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ABSTRACT: Transplantation of bone implants is currently recognized as one of the most

effective means of treating bone defects. Biobased and biodegradable polyester composites ‘:;;“\‘c;:‘f\“;»"‘* ' Ar.ﬁf‘::“n;:.'f“
combine the good mechanical and degradable properties of polyester, thereby providing an : y‘i}féib““‘.iz;‘“" . SQZ:U};’;:P
alternative for bone implant materials. Bone tissue engineering (BTE) accelerates bone defect " =™ g
repair by simulating the bone microenvironment. Composite scaffolds support bone formation e “egte

and further accelerate the process of bone repair. The introduction of 3D printing technology m\ .\oQo

enables the preparation of scaffolds to be more precise, reproducible, and flexible, which is a o (@ ) L
very promising development. This review presents the physical properties of BTE scaffolds 2 \\—/Ce“b&

and summarizes the strategies adopted by domestic and international scholars to improve the ~— ~ p/,f;w.a;" W
properties of scaffolds based on biobased and biodegradable polyester/ceramic composites in : p::.,;’.::;ﬁ;: B “‘;f:%::“{‘,‘;:,‘\f
recent years. In addition, future development prospects in the field and the challenges of ’*»Zﬁ,;f;i,% . ‘;'tﬂ‘\“"l“

expanding production in clinical applications are presented.
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1. INTRODUCTION

With the change in modern dietary structure, an aging
population, and an accelerated pace of social life, orthopedic
diseases, such as bone fractures, bone tumors, and osteopo-
rosis, have gradually become one of the most important
problems affecting human health. Middle-aged and elderly
people have serious bone health problems, with a prevalence
rate of 32% among people over 65 years of age." The strength
of bones decreases as humans age, and their associated defects
and diseases become more prominent with age. Although
bones have their own healing/regenerative ability to repair
small bone defects, large-sized bone defects caused by
accidents, bone tumor removal, or injuries are not easily
healed by the bone itself. When a bone defect exceeds 6 cm, it
cannot heal itself.” One of the methods of healing large defects
is the use of autogenous bone grafting.>* This approach has
limitations, including high donor site morbidity, limited
numbers, and secondary injury. In addition, patients facing
major bone defects caused by severe trauma or infectious
disease rely on the surgical implantation of an exogenous bone
graft for complete recovery. According to statistics, the number
of bone transplantation operations performed worldwide each
year exceeds 2.2 million, with a total cost as high as US$ 2.5
billion.> However, traditional bone implants, such as metal and
allogeneic bone, face challenges like the need for secondary
surgery,”’ potential immunogenicity, and other issues (Table
1), which further aggravate the risk of bone repair surgery. As a
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result, researchers in different fields have been exploring
alternative methods to heal large bone defects and have
developed tissue engineering (TE) techniques, which are now
widely used in the biomedical field (Figure 1). As the field of
TE continues to be researched and developed, it has become
an area of interest in repairing skeletal defects for more
effective and predictable medical practice in the future.
Bones are mainly composed of long bones (composed of
diaphysis, epiphysis, and metaphysis), flat bone (such as skull
and scapula), periosteum, and medullary cavity. According to
the function, it can be divided into load-bearing bone (such as
the femur) and protective bone (such as the skull). The
microstructure is divided into bone matrix, osteon, cells
(osteoblasts, osteoclasts, osteocytes, osteoprogenitors cells,
etc.), blood vessels and nerves, trabeculae, etc.”” In the process
of growth, repair, and adaptation to external mechanical stress,
bone is driven by the dynamic balance of osteogenesis and
osteoclast, which is a biological process to maintain the
dynamic balance of bone tissue.'” The core of bone
remodeling is the coupling of osteogenesis and osteoclast
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Table 1. Comparison of Properties of Typical Bone Implant Materials

Review

Type Advantage Disadvantage Ref
Natural bone  Autogenous bone Osteogenic activity, good biocompatibility Long operation time and limited bone supply ()
implant Homologous bone Wide material source, good biocompatibility Immune response, no bone activity, poor (3)
mechanical stability
Metatarsal bone Low-cost, widely available No immunogenicity, no bone activity 4)
Metal Tantalum, titanium, Lightweight, high strength, good biocompatibility The production process is complex, bone )
magnesium alloy formation is slow, and nondegradable
Ceramic P-tricalcium phosphate  Like bone mineral component, good degradability, Mechanical brittleness (10)
(p-TCP) osteogenic activity, compressive property
BG
HA
Polyester PLA Good plasticity, biocompatibility, and biodegradability Insufficient mechanical properties, leading to (11)
PCL osteoporosis
PGA
PLGA
Complex PLA/HA Like natural bone matrix, good biocompatibility, good The rigors of the manufacturing process (12)

bone conductivity, low immunogenicity
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Figure 1. Application of tissue engineering in repairing damaged body
tissues.

activity. In the repair of bone injury and microfracture,
osteoclasts first remove damaged or old bone tissue, and then
osteoblasts fill new bone.'"' The imbalance between osteo-
genesis and osteoclast activity may lead to osteopetrosis
(insufficient osteoclast) or osteoporosis (insufficient osteo-
genesis). Based on that, bone tissue engineering (BTE) can
help restore balance by providing physical support, guiding cell
behavior, and regulating the microenvironment. BTE simulates
bone structure to provide a microenvironment suitable for host
cell proliferation, differentiation, and new bone tissue
reconstruction, thereby accelerating the repair of bone defects
(Figure 2). BTE scaffolds are a good choice for simulating
cancellous bone structure.'”'> The ideal scaffold for BTE
should possess a series of key properties, such as good
mechanical properties, appropriate porosity, surface roughness,
biodegradability, and osteogenic activity (Table 2). Biocom-
patibility is a key consideration to ensure that the material does
not provoke adverse immune responses or toxicity. Combining
biocompatible materials with the appropriate fabrication
techniques is essential to establish the preparation of optimal
bone scaffolds.

Biobased and biodegradable polyesters, such as polylactic
acid (PLA), D-poly lactic acid (PDLA), polycaprolactone
(PCL), and polyglycolic acid (PGA), have attracted extensive
attention in bone repair applications due to their excellent
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Figure 2. Scheme representing the synthetic bone graft for bone tissue regeneration.
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Table 2. Biological Design Properties of Bone Tissue Scaffolds

Factor Principle Ref
Biocompatibility Material Carboxy, sulfonate, amino, amide, and imino groups facilitate cell adhesion and proliferation. (14)
composition
Topology The topological structure of biological implants, such as surface roughness, porosity and distribution, groove size, ~ (15)
and orientation, greatly influences cell adhesion behavior.
Hydrophilicity Strongly hydrophilic surfaces are unfavorable for protein adsorption and cell adhesion. (16)

Tissue reactivity

Physiological substances surrounding bone tissue contain chloride ions, dissolved oxygen, proteins, fats, organic ~ (17)

acids, enzymes, etc., which can react with certain materials, causing inflammation and abnormal cell

Bone repair materials require strength, toughness, hardness, and Young’s modulus compatible with human bone ~ (18)

Biodegradable matrix materials can form channels for recruited cells to migrate from the surface of the material ~ (19)

to the interior of the cell during degradation. The degradation rate of the material should match the

Large pores of 100—500 ym provide space for bone tissue growth and act as osteoconductors, while the (20)

The ability of implanted materials to induce differentiation of mesenchymal cells to osteoblasts. (21)

differentiation.
Mechanical
properties tissue.
Biodegradability
endogenous cellular matrix secretion capacity.
Bone tissue- Seductive
induced micropores of 1—10 um facilitate osmosis, circulation, and nutrient supply.
regenerative Conductivity
properties

biodegradability and biocompatibility. These materials have
been approved as biomedical materials by multiple regulatory
agencies. They can be degraded step by step in vivo without
residue, irritation, or toxic side effects. The degradation rate
and mechanical properties of these biopolyesters can be altered
by adjusting the molecular weight and modifying the
polymerization and molding methods. However, there are
still some problems with biopolyesters, such as individual
polyester materials having low mechanical strength, and the
acidic products produced by their degradation may hinder the
growth of tissues and cells. Ceramic has excellent mechanical
properties and can slowly release Ca’>* and PO,*” during
degradation due to its similarity to the components of the
inorganic phase of human bones (most of which are
hydroxyapatite-HA crystals), thus providing an important raw
material for bone reconstruction.'’ In addition, the degrada-
tion of the ceramic can neutralize H' generated by the
degradation of the polyester to further reduce the probability
of inflammatory reaction, so the bone implant prepared by the
biopolyester/ceramic composite material exhibits excellent
bone repair effect."’

At present, the preparation pathways of biopolyester/
ceramic composite scaffolds mainly include electrostatic
spinning,””*’ gas foaming,>*** solvent-casting particulate
leaching (SCPL),*® and thermally induced phase separation
(TIPS)”~*° (Table 3). However, the scaffolds obtained by
these methods usually have irregular structures, uncontrollable
pore sizes, relatively low strength, and poor repeatability,
thereby reducing the practicability of the scaffold. The three-
dimensional (3D) printing technique significantly improves the
limitations of conventional scaffold fabrication. This technique
was first reported in 1989°° and has been rapidly and widely
used in the field of scaffold molding. It is also known as
additive material manufacturing and quickly and accurately
creates solid models of BTE scaffolds based on the principles
of layered manufacturing and layer-by-layer stacking through
computer aided design (CAD) and numerical control
technology.”’ Biopolyester/ceramic composites have good
moldability and can be used as the raw material for 3D
printing, offering a new method for preparing BTE
scaffolds.”>** 3D printing technologies, such as bioprinting
technologies, including droplet ejection printing (Figure 3a),
pneumatic extrusion printing (Figure 3b), mechanical
extrusion printing (Figure 3c), thermal inject printing (Figure
3d), piezoelectric inject printing (Figure 3e), laser-based

printing (Fi§ure 3f),** fused deposition modeling (FDM)
(Figure 3g), 36 scanning laser sintering (SLS) (Figure Sh),37
stereolithography printing (SLA) (Figure 3i),"*” and digital
light processing (DLP) (Figure 3j),*” have made the
preparation of biopolyester/ceramic scaffolds more accurate,
efficient, and repeatable (Table 4). The bone scaffold
manufactured using this technology can simulate the bone
structure of a bone defect part in a patient, and the pore
diameter inside the scaffold can be accurately regulated and
controlled, so that the technology has attracted wide attention
in the field of preparation of biobased and biodegradable
polyester/ceramic tissue engineering scaffolds.

2. BIOBASED AND BIODEGRADABLE
POLYESTERS/CERAMIC

2.1. Biobased and Biodegradable Polyesters. Bio-
polyester materials were first put into the medical industry in
the 1930s, initially applied as materials for external wounds or
sutures. The biopolyesters used for bone repair mainly include
PLA, PCL, PGA, polylactic-co-glycolic acid (PLGA), poly-
(hydroxybutyrate) (PHB), poly(citrate sebacate) (PCS),
polypropylene fumarate (PPF), polyActive, poly(propylene
carbonate) (PPC), and others.*”** The synthesis methods and
physicochemical properties of common biopolyesters are
summarized in Table 5 and Figure 4.

2.1.1. PLA. PLA is a thermoplastic polyester condensed from
lactic acid and has great potential as a biobased and
biodegradable bone repair material due to its good mechanical
strength, biodegradability, and biocompatibility.”**> PLA is an
optically active polymer, which can be divided into L-
poly(lactic acid) (PLLA)*® and PDLA.*” They have different
physical properties and different degradation rates. PLA has
excellent biodegradability, and PLA and its products degrade in
the natural environment after being discarded and eventually
decompose into carbon dioxide (CO,) and water. In addition
to its environmental characteristics, PLA has good strength,
making it easy to process, and it also has transparency and
gloss, which are rare in other degradable plastics. At the same
time, PLA has excellent hydrophobicity due to its ester group
and is commonly used in biomedical materials.***" However,
PLA has some weaknesses, such as rapid degradation, with
intermediate products accumulating locally, leading to a low
pH value.

2.1.2. PCL. PCL has good biocompatibility, high flexibility,

and high elongation and produces fewer acidic breakdown
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Table 3. Preparation Methods of Bone Tissue Engineering Scaffolds

Ref
(22, 23)

Disadvantage

Advantage

Preparation principle

Preparation
method

Standard method for fabricating Toxic solvents are used; fabricating a

The polymer solution or molten substance is stretched into nanoscale or micron-scale fine fibers by a high-voltage
nanofibrous scaffolds

Electrostatic

3D structure with required pore sizes

is difficult

electric field, and then these fibers are deposited into a scaffold

spinning

(24, 25)

Narrow pore size distribution of

vesicles

and no use of organic solvent

An inert gas is used as a foaming agent to create pressure within the polymers in solvents under high temperatures. High porosity, small pore size,

The pressure from the gas is exerted until it reaches saturation, forming gas bubbles that create the porous

Gas foaming

structure

(26)

Toxic nature, time-intensive

High porosity, low cost

Removing the solvent from the polymer and filtering to obtain a porous structure

Solvent casting/

particle leaching

(27-29)

Can only be used for thermoplastics

High porosity with a high
surface-volume ratio

The polymer dissolves in the solvent at a higher temperature, and the porous structure is formed by lowering the

temperature

induced phase

Thermally
separation

(30)

Dependent on the existence of cells

High printing speed, supports

Technology for manufacturing brackets by means of layer-by-layer material accumulation based on 3D CAD data

Bioprinting

printing scaffolds with high

cell viability

products.””>" Although PCL degrades more slowly than other
polyesters, such as PLA, this provides ample time for bone
remodeling in patients. In addition, PCL has a melting
temperature of 55—60 °C and good processability.”” However,
the mechanical properties of PCL are relatively low, and the
degradation rate and efficiency are closely related to environ-
mental conditions.”’

2.1.3. PGA. PGA is a polymer with high crystallinity and an
excellent tensile strength and modulus. PGA can be hydrolyzed
and degraded into small nontoxic molecules (such as glycolic
acid), and the degradation products are easily absorbed by
human metabolism, making it a biocompatible material. PGA
can be used to prepare medical materials such as bioabsorbable
sutures, slow-release drug carriers, and fracture fixators,
reducing the risk of secondary surgery and being suitable for
scenarios requiring high strength.”* However, it has high
brittleness, poor toughness, and is prone to brittle fracture.'”>*
The degradation rate of PGA is fast in humid environments,
making it unsuitable for long-term application.

2.1.4. PLGA. PLGA is a copolymer of PLA and glycolic acid,
and its mechanical properties can be adjusted according to the
PLA/glycolic acid ratio.’® By combining their respective
characteristics, it provides sufficient strength support to
promote cell adhesion.”” PLGA has been widely used for
bone tissue repair due to its excellent biocompatibility,
adjustable degradability, and mechanical properties.”®>’
However, PLGA has the disadvantage of weak cell attachment.

2.1.5. PHB. PHB is the most widely studied and commonly
used member in biomedical research. PHB is nontoxic and
biodegradable, and its degradation products are also
biocompatible, some of which are present in natural
components of human plasma, such as D-3-hydroxybutyrate.*’
PHB has piezoelectric properties.”’ Due to the surface charge
or electrical signal generated by mechanical deformation, PHB
is important in stimulating bone growth by regulating cell
behavior in piezoelectric polymers. > However, compared to
other biobased and biodegradable polyesters, it also has some
limitations, including a slow degradation rate and high
brittleness.*®

2.1.6. PCS. PCS is a biocompatible and biodegradable
synthetic polyester, mainly prepared by polycondensation of
citrate and sebacate, with multiple hydroxyl and carboxyl
groups in the molecular structure, which makes it easy to cross-
link with other molecules or functionalize.”* PCS has
adjustable mechanical properties (adjusted by varying the
ratio of citric acid and sebacic acid to change the material’s
rigidity and flexibility) and good thermal stability. It can be
used in BTE and wound dressings, etc. However, due to the
disadvantages of its degradation rate, which is difficult to
control precisely, and its weak mechanical properties, its
application in BTE is limited. Future research can focus on
adding nanoparticles, changing the molecular structure,
developing copolymers, etc.”®

2.1.7. PPF. PPF is a biodegradable conjugated polyester,
usually prepared by the condensation reaction of fumaric acid
and 1,2-propanediol. It has controllable mechanical properties
(by adjusting the molecular weight and cross-linking density),
biodegradability (by hydrolyzing into small nontoxic molecules
with a controllable degradation rate), good biocompatibility,
and can be used for BTE.°® However, PPF has high
requirements for cross-linking curing and low thermal stability,
and its adaptability to processing conditions needs further
optimization.
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Figure 3. Schematic diagrams of various 3D printing processes. (a) Droplet ejection printing. (b) Pneumatic extrusion printing. (c) Mechanical
extrusion printing. (d) Thermal injection printing. (e) Piezoelectric injection printing. (f) Laser-based printing. (g) FDM. (h) SLS. (i) SLA. (j)
DLP. Reproduced with permission under a Creative Commons CC-BY 4.0 License from ref 41. Copyright 2024, Prem Ananth, K,; Jayram, N. D.;
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2.1.8. PolyActive. PolyActive is a biodegradable multiblock (PBT) blocks. By adjusting the proportion of components,
copolymer composed of alternating hydrophilic poly(ethylene linear drug release can be achieved, which helps maintain
glycol) (PEG) and hydrophobic polybutylene terephthalate stable drug concentrations. The disadvantage is that the
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Table 4. Preparation Methods of Bone Tissue Engineering Scaffolds

3D print
type Method Advantage Disadvantage Ref
Extrusion- The bioink is extruded through a nozzle and On-demand manufacturing, low cost, high  Low cell viability, limited print (35)
based 3D formed into a desired shape on a build platform  structural complexity, high efficiency resolution, risk of cross-infection,
bioprinting limitations of print materials
FDM Method of melting a thermoplastic polymer into a Low cost and durability, improvement of =~ Low-resolution, the anisotropic, (36-38)
semiliquid state and extruding the material layer ~ print processing parameters such as nozzle may be clogged
by layer onto a build platform Young’s modulus, tensile strength
SLS Use of laser technology and thermal curing Highly durable, easily removable support ~ Higher cost and printed mats are (39)
material easily deformed
MEW Combines the benefits of electrospinning and 3D No organic solvent, environmental Higher cost (40)
printing protection, and high efficiency
SLA Laser beam scanning and hardening of UV- High printing precision The laser has a short service life and ~ (41)
sensitive materials a high cost

Table S. Comparison of Typical Polyesters”

Density/ Tensile strength Tensile modulus Degradation time
Type (grem™) (MPa) (GPa) T,/°C T,/°C (months) Ref
PLA 1.25-1.27 27.60—50.00 1.00-3.45 50.00—60.00 - 12—-16 (46, 47)
PLLA 1.24-1.30 15.50—150.00 2.70—4.14 55.00—65.00 170.00—200.00 >24 (48)
PDLA 121-1.25 21.00—60.00 0.35-3.50 45.00—60.00 150.00—162.00 - (49)
PCL 1L11-1.14 20.70—42.00 0.21-0.44 —60.00—65.00 58.00—65.00 >24 (52, 53)
PGA 1.50—1.71 60.00—99.70 6.00—7.00 35.00—45.00 220.00—233.00 6-12 (56)
PCS 1.15-1.20 0.10—1.96 0.017—-6.86 —30.00—30.00 - 1-6 (68)
PPF 0.95—-1.20 10.00—50.00 500.00—1000.00 60.00—65.00 - 2-12 (70)
PolyActive 1.10—-1.20 1.00—40.00 10.00—-500.00 —20.00—50.00 50.00—60.00 >6 (71)
PPC 1.20—1.50 9.00—20.00 50.00—200.00 —20.00—40.00 - 1-6 (72)
PHB 1.54—1.57 17.00—20.00 0.42—-0.65 5.00—10.00 173.00—180.00 6—12 (73, 74)
PET 1.35—-1.45 50.00—100.00 2500.00—4500.00 67.00—81.00 250.00—260.00 >6 (76)

“T, is the glass transition temperature and T, is the melting temperature.
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degradation rate of the block copolymer is different, resulting be carried out to optimize rheological properties, making it

in uneven degradation and low mechanical strength. In more suitable for a 3D printing design.
2.1.9. PPC. PPC is a completely biodegradable and

. o . . environmentally friendly material made by copolymerizing
costs. Material strength and rigidity can be improved by adding CO, and epichlorohydrin (PO), with the degradation products
nanoparticles or copolymer design.”” Surface modification can of CO, and water. PPC has the advantages of strong

addition, the processing conditions require high production
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processing adaptability (can be formed through conventional
processing techniques), excellent thermal performance, etc.
However, its disadvantages include insufficient mechanical
properties (not suitable for high load or high-strength bone
scaffold applications), uncontrollable degradation rate (sensi-
tive to environmental factors, unstable degradation), and high
industrial costs.’® In the future, this can be promoted for
sustainable development and circular economic applications
through structural design and catalyst optimization.

2.1.10. Other Biobased and Biodegradable Polyesters.
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is a
polyester with good biodegradability and biocompatibility.*””°
However, PHBV also has some prominent disadvantages, such
as weak mechanical properties, low thermal stability, difficult
processing, and high hydrophobicity.”" Polyethylene tereph-
thalate (PET) is produced by a polycondensation reaction
between terephthalic acid (TA) and ethylene glycol (EG), with
recurring ester bonds (—COO-) and is one of the
representatives of thermoplastic polyesters with excellent
mechanical properties, chemical stability, and heat resistance.
PET is not a biopolyester material in the strict sense, but there
are some specific types that can be categorized as part of the
biopolyester, depending on their source and treatment.””

2.1.11. Application Prospects of Biobased and Biode-
gradable Synthetic Polyester in BTE. The development of
biobased and biodegradable polyester materials reflects the
trend of sustainable and environmentally friendly materials in
BTE applications. The development of low-cost biodegradable
polymers from renewable resources through green synthesis
routes provides promising solutions for biomedical applica-
tions.”> The research on 3D printing a biobased and
biodegradable polyester scaffold in BTE is summarized in
Table 6. Kolanthai et al.”* prepared copolyesters based on
soybean oil (SO) through melting condensation. The polyester
has cell compatibility and may be used as an absorbable
biomaterial for BTE and controlled release. Mondal et al.”>”
showed the potential of SO based materials in manufacturing
scaffolds, highlighting the multifunctionality and effectiveness
in meeting the complex requirements of BTE. Recycled
polyester made from PET waste can be converted into
functional materials and applied to BTE, which is a novel
chemical recovery strategy for upgrading and recycling.”’
Gomez-Cerezo et al.”” used 3D printed PET scaffolds to
regenerate navicular and lunate bones after fracture. The
scaffolds had a high cell viability and enhanced the secretion of
fibroblast-associated proteins through mechanical stimulation.
Near infrared (NIR) light had a longer wavelength and a
greater depth of tissue penetration, so it is widely
recommended as a stimulus for BTE applications.”® NIR was
achieved by introducing photoisomerization functional groups
into the polymer matrix or by doping suitable photothermal
agents into the classical heat-triggered shape memory polymer
(SMP) matrix. Choudhury et al.”’ manufactured the NIR
response and programmable PLMC scaffold for nanoengineer-
ing with polydopamine (PDA) through 3D printing. The
scaffold showed a significantly higher osteogenic potential in
vitro.

However, biobased and biodegradable polyester scaffolds
still had some drawbacks in application, such as (1) mechanical
strength: as the strength and flexibility of polyester materials
may not be sufficient to meet the needs of some special loading
environments, especially when used in high stress areas, where
they are prone to failure; (2) functional limitations: when

functionalized for modification (e.g., incorporation of drugs or
biomolecules), the polyester surface activity is low, and
additional treatment may be required to improve adhesion
efficiency; and (3) higher production costs: certain high-
performance polyester materials have more complex synthesis
and processing techniques, which may increase manufacturing
costs. Therefore, it is imperative to seek new scaffold synthesis
strategies to solve this problem.

2.2. Ceramic. Based on the interaction mode and
performance with organisms, ceramics used in BTE can be
categorized into several categories: (1) biologically inert
ceramics, such as alumina and zirconia, are commonly used
in dental restoration and bone joint materials; (2) biologically
active ceramics, particularly calcium phosphate-based materials
(CaPs), include B-TCP, HA, and bioglass (BG); (3)
bioceramic composites, such as ceramics combined with
other materials (polymers, metals, etc.); (4) functional
bioceramics, such as antibacterial ceramics containing elements
like silver and copper and piezoelectric ceramics for electric
field therapy to promote bone healing. With the development
of biomedical technology, the application of ceramics in BTE
continues to expand with new materials and technologies
emerging regularly.

2.2.1. Alumina. Alumina ceramics (Al,O;) are common
inorganic ceramic materials with good mechanical properties,
chemical stability, and biocompatibility. The Mohs hardness of
alumina ceramics is typically around 9, making them suitable
for high-wear environment. Alumina ceramics do not cause
immune reaction or rejection, making them widely used in
medical and dental fields.”"*> However, it also has some
limitations, including low surface smoothness, which may affect
the bonding performance with bone tissue. For implants that
require close integration with biological tissues, surface
treatment or composite materials are necessary to enhance
their biological activity.

2.2.2. Zirconia. Compared with alumina ceramics, zirconia
ceramics (ZrO,) have superior toughness and crack resistance,
with a blending strength above 900 MPa, which is higher than
many common ceramic materials.”” Zirconia ceramics have
significantly better toughness and can remain in the body for
extended periods. However, their cost is high and processing is
difficult, which limits their application.

2.2.3. CaPs. Calcium phosphate (CaPs), with a chemical
composition similar to bone minerals, constitutes a large family
of ceramics in BTE.”*® When CaP was used as the matrix, a
higher sintering temperature is required. This may limit its
composite with many materials.”® Therefore, CaPs are often
used as additives for bone layers.

2.2.4. HA. HA (Ca;o(PO,)s(OH),) structural components
are like those of natural bones and teeth, so they have good
biocompatibility. The good biodegradability of HA increases
the concentration of Ca>* in the bone defect, thus enhancing
the combination between the implant and the bone tissue at
the implantation site.”” In addition, HA also has good bone
conductivity, making it a good choice for biobased and
biodegradable polyester-based composites. However, its tough-
ness and fatigue resistance are poor.”®

2.2.5. TCP. TCP has three crystal forms, including a-TCP,
B-TCP, and a’-TCP. B-TCP has attracted more and more
attention because of its good bioactivity.”” Although the
mechanical strength of HA is higher than that of S-TCP, S-
TCP is more absorbable because it has strong bone induction
characteristics.'*’
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2.2.6. OCP. Octacalcium phosphate (OCP) is important in
biomineralization and bone remodeling.'”’ OCP has greater
osteoconductivity and biodegradability than those of other
calcium phosphate materials. It can cooperate with osteoblasts
and osteoclasts through similar coupled metabolic mecha-
nisms.'*> Ca** and PO,*" released by OCP in the process of
converting into HA provide the ion environment for
osteoblasts to mineralize.'”* Due to its excellent osteoinductive
and bioactive properties, OCP has the potential to be used in
BTE.

2.2.7. BG. BG is a bone tissue substitute with a similar
chemical composition and good biocompatibility. BG generally
consists of calcium-containing silicates. The most successful
commercial brand is 45 S5. The bone-binding mechanism of
BG can be attributed to a series of interface reactions that form
a bone-like apatite layer on the material surface, while the
osteogenic potential of BG is attributed to the released Ca*",
PO,>, and Si*' plasmas.'”* Among common ceramic, BG has
strong mechanical properties, good biocompatibility and
biodegradability, but its degradation speed is slow, and its
brittleness is high, so it needs to be compounded with other
materials,' %'

3. PERFORMANCE REQUIREMENTS OF 3D PRINTED
BIOBASED AND BIODEGRADABLE
POLYESTER/CERAMIC SCAFFOLD IN BTE

Bone implants for bone repair engineering have been
developed from load-bearing pieces with the main goal of
load bearing to tissue engineering scaffolds with greater
versatility. The design of 3D printed biobased and biodegrad-
able polyester/ceramic scaffolds needs to meet the required
mechanical properties and also aims to improve its
degradability and biological functionality. The bone repair
ability of scaffolds is comprehensively affected by such factors
as their micromorphology, macrostructure, mechanical proper-
ties, and degradation properties.

3.1. Morphological Structure Parameters. Although 3D
printing technology makes the scaffold structure controllable,
the design of the internal structure still needs to be deeply
explored. Macro-morphology and micro-morphology directly
affect the mechanical properties and biological functionality.'®”
The macro-morphology of the scaffold refers to the structural
parts that can be visually observed, such as the overall
structural design, pore size, porosity, and morphology. The
micro-morphology refers to its surface roughness and surface
element distribution.

The porosity determines the pore size and density of the
micropores per unit volume. Higher porosity can promote the
exchange of nutrients in body fluids to accelerate cell growth,
but increasing the hollow area will also lead to a reduction of
the mechanical properties.'”® In order to simulate the
extracellular matrix (ECM), the pore size of scaffolds should
be within 100—300 ym, within which the nutrient components
in body fluid can be transported smoothly.'”” The 3D printed
scaffold can have the pore morphology designed, which can
guarantee the printing of the precise structure of the scaffold
and endow it with additional mechanical properties and
biological functionality (Figure 5a).''’ Micromorphology is
also an important structural parameter that determines the
properties of the scaffold.''’ Biobased and biodegradable
polyester/ceramic can print out the designed scaffold structure
accurately with high precision due to its good processability.'"”
In addition, the use of ceramic as a filler enables the scaffold to

have a higher rough surface, so that the scaffold designed with
the biobased and biodegradable polyester/ceramic composite
material as a matrix has a wider application prospect.

3.2. Mechanical Properties. The basic requirements of
scaffolds are that they have similar mechanical properties to the
bones implanted in the affected part and can provide sufficient
bearing capacity in the early stage of bone repair without
causing stress shielding due to excessive strength. In general,
the scaffolds in the human body bear compressive stress, and
the compressive modulus should be between trabecular bone
(0.01-2.0 GPa) and cortical bone (18—25 GPa).'"> The
properties of the scaffold can be adjusted within this range,
according to the compressive strength required for different
implantation sites of bone injury. During implantation, the
scaffold is also subjected to other forms of deformation, so
tensile, flexural, and torsional properties must also be
considered."'*"''® Previous studies have shown that improving
the interface compatibility between biobased and biodegrad-
able polyester and ceramic or adding additives''® (Figure Sb—
e) or adjusting the scaffold structure can effectively improve
the mechanical properties.''”""®

3.3. Degradation Properties. Early studies have shown
that pure polyester implants have such problems as slow
degradation, incomplete degradation, or easy initiation of
inflammatory reaction when degraded.''” The introduction of
bioactive ceramic into polyester materials can significantly
improve their degradation properties.'”’ Daskalakis et al.'”’
used PCL as polyester substrate and compounded it with
ceramic to prepare scaffolds. The degradation rates of PCL
compounded with different ceramic scaffolds were significantly
different. The pore size and shape of the scaffold also
significantly affect its degradation rate. Adjusting the
degradation properties of the scaffold to match its degradation
process with the rate of new bone formation in the 3D printing
process is also one of the directions of the current research.
Ding et al.'** prepared PLA composite tetracalcium phosphate
(TTCP) and porous iron (pFe) scaffolds by SLS (TTCP@
pFe/PLA). The alkaline environment generated by the
dissolution of TTCP can effectively catalyze the hydrolysis of
PLA and accelerate its degradation (Figure Sfg).

3.4, Biological Function. After the structure, mechanical
properties, and degradation rate of the scaffold have met the
requirements of bone repair, how to improve the biolo%ical
functionality of the scaffold becomes particularly critical.'*>"**
The biobased and biodegradable polyester/ceramic scaffolds
with good cell compatibility, osteogenic activity, bone
mineralization capability, antibacterial property, and antitumor
property differ from traditional biodegradable bone repair
materials, showing multifunctional properties, high specific
surface area, and high biological activity.

3.4.1. Cell Compatibility. Good cell compatibility is the
basis for the biological functionality of scaffolds. The cell
compatibility of the scaffold can be characterized by physical
methods (such as determination of surface roughness and
hydrophilicity) or biological methods (determination of cell
viability, passage speed, etc.).'”> The enhanced hydrophilicity
(surface wettability) of biopolyester/ceramic scaffolds provides
a favorable environment for improving cellular responses.'*®

3.4.2. Osteogenic Activity. Osteogenic activity refers to the
capability of the scaffold to guide the differentiation of
osteoblasts to promote bone repair. Osteogenic activity
includes osteoconduction, osteoinduction, and osteominerali-
zation."”” Ding et al.'*> prepared the composite scaffold. The
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Figure 6. (a) Schematic diagram illustrating the preparation of 3D printed PLGA/HA composite scaffolds modified with fusion peptides.
Reproduced with permission under a Creative Comments CC BY-NC-ND 4.0 License from ref 136. Copyright 2024, Liu, Z.; Tian, G.; Liu, L.; Li,
Y.; Xu, S; Dy, Y.; Li, M,; Jing, W.; Wei, P.; Zhao, B.; Ma, S.; Deng, J., Elsevier. (b) PCL/HA based composite scaffolds have been fabricated and
coated by PDA layer. Reproduced with permission from ref 137. Copyright 2022, Elsevier. (c) Schematic diagram illustrating the preparation of
PLA/L-GO composites and bone scaffolds. Reproduced with permission from ref 142. Copyright 2024, Elsevier. (d) Schematic diagram illustrating
the preparation PANI/PDA/PHEMA/HA composite scaffolds. Reproduced with permission from ref 146. Copyright 2024, Elsevier. (e) Steps for
smart nanoporous scaffolds based on PCL—PLA nanofibers. Reproduced with permission from ref 149. Copyright 2024, Elsevier. (f) Illustration of
the preparation of gradient composites and bone scaffolds. Reproduced with permission from ref 157. Copyright 2024, Elsevier. (g) 3D printed
porous n-HA/PAG66 composite scaffolds. Reproduced with permission from ref 165. Copyright 2024, Elsevier.
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dissolution of TTCP formed a localized calcium-rich micro-
environment, rapidly inducing the formation of apatite and
endowing the scaffold with biological activity. The scaffold
exhibited good cell compatibility (Figure Sh,i). Bone
conductivity refers to the ability of bioactive factors attached
to scaffolds to promote the growth of new bone, and ceramics
have excellent bone conductivity.'”® Osteoinduction refers to
the process in which bioactive factors promote the differ-
entiation of a tissue or its extract into bone.'” Increasing the
proportion of ceramics in the composite matrix can enhance
the osteogenic activity of the scaffold.

3.4.3. Other Properties. The application scenarios of BTE
scaffolds are complex; therefore, it is necessary to have other
functions required in specific application scenarios. For
example, for neoplastic bone defects, tissue-engineered
scaffolds need to have certain antitumor properties. Bone
tumors cause immense pain to patients and lead to high
disability and mortality rates. In the treatment of bone tumors,
implanted scaffolds have the potential to eliminate residual
tumor cells and avoid tumor recurrence.'”” For the easily
infected deep trauma site, the scaffold needs good antibacterial
properties.”" The porous structure mediates water retention
properties and ensures good nutrient transport.132

4. STRATEGIES FOR IMPROVING THE PROPERTIES OF
BIOBASED AND BIODEGRADABLE
POLYESTER/CERAMIC SCAFFOLDS

In recent years, to further broaden the application of 3D
printed biobased and biodegradable polyester/ceramic scaf-
folds in the BTE field, researchers have proposed various
strategies to improve the structure and performance: (1)
regulate the structure, mechanical properties, and degradation
rate of the scaffold based on different implantation environ-
ments; (2) enhance the ability of scaffolds to promote bone
repair, improve cell compatibility, osteogenic activity, bone
mineralization, etc;'*® (3) enhancing the antibacterial and
antitumor properties of the scaffold to endow the scaffold with
the function of responding to different environments with
bone damage.'** The strategies adopted by domestic and
foreign researchers to improve the properties of biobased and
biodegradable polyester/ceramic scaffolds in recent years are
summarized below.

4.1. Basic Properties. 4.1.1. Mechanical Properties.
When the proportion of ceramic added to the composites is
relatively high (20%—50%), it can effectively improve the
bioactivity of the composites but also reduce the mechanical
properties of the composites.135 Many bioactive ceramics are
introduced into a polyester matrix, easily leading to
agglomeration, which reduces the uniformity, resulting in a
decrease in the toughness of the material. To improve the
compatibility between ceramic and polyester, some scholars
added biocompatible interface modifiers, such as new fusion
peptides136 (Figure 6a), PDA"’ (Figure 6b), silane coupling
agents, and stearic acid (SA), to reduce the agglomeration of
ceramic and enhance the mechanical properties of the scaffold.

Coupling agents can improve the mechanical properties of
the scaffold by improving the stress transfer efficiency between
the biopolyester and ceramic. Due to the presence of
hydrophilic organic functional groups that react with polyester
molecules and special functional groups that adsorb onto
ceramic surfaces to form strong bonds, coupling agents are
used to construct “molecular bridges” at the interface between
biopolyesters and ceramics.'*® Jeon et al."*’ fabricated silane-

modified raised PCL scaffolds. In mechanical tests, the
composite scaffolds exhibited higher mechanical properties
(Young’s modulus was 1.4 times higher than that of the PCL
scaffold). Andrade et al.'*® prepared PLA/SA-coated HA
scaffolds by FDM. The SA-coated PLA/HA scaffolds had
mechanical properties required for BTE applications. Cheng et
al."*" used citric acid and SA to modify the HA, respectively,
and prepared the modified HA/PLA composite scaffold by
FDM. The citric acid modified HA composite PLA scaffold
had a good compressive modulus.

Adding graphene oxide (GO) and carbon nanotube (CNT)
reinforcing agents into a polyester matrix can effectively
improve the mechanical properties of composite scaffolds. Ye
et al."** prepared PLA/i-lysine modified GO scaffolds with
triple periodic minimal surface (TPMS) structure using FDM.
The scaffold exhibited the highest compressive strength (13.2
MPa) and elastic modulus (226.8 MPa) (Figure 6¢). Lan et
al."** prepared CNT/PLA/HA scaffolds with different CNT
additions (0.5—2.0 wt %) using the TIPS method. The results
showed that the 1.5 wt % CNT content exhibited the best
mechanical properties, with the highest flexural modulus of
elasticity (868.5 + 12.34 MPa), a tensile modulus of elasticity
of 209.51 + 12.73 MPa, and a tensile strength of 3.26 + 0.61
MPa. PCL is another thermoplastic polyester material with
good biode§radability and mechanical flexibility for BTE.
Wang et al.'* used the FDM method to add GO to PCL/HA
composite scaffold. GO nanoparticles significantly improved
the mechanical properties of PCL.

Appropriate porosity can facilitate cell infiltration and
nutrient exchange, promoting bone regeneration. However,
higher porosity can affect the mechanical strength of the
scaffold, and appropriate mechanical strength is crucial for the
structural support of scaffolds at bone defects. Luo et al.'*
composed HA/PLA scaffolds based on selecting appropriate
porosity, which effectively balanced the mechanical require-
ments in the scaffold. Paknia et al.'*® synthesized PDA/
polyaniline (PANI) through chemical oxidative polymerization
and functionalized it with maleic anhydride (MA), therebZ
reducing the size to 1.38 um (Figure 6d). Pérez-Davila et al."*
prepared PLA/HA composite scaffolds with different PLA/HA
ratios and filling percentages by FDM printing. The results
showed that within the initial 80 ym (10% of the total pore
diameter), HA particles were exponentially distributed, and the
scaffold had higher bioavailability and mechanical strength.

The mechanical properties of the scaffold can be adjusted by
changing the relative content of biopolyester and ceramics and
the geometry. He et al.'"*® used fused FDM to fabricate HA
and fB-TCP reinforced PLA and PCL composites scaffolds. The
10% TCP composite PLA scaffold had the highest
compression modulus (152 MPa), which is equivalent to
that of human trabecular bone. Kumar et al.'*’ prepared a
PCL/PLA scaffold, and the acceptable toughness modulus
when manufactured using thermal stress relief/preheating
(PHT) PCL particles was 7.304 MPa (Figure 6Ge).

The technical points of 3D printing technology, such as
temperature, accuracy, and model design, will further affect the
mechanical strength of the scaffold. Premphet et al."*” studied
the effects of nozzle temperature, scaffold density, and printing
speed on the mechanical properties of 3D printed PLA/HA
composite scaffolds. The mechanical strength of the scaffold
can be adjusted by increasing the nozzle temperature and
scaffold density, while the printing speed did not affect the
compressive strength of the scaffold. Due to the slow
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Figure 7. (a) Schematic pathways involved in the osteogenic differentiation of stem cells by Zn ions. (b) ARS staining of PCL and PCL
nanocomposite scaffolds after day 14. Reproduced with permission from ref 168. Copyright 2021, Elsevier. (c) Schematic diagram illustrating the
preparation and detection of 3D-printed PLA/n-HA/Li composite scaffolds. (d) The scaffolds were implanted into rabbit femurs for 1 and 2
months, followed by H&E staining. Reproduced with permission from ref 169. Copyright 2023, Elsevier. (e) Schematic illustration of the
preparation and application of La-OCP/PLA scaffolds. (f) H&E and Masson’s trichrome staining of skull specimens implanted with OCP/PLA and
La-OCP/PLA scaffolds after 8 weeks. Reproduced with permission from ref 170. Copyright 2022, Elsevier.

crystallization speed of PLA, the crystallinity of PLA can be
improved by annealing, thus improving the mechanical
properties of the scaffold. After annealing for 30 min, the
compressive strength of PLA/HA scaffolds increased from
63.98 to 71.40 MPa. Direct ink writing (DIW), a 3D printing
technique capable of printing biologically active substances
(e.g., growth factors or drugs) at low temperatures, is an
emerging direction in BTE. Li et al."*' printed and patterned

PLA/PCL/n-HA-based scaffolds by DIW technology. The
scaffold with a hexagonal pattern had a high mechanical
strength and porosity, and the layered pore structure formed in
the rolling process had the potential to solve the problem of
nozzle blockage and stimulate bone growth and repair.

4.1.2. Degradation Rate. The degradation rate of the BTE
scaffold can be adjusted by compounding different biobased
and biodegradable polyesters or biomaterials. Therefore, Yan
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et al.">? prepared injectable scaffolds by doping PANI into
HA/PLGA. The results showed that the addition of PANI
could promote the formation of filamentous fiber byproducts
with hydrolysis products, thus accelerating the degradation of
the scaffolds. Due to 7—x stacking and hydrogen bonding, the
scaffolds with 10 wt % PANI effectively slowed down the
decline of the thermal and mechanical properties of the
scaffolds during 16 weeks of degradation. Xia et al.'>’
introduced PEG into the PCL/nHA scaffolds. It was found
that the PEG-added composite scaffolds improved the
degradation rate and formed microscopic pores ranging from
20 nm to 4 um.

4.2. Bone Repair-Promoting Activity. 4.2.1. Cell
Compatibility. Biobased and biodegradable polyester/ceramic
scaffolds can be further optimized for promoting bone defect
repair performance by combining alginate, graphene, Nano
ATP, polyhydroxyalkanoates (PHA), and other materials.
Kardan-Halvaei et al.>* used PLA scaffolds coated with
alginate/HA. The scaffold exposed a high cell survival rate of
about 97% and had no cytotoxicity. Choudhary et al.'>* coated
PLA scaffold with HA using the dip-coating technique. The
HA coating made the scaffolds biologically active, exhibiting
improved wettability, degradability, and a high cellular
response. Kadi et al.'"*° prepared nanocomposite scaffolds
with different contents of HA/PCL/gelatin. The prepared
scaffolds did not negatively affect the viability of MG-63 cells
and led to cell proliferation. Nano-ATP is a magnesium—
aluminum silicate clay that absorbs substances and is a suitable
material for bone repair and regeneration. Liu et al.">’
improved the strength of HA by incorporating Al,O;. The
HA with 60% had the best biocompatibility (Figure 6f). Dai et
al."*" prepared nano-ATP/PCL scaffolds using 3D printing
technology and modified them with NaOH to form a rough
surface. HA was prepared on the nano-ATP/PCL scaffolds by
using a biomineralization method. The composite scaffolds
increased the expression levels of osteogenesis-related genes,
which was attributed to the superior ALP activity and calcium
deposition ability. PHA has attracted attention as a potential
alternative to traditional plastic bone scaffolds due to
biocompatibility and biodegradability as well as a variety of
favorable properties. Kim et al.'*” prepared PHA scaffolds by
FDM printing. The PHA bone scaffolds were then coated with
PDA or HA. The PHA—PDA—HA scaffolds showed enhanced
cell viability.

To improve the bone integration ability of biopolyester,
bioactive materials can be enhanced or deposited on the
biopolyester matrix by changing the processing technology.
Hariharan et al.'®” used electron beam deposition (EBD) to
deposit HA on PCL substrate materials. The HA layer process
is an interesting option for enhancing the biocompatibility of
additively manufactured scaffolds. The HA-coated PCL
substrates demonstrated 22% and 45% increases in cell growth
on the encapsulated samples on day 7 and day 15, respectively.
Fluorescence microscopy images of cells inoculated on the
coated samples clearly showed an enhanced growth of live
(green) cells.

4.2.2. Osteogenic Activity. Binding osteoinductive
molecules to the surface of biobased and biodegradable
polyester/ceramic scaffolds is clinically critical for achievin%
ideal osseointegration of scaffolds.'®’ Bernardo et al.'’
developed a simple bioinspired coating process that was used
to improve cell adhesion and osteogenesis of HA/PLGA
composite scaffolds. The Arg-Gly-Asp peptide and bone

morphogenetic protein (BMP-2) were simultaneously loaded
onto the surfaces of HA/PLGA composite substrates. The
implantation of peptide-coated HA/PLGA porous scaffolds
enhanced in vivo osteogenesis for repair of rabbit radial defects.
Cucurbitacin B (CuB), a tetracyclic terpene extracted from
cucurbitaceae plants, promotes angiogenesis in vitro. Cheng et
al.'®® used 3D low-temperature rapid prototyping (LT-RP)
technology to blend CuB into PLGA/B-TCP scaffold. The
results of a rat skull defect model showed that the PLGA/CuB
scaffold enhanced angiogenesis and bone regeneration at the
bone defect site compared to those of the CuB-free scaffold
implant. Salvianolic acid B (SB) has been shown to alleviate
the symptoms of osteoporosis by regulating the total metabolic
activity and ALP activity of osteoblasts stimulated by
glucocorticoid induction. However, SB is unstable in its
chemical structure and easily oxidized. Lin et al.'®*
incorporated SB into the PLGA/S-TCP scaffold. The SB was
stably released from the scaffold. In animal experiments, the
effects of SB on new bone formation, mineral deposition rate,
and vascular density in scaffolds were enhanced with increasing
concentrations of SB. Certain metals or metal ions possess
notable osteogenic and restorative properties. However, it is
difficult to control their long-term and slow release in vivo by
conventional introduction, so their combination with BTE
scaffolds can effectively improve the overall osteogenic and
restorative properties of the scaffolds. Zeng et al.'® used FDM
technology to prepare a 3D printed nano HA/polyamide 66
(n-HA/PA66) composite biological scaffold with a layer of
PDA nanoparticles coated with parathyroid hormone (PTH)
(1—34) prepared on the surface, which effectively reduced
inflammation and enhanced bone integration (Figure 6g).
HA ceramic is widely used as a coating for traditional
implant materials such as titanium. This combination
continues to be innovated through the addition of one or
more other materials (e.g, iron, strontium, cerium, boron
nitride, manganese, tannins, wollastonite, simvastatin, etc.).166
Such ceramic reinforcements improve the mechanical proper-
ties, antimicrobial properties, and corrosion resistance (Figure
7). Europium (Eu) is a rare earth metal with the cag)ability of
promoting osteogenic differentiation. Sikora et al.'®” showed
the cytotoxicity of scaffolds prepared from Nha/PLLA
functionalized and doped with Eu (IIT) ions (10 wt % Eu’*).
The biomaterial had no effect on the viability or proliferation
rate of human adipose tissue-derived stromal cells (HuASCs).
The obtained scaffolds showed bioimaging capabilities. Maleki-
Ghaleh et al."®® incorporated HA, zinc-doped HA, and ZnHA-
rGO nanoparticles into a PCL matrix. The cellular osteogenic
effect of the PCL scaffolds was enhanced. ZnHA-rGO
nanocomposites within the PCL scaffold matrix significantly
improved osteogenic differentiation (Figure 7a,b). Wang et
al'® investigated the combination of PLA, n-HA, and lithium
(Li) in 3D printing scaffolds. The scaffold with 1% Li showed
optimal osteogenesis and angiogenesis properties in vitro and
induced heterotopic ligand formation in vivo (Figure 7c,d).
Lanthanum (La) has great potential in the treatment and
prevention of bone diseases, especially osteoporosis and
metabolic disorders. However, the sustained and stable release
of La* ions in vivo is challenging. Xu et al.'” prepared La-
OCP powder using the coprecipitation method and developed
a La-OCP/PLA porous scaffold. At a certain level of La**, the
La-OCP/PLA scaffold extract increased the expression of
osteogenic-related genes, thereby promoting the osteogenic
differentiation of BMSCs and regulating the immune response
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at the fracture site (Figure 7e,f). Mansi et al.'”" utilized metal—

organic frameworks (MOFs) to effectively introduce multi-
functionality by combining the PCL in MEW with a silver/
silver chloride-modified iron-based MOF. The iron component
of the MOFs (Fe) made the composite material visible by
MRI, which allowed scaffold monitoring at the time of
implantation using clinically acceptable methods.

EBM is debris produced by the reaming of bone cavities of
the same bone and exhibits significant osteogenic activity
because it contains many stem cells.'’” Liu et al.'”’
investigated the effect of eBM combined with PLA/HA
scaffolds in repairing critical-sized bone defects in a rabbit
model. The microcomputed tomography (#CT) analysis at 8
weeks showed that the bone volume (BV) and BV/tissue
volume (BV/TV) in the composite scaffold group were
significantly higher. Gendviliene et al.'”* investigated PLA/
HA scaffold cellularization with ECM. uCT revealed that PLA/
HA/ECM produced 1.495 mm® more bone volume. Ebrahimi
et al.'”> enhanced bone formation, osteogenic differentiation,
and in vitro biocompatibility by modifying PCL scaffolds with
HA and collagen type I (COL I). Sun et al.'”® developed a
GO-modified filipin (SF)/nHA scaffold loaded with urogenic
stem cells (USCs). Scaffolds with GO content below 0.5%
promoted macrophage M2-type differentiation, accelerated
bone regeneration, and nearly bridged the cranial defects in
rats 12 weeks postoperatively. Chen et al.'”” prepared PCL/
HA/simvastatin (PCL/HA/SIM) composites scaffold with a
3D multistage porous structure. The greater HA content
promoted the proliferation of mouse embryonic fibroblast
(M3T3) cells. Furthermore, incorporating 0.2 wt % SIM into
PCL/HA composite scaffolds significantly enhanced prolifer-
ation and osteogenic gene expression. Liu et al.'”® prepared a
PLA and HA scaffold loaded with eBM combined with
induced membrane (IM) to provide growth factors. Coculture
with MSCs demonstrated that the scaffold exhibited
considerable differentiation potential.

It has been verified by many animal experiments in vivo that
the biobased and biodegradable polyester/ceramic scaffolds
exhibit remarkable osteogenic ability and potential for clinical
application. Fazeli et al."”® conducted a comparative study of
PCL scaffolds combined with HA and BG ceramic scaffolds for
bone regeneration in cranial defect areas. The results of the
study suggested that PCL using HA and BG ceramics had great
potential applications in cranial bone defect treatment. Chen et
al.'’” developed a 3D scaffold consisting of calreticulin
(KGN)-loaded GelMA hydrogel as the upper layer to mimic
cartilage-specific ECM and HA-coated 3D-printed PCL/HA as
the lower layer to mimic subchondral bone. The bilayer
scaffold was subsequently modified with a tannic acid (TA)
primer coating and E7 peptide. The scaffold supported cell
attachment and proliferation and enhanced the chondrogenic
and osteogenic differentiation of BMSCs in specific layers.
Zhang et al.'® prepared vancomycin/PLGA slow-release
microspheres (VAN/PLGA-MS). The VAN/PLGA-MS were
loaded into the pores of n-HA and PLA scaffolds using dual-
nozzle 3D printing at a certain ratio, enabling the composite to
promote bone repair and resist local infections. This approach
demonstrated the ability to generate vascularized tissue-
engineered bone in vivo.

4.3. Other Properties. 4.3.1. Antitumor Properties.
Metformin (MET) is an antitumor drug that helps to treat
neoplastic bone defects because of its synergistic effect in
promoting bone tissue regeneration.lgl’182 Harmanci et al.'*’

prepared various designs of PCL/PVA, PCL/PVA/PCL, MET
loaded PCL/PVA-MET and PCL/PVA-MET/PCL scaffolds.
In the study of drug release kinetics, the correlation coefficients
(R*) of PCL/PVA-MET and PCL/PVA-MET/PCL scaffold to
the first-order release model were 0.8735 and 0.889,
respectively. MET induced the differentiation of mesenchymal
stem cells into the osteoblast lineage in vitro. Shahrezaee et
al."** manufactured a PLA/PCL scaffold for delivering MET
loaded gelatin nanocarriers to a critical skull defect in a rat
model. The expression level of osteogenesis and angiogenesis
markers in the composite scaffold increased significantly. The
scaffold improved bone in§rowth, angiogenesis, and defect
reconstruction. Tan et al.'” constructed PLLA/nHA/MET
nanocomposite scaffolds using SLS technology. The scaffolds
had a long drug release time. In addition, the scaffold induced
apoptosis in osteosarcoma (OS) cells by upregulating the
expression of apoptosis-related genes, exhibited excellent
tumor suppression properties in vitro, and induced osteogenic
differentiation of BMSCs by promoting osteogenic gene
expression.

4.3.2. Antibacterial Properties. Open bone defects may be
at risk of infection due to deep wounds, difficulty in cleaning,
and other issues during the treatment process. Biobased and
biodegradable polyester/ceramic scaffolds with certain anti-
bacterial abilities can reduce the probability of concurrent
infection during the treatment course and further reduce the
risk of treatment for bone defects. Minocycline (MH) is a
semisynthetic tetracycline with a broad antibacterial spectrum
that also provides anti-inflammation, antioxidation, and
antiapoptosis effects by inhibiting bacterial protein syn-
thesis.'*>'®” Kakiage et al.'® performed the functionalized
modification of PLA/citric acid-HA (cHA) 3D printing
scaffold with COL and MH to reduce the formation of
bacterial biofilm. The PLACol-MH and PLA-Col-MH-cHA
effectively inhibited the growth of bacteria, with an inhibition
zone that was about 26 mm in diameter, while no inhibition
zone was observed in the blank MH sample. Li et al.'*’
combined the 3D printing technology with the chemical
precipitation method to prepare a PLA/PEG/n-HA scaffold
doped with dexamethasone (Dex). The cell anti-inflammatory
experiment proved that Dex released by the scaffold
successfully inhibited the secretion of interleukin-6 and
inducible nitric oxide synthase by lipopolysaccharide-induced
M1 macrophages and showed good antibacterial properties.
Nanosilver (Ag) particles can interact with thiols on bacterial
membrane proteins to change the permeability of the
membrane and then destroy the integrity of the bacteria, so
they have excellent antibacterial properties.*® Huang et al."”
introduced nanosilver particles into the PLLA/HA composite
material by a solution in situ growth method and then used
SLS technology to prepare the scaffold (PLLA@HA@Ag).
The results showed that there was no inhibition zone around
the PLLA scaffold, while the inhibition zone around the
scaffold was significantly larger, indicating that the former had
strong antibacterial activity. Turbidity analysis indicated that
the turbidity of PLLA scaffold cultures was similar to that of
the control group, while the medium incubated with the
scaffold group became transparent, indicating that the growth
of bacteria in the scaffold group was strongly inhibited. The
antibacterial rate of the scaffold was over 92.5%.

4.3.3. Biological Imaging Properties. The bone recon-
struction process of the patient can be effectively tracked by
utilizing biological imaging function. Eu can emit fluorescence
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Figure 8. Perspective view and challenges of 3D printed biobased and biodegradable polyester/ceramic composite materials in the BTE field.

under the monitoring of #CT and magnetic resonance imaging
technology, which is often applied to biological imaging.'”'~"**
Marycz et al.'” used Eu** modified HA and PLLA to prepare
BTE scaffolds. As the HA on the scaffold was converted to new
bone, the Eu®*" modified on the HA enables the new bone to
have fluorescence ability, allowing the regeneration process of
bone tissue in vivo to be monitored or the passage of cells to be
tracked.

5. THE CHALLENGES AND FUTURE PERSPECTIVES OF
3D PRINTED BIOBASED AND BIODEGRADABLE
POLYESTER/CERAMIC COMPOSITE MATERIALS IN
APPLICATION

3D printed biopolyester/ceramic scaffolds have been widely
used in the field of BTE. However, as summarized here, there
are still many challenges in practical applications (Figure 8).

5.1. Balance between Mechanical Properties and
Biocompatibility. The mechanical properties of composite
materials are not enough to meet the needs of some high-load
parts. It is difficult to reconcile the flexibility of the
biopolyester with the brittleness of the ceramic, which may
lead to the decline in the mechanical properties of the scaffold.
In the process of 3D printing, problems such as the nozzle and
temperature may cause scaffold defects (such as uneven pores)
and reduce mechanical stability. In the future, multimaterial
3D printing technology can be developed, and scaffolds with
gradient distribution can be prepared by combining the
toughness of biopolyester and the rigidity of ceramic to
improve mechanical properties and biological function.
Nanotechnology can be introduced to optimize the pore
structure of scaffolds and enhance cell adhesion and
proliferation.

5.2. It Is Difficult to Match the Degradation Rate with
the Tissue Healing Process. At present, it is difficult to
accurately control the degradation rate of scaffolds, and the
process of tissue healing usually requires long-term mechanical

support. This mismatch may lead to premature degradation of
the scaffold, resulting in incomplete healing, or slow
degradation, leading to blocked tissue regeneration. In the
future, the molecular structure of biopolyester can be adjusted
by chemical modification or by using different cross-linking
techniques to adjust the degradation behavior of scaffolds, or
multilayer scaffolds can be developed to make different layers
have gradient degradation characteristics to meet the organiza-
tional needs of different periods. Advanced mathematical
modeling can be used to predict the interaction between the
scaffold degradation behavior and the healing process,
providing theoretical guidance.

5.3. Production at Large Scales in Clinical Applica-
tions is Difficult. Small-scale 3D printing technology has
difficulty meeting the needs of clinical applications and the
high-precision reproduction of complex tissue microstructures
(such as vascularization and neural networks). High-perform-
ance 3D printing equipment and bioinks are costly. The
individual needs of different patients increase the complexity of
the manufacturing processes. In the future, printing equipment
and technology should be optimized, and high-speed, high-
precision 3D printing technology should be developed. Efforts
should include the development of an intelligent scaffold with
environmental responsiveness to enable dynamic regulation of
scaffold performance and accurate release of biological factors
and the use of artificial intelligence and deep learning
technology to enable personalized customization according
to the needs of patients.

5.4. Evaluation of Long-Term Immune Response. In
the long term implantation process, the degradation of
scaffolds may lead to local pH changes, which cause chronic
inflammation. In the future, the long-term effects of scaffold
degradation products on the immune system should be further
studied. New anti-inflammatory materials should be developed,
or immune responses could be relieved by functionalizing the
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scaffold surface (such as coating with anti-inflammatory
drugs).

5.5. Insufficient Functionalization of Scaffold. At
present, the basic supporting function of the scaffold has
been widely verified, but its effect of promoting specific tissue
functions (such as vascularization or bone regeneration) is
limited, and it lacks the ability to efficiently integrate bioactive
molecules. In the future, responsive materials can be developed
or nanotechnology can be used to improve the load and
stability of bioactive factors in scaffolds. Through a new gene
editing tool, specific genes can be directly activated at the
target site of patients based on the delivery and implantation of
scaffolds.

6. CONCLUSION

With the aging of the global population, the application of
biobased and biodegradable bone tissue engineering (BTE)
scaffolds in bone repair will gradually be promoted. In this
study, we focused on the treatment and application of biobased
and biodegradable polyester/ceramic scaffolds prepared by 3D
printing as well as the challenges and future development
prospects. Scaffolds not only have biodegradability and
osteogenic activity but also can be flexibly adjusted according
to the implantation site and printed accurately, making them a
new research hotspot in the field of BTE. However, the
application of scaffolds in BTE needs further study. At present,
research on scaffolds is still in the stage of in vitro trials, and
there are few in vivo trial cases, which need further
improvement. It is imperative to develop new scaffolds to
enhance their clinical application. To sum up, by optimizing
material design and the manufacturing process and exploring
biological mechanisms, the clinical application of scaffolds in
BTE will be further promoted, providing a more eflicient
personalized treatment scheme for patients.
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