocompatibility of u-HA/PLLA with UV treatment [128–130]. These findings
may be advantageous for improving the efficacy and safety of this material prior to use in
clinical applications.
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Figure 8. Schematic diagram of nongrafted sinus lift with a u-HA/PLLA mesh plate device based
on the technique described by Kaneko [146]. (A), Creation of a bone window in the lateral sinus
wall using the piezoelectric device and maintenance of the fragmented bone for the final step. (B),
Cautious elevation of the sinus membrane from the sinus floor, followed by placement of the implant
through the maxillary ridge into the space created under the elevated sinus membrane. (C), Fixation
with a bent u-HA/PLLA plate attached to the fragmented bone using two short u-HA/PLLA screws
to cover the bone window.

Recently, the results of alveolar ridge augmentation using u-HA/PLLA screws were
investigated in a clinical trial [147]. u-HA/PLLA screws were used to fix the cortical bone
block, obtained from the mandibular ramus, to the recipient site. After 6 months, a dental
implant was inserted and specimens were harvested using a 2.0-mm trephine bur for
further analysis. There were no complications after dental implant placement, and the
final prostheses were satisfactory in all patients. A histological assessment revealed that
the biomaterial screws were in direct contact with the surrounding bone; there were no
inflammatory cells between the bone and the screw. Although fibrous tissue was present
around the screw in several specimens, no inflammation or bleeding was observed; these
findings confirmed the biocompatibility of u-HA/PLLA. The results of immunohistochemi-
cal analysis also supported the bioactive/osteoconductive ability of this material. Overall,
the findings suggested that u-HA/PLLA is feasible and safe for application in alveolar
ridge augmentation procedures.

4. Clinical Complications of u-HA/PLLA

Because of its outstanding properties, including bioactive osteoconductivity, biocom-
patibility, and high mechanical strengths, u-HA/PLLA biomaterial has achieved great
success in maxillofacial surgery. However, some adverse reactions with this bioresorbable
material have been reported, presumably in relation to its long degradation time. According
to Shikinami et al. [49], the PLLA component was practically absent from the composites
after 4.5–5.5 years. In some long-term follow-up studies, u-HA/PLLA was almost com-
pletely absorbed by 5 years [172]. Although u-HA/PLLA is highly biocompatible, its
prolonged persistence after implantation could lead to adverse reactions, such as inflamma-
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tion. Numerous studies concerning the applications of u-HA/PLLA have confirmed its
safety, but some long-term follow-up investigations have reported notable complications.
For example, Hayashi described a patient with subcutaneous swelling in the upper eyelid
and histopathological confirmation of inflammatory tissue, 2 years after surgery using
u-HA/PLLA plates [172]. Landes also described two patients who exhibited foreign body
reactions along with redness and swelling at 15 and 33 months after fracture surgery using
u-HA/PLLA devices [140]. Another study described a patient who had been diagnosed
with an inflammatory response to a foreign body, based on persistent swelling and redness
of the right cheek 2 years after surgical fixation using this material [177]. In 2018, Tatsuta
et al. [211] described 13 patients who underwent surgery using the u-HA/PLLA system
and required plate removal because of postoperative plate infections. They suggested that
the long degradation period had caused foreign body reactions in patients with long-term
u-HA/PLLA application.

Another disadvantage of bioresorbable materials is their insufficient mechanical
strength. Although u-HA/PLLA showed superior mechanical strength, compared to
other materials, it remained inferior to titanium alloys. Hence, this material is limited to
applications that do not require high mechanical strength. To address this issue, im-
provements in surgical techniques and changes in fixation system design have been
proposed [205,206,210,211].

Moreover, to match the strength of a titanium plate, the thickness of u-HA/PLLA
plates must be increased (1.0–1.4 mm), which may lead to implant palpability and expo-
sure [142]. Fibrous connective tissue may also form, covering the device; this contributes
to palpability through thin skin and patient discomfort. Similarly, in the areas of thin mu-
cosae (e.g., para-symphysis), the gingival alveolar portion is fragile and wound dehiscence
may occur. Therefore, it is crucial to consider the thickness of the plate and the possible
discomfort in areas of thin skin and mucosa, which could increase over time because of
fibrous tissue formation around the plate.

5. Future Perspectives

To overcome the limitations of u-HA/PLLA composite, a novel bioresorbable com-
posite material has recently been introduced. This material, known as u-HA/PLLA/PGA,
combines u-HA particles and a copolymer of PLLA and PGA produced by a forging pro-
cess, as a fourth-generation bioresorbable biomaterial. Rat models have been used to
compare bioactive osteoconductive ability, biocompatibility, and degradation time between
u-HA/PLLA/PGA and u-HA/PLLA material. The results showed that bone regeneration
ability is comparable between u-HA/PLLA/PGA and u-HA/PLLA, despite a smaller
proportion of u-HA (10%) in the new material [71]. Furthermore, immunohistochemical
staining revealed CD68-positive cells in a concentrated layer around the u-HA/PLLA
and u-HA/PLLA/PGA sheets [72]. Based on the results of these animal studies, the new
material has the features of regenerative ability and biocompatibility, and exhibits a shorter
resorption time compared to u-HA/PLLA. These studies have initiated a new trend of
biodegradable material development for applications in maxillofacial surgery.

6. Conclusions

Multiple studies have shown that u-HA/PLLA—a third-generation bioresorbable bio-
material with high mechanical strength, biocompatibility, and bioactive osteoconductivity—
is superior to existing bioresorbable materials. Significantly, its bioactive osteoconductivity
accelerates postoperative bone healing, producing better results in clinical maxillofacial
applications compared to previous bioresorbable materials. However, like other materials,
u-HA/PLLA has some limitations, notably, degradation time and mechanical strength.
Improved u-HA/PLLA materials that result in new materials with properties suited to
particular areas of maxillofacial surgery hold great clinical promise. In the field of oral and
maxillofacial reconstructive surgery, the complete replacement of traditional titanium-based
systems with bioresorbable materials is inevitable.
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