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Abstract

Bone defect disease seriously endangers human health and affects beauty and function. In the past five years, the three
dimension (3D) printed radially graded triply periodic minimal surface (TPMS) porous scaffold has become a new solution
for repairing bone defects. This review discusses 3D printing technologies and applications for TPMS scaffolds. To this
end, the microstructural effects of 3D printed TPMS scaffolds on bone regeneration were reviewed and the structural
characteristics of TPMS, which can promote bone regeneration, were introduced. Finally, the challenges and prospects
of using TPMS scaffolds to treat bone defects were presented. This review is expected to stimulate the interest of bone
tissue engineers in radially graded TPMS scaffolds and provide a reliable solution for the clinical treatment of personalised
bone defects.
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Introduction

Bone defect disease is commonly caused by congenital
defects, trauma, degenerative diseases, tumours and infec-
tion necrosis (osteomyelitis), has become a global health
problem of great concern.!? Bone defects beyond the criti-
cal range cannot heal naturally, and the currently recog-
nised critical size defect for humans is a defect length
greater than 1-2cm and a loss of bone circumference
greater than 50%.’ A traditional clinical treatment strategy
is promoting bone regeneration and reconstructing the
defect by implanting bone graft materials (autologous
bone, allogeneic bone and xenograft bone).*> However,
there are drawbacks to these bone transplants, which
includes significant surgical stress, poor bone supply, dis-
ease transmission risk and loss of three dimension (3D)
perception.’ Bone tissue engineering offers a solution to
these defects.

The human bone tissue is an uneven scaffold with inter-
nal porosity between 50% and 90%, and different bones
have different porosity and structure.® Consequently, the
design of a 3D printed porous scaffold is required, particu-
larly of a gradient scaffold with radial grading pores and
pore diameters that can be parameterised in accordance
with the unique properties of each bone tissue.® Triply
periodic minimal surfaces (TPMS) are infinite, non-self-
intersecting 3D periodic surface structures,’ and in mathe-
matics, TPMS is referred to as a surface with infinite
duplication in three dimensions and zero mean curvature.®
A TPMS scaffold is a new type of radial hierarchical
porous scaffold that has become a research hotspot in the
recent five years. However, the ability of TPMS scaffolds
to promote bone regeneration remains unclear. The TPMS
scaffold can match the characteristics of the surrounding
bone tissue and provide an ideal growth environment for
osteoblast growth, thereby enabling cells to survive and
distribute evenly for replacing defective bones.”!' Some
scholars proved that 3D printed TPMS scaffolds implanted
in animals show good inward bone growth, and a stable
interface is formed between the scaffolds and surrounding
bone tissue.'> 14

With the development of tissue engineering, scholars
found that radially graded TPMS scaffolds are more suit-
able for personalised bone defects, and smooth transitions
within the scaffolds have become key. The pore size of a
TPMS is influenced by the cell size and horizontal param-
eters, both of which can be controlled effectively by adjust-
ing the parameters in the mathematical equation while
maintaining a smooth transition.'> In 2011, Yoo proposed a
hybrid method of distance field and TPMS for perfectly
preserving the interconnected pore network in each sub-
scaffold.'® Similarly, it is easy to merge multiple subscaf-
folds without any of the sharp features commonly found in
the results of Boolean union operations using the mathe-
matical definition and implicit modelling methods of

TPMS.!! Later, these methods were placed into practice,
and the scholars successfully prepared radially graded
TPMS scaffolds. Thus far, scholars have investigated a
hybrid PLA scaffold that combines the lattice structure of
the different types of TPMS with a combination of differ-
ent morphologies and porosity levels that can simulate the
transition between the trabecular and cortical bones,
thereby replacing damaged areas at the tissue interface.!”

Although there are many excellent reviews that describe
mathematical modelling, structure and advantages and dis-
advantages of TPMS, few have provided a comprehensive
and systematic summary of TPMS.!3-20

In this review, we summarise the history of 3D printing
techniques for TPMS scaffolds and the use of TPMS struc-
tures for 3D printing scaffolds. The effects of the micro-
structure of TPMS on bone regeneration and structural
characteristics of TPMS are introduced, and the advan-
tages of TPMS in promoting bone regeneration are empha-
sised. This review aims to enable more researchers to
understand the TPMS scaffold and provide a new choice
for the clinical repair of personalised bone defects. The
radially graded TPMS scaffold can be used to treat maxil-
lofacial bone defects.

3D printing technology in the TPMS
scaffold

3D printing technology is required to make the TPMS
scaffold a reality. Further, additive manufacturing, also
referred to as 3D printing technology, can produce very
detailed models with minimal time and resource loss.?!
Three dimension printing technologies include fused dep-
osition modelling (FDM), lithographic-based, extrusion-
based and 3D bioprinting methods.?? This section provides
a quick overview of the 3D printing technologies utilised
in TPMS scaffolds as well as a summary of their uses in
the scaffolds.

Currently, only four 3D printing technologies are used
for fabricating TPMS scaffolds: FDM, lithography-based
3D printing, extrusion-based 3D printing and selective
laser melting (SLM). Garcia et al.® prepared a TPMS-
structured polycaprolactone scaffold using extrudation-
based 3D printing technology, which can be used as a
replacement for bone defects. Stereolithography (SLA),
digital light processing (DLP) and other lithography-based
3D printing techniques can be categorised. Yang subcuta-
neously inserted SLA-printed PB-tricalcium phosphate (p-
TCP) TPMS scaffolds into male C57 mice.?* The TPMS
group outperformed the cross scaffolds in terms of the
inward development of new tissue, and after 35days, it
exhibited greater integration with the surrounding host tis-
sue that that with the cross scaffolds.>* DLP uses a digital
light projector instead of the mirrors used in SLA for
reflecting the laser source.?® Bouakaz et al.?® used DLP to
print a TPMS hydtoxyapatite (HA) scaffold with a 900 um
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pore size, 72% theoretical porosity and 200 um wall thick-
ness. They employed a big animal model, sheep, in vivo
and Bio-Oss RO as a control, in contrast to that used in
earlier research. Owing to its superior bone conduction
capabilities and osseous integration capability, Bio-Oss
RO has been the go-to reference in stomatology and uti-
lised as a standard in orthopaedics for many years. The
scaffold outperformed Bio-Oss RO in terms of early heal-
ing (in terms of bone integration and homologous miner-
alisation), showed good bone regeneration and they had
the same high permeability as natural trabecular bone
based on their thorough analyses conducted over both
short term (4weeks) and long term (26 weeks).?® The
application of 3D printing technology in the TPMS scaf-
fold is summarised in Table 1.

Microstructure of the TPMS scaffold

Cortical and cancellous bones combine to form complex
natural bone structures. The cancellous bone offers room
for blood vessels and bone marrow penetration as well as
strong connections for metabolic activity.*? The cortical
bone is far denser than the cancellous bone and serves as a
support, shielding the latter and serving as a lever for
movement.” A TPMS scaffold is a bionic scaffold whose
microstructure is similar to that of the bone and affects
bone conduction. The process by which progenitor cells,
perivascular tissue and germinated capillaries grow inward
from the bone bed to the 3D structure of the porous scaf-
fold — which acts as a guiding cue for bridging the bone —
is known as bone conduction.** In bone tissue engineering,
bone conduction is dependent on a scaffold microstruc-
ture.® In bone conduction, which is inextricably linked to
its microstructure, TPMS offers significant advantages, in
that the geometry, wall thickness, pore size, porosity and
surface curvature of the TPMS scaffold comprises its
microstructure.

Geometry

Pore shape has a significant effect on tissue growth, oste-
oclast activity and degradation rate in biological scaf-
folds.** Adequate scaffolding in terms of the pore shape
can offer sufficient room for cell activity.*’ In a basic
reaction-diffusion model, Buenzli et al.*® demonstrated
that pore geometry affects cell density while restricting
cell migration and division. In nature, biological tissues
that include TPMS structures are beetle shells, weevils,
butterfly wing scales and crustacean skeletons.*’ The
minimal surface structure in natural organisation follows
the concept of free energy minimisation, which is a phys-
ical law governing object shape and motion. Organisms
frequently attempt to organise themselves to use less
energy for better stability in both natural and artificial

contexts.*® Consequently, items with a TPMS structure
are more stable. Owing to the intricate and extremely
cubic symmetric structure of TPMS, cubic translational
cell periodicity enables its recurrent construction.*’” The
TPMS structure is designed by drawing inspiration from
nature. When German mathematician Hermann Schwarz
released his article on primitive and diamond surfaces in
1865, the TPMS was stated in print for the first time. His
pupil Edvard Rudolf Neovius described a surface based
on TPMS in 1883, which is now referred to as Neovius.?’
Alan Hugh Schoen published numerous other TPMS-
based surfaces, including gyroid, which is among the
most well-known TPMS structures to date, exactly
100 years before.?’ A total of 16 TPMS structures — C(Y),
C(D), Schwarz D (diamond), Schwarz P (primitive),
batwing, F-RD, [-WP, Manta 35, Fischer—Koch S,
Fischer—Koch Y, Neovius, split-P, Dprime, lindinoid, iso-
metric wrapped surfaces and gyroid — for 3D printing
scaffolds have been referenced in prior research,”.$10:3647:49
A straightforward reaction-diffusion model developed by
Buenzli et al. demonston. The shapes of these TPMS
structures differ. A straightforward reaction-diffusion
model developed by Buenzli et al. demonstrates that the
shapes of the TPMS structures differ. A brief timeline of
the development of these TPMS structures for 3D-printing
scaffolds is shown in Figure 1.1

Numerous researchers have focussed on these three
structures because the gyroid structure mirrors the shape of
the bone trabeculae, and the primitive and diamond struc-
tures both have significant load-carrying capacities.'!
Their structures are shown in Figure 2.!"' The most widely
utilised TPMS shape is the gyroid structure, which lacks a
reflective symmetric surface and straight segments on its
surface. The constant curve helps prevent stress concentra-
tion.> Studies show that the gyroid scaffold retains good
mechanical properties even after six months of biodegra-
dation.>® The first practical application of TPMS to bone
tissue engineering scaffolders was presented in 2006 by
Rajagopalan and Robb.** Since then, TPMS structures
have been used in bone tissue engineering by an increasing
number of researchers.

Summary. At present, there are 16 TPMS structures men-
tioned in the literature for 3D printing scaffolds, and the
three most used are gyroids, diamonds and primitives.
Each TPMS structure has a different geometry, and we
believe that more TPMS structures will emerge for future
use in tissue engineering.

Wall thickness

Topological features, or wall thickness, are used to catego-
rise TPMS structures into two groups: sheet structures and
skeleton structures.*’” With the use of solid materials,
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Figure |. A brief timeline of the development of TPMS structures for 3D-printing scaffolds. ‘Primitive’, ‘Diamond’ and ‘Gyroid’
reproduced from Vijayavenkataraman et al.'" with permission from Copyright 2018 American Chemical Society. ‘Neovius’
reproduced from Maskery et al.>® with permission from Copyright 2021 Springer Nature.
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Figure 2. (a—c) The Primitive, gyroid and diamond cell structure respectively. (d—f) Repetitive cell, where pore sizes are marked by
yellow. Reproduced from Vijayavenkataraman et al.'' with permission from Copyright 2018 American Chemical Society.

Vijayavenkataraman et al.!! thickened and dispersed
TPMS to construct thin-walled structures called TPMS
sheet scaffolds. Another TPMS-based structure, referred to
as the skeleton TPMS structure, is created by adding solid
elements to a subspace divided by TPMS.!! In contrast,
TPMS chip scaffolds are mostly utilised for research and
have superior mechanical qualities and a larger surface
area.!!>% Similarly, according to Al-Ketan et al.’s>® finite
element analysis, sheet lattices have better elastic proper-
ties than skeleton lattices. The diamond crystals in the
lamellar structure are more fragile and weaker than the
gyroid crystals.’” Shen et al. found that the initial compres-
sive strength of sheet TPMS scaffolds (diamond and
gyroid) was three to four times higher than that of bone-
like scaffolds, while the bone-like gyroid and diamond
scaffolds significantly induced osteogenic differentiation
of bone marrow mesenchymal stem cells (BMSC).!* This
result is similar to that reported in Lv et al.’s* study. They
utilised three structures (Fischer—Koch S, diamond and
gyroid) in conjunction with four constants C (0.0, 0.2, 0.4
and 0.6), which represent wall thickness, to 3D print 12
TPMS scaffolds. The higher the C value, the thinner is the
wall. The results demonstrated that thick TPMS scaffolds
cultivated with rat mesenchymal stem cells (rMSCs) 1, 4
and 7 days later had considerably higher cell viability than
that of the thin TPMS scaffolds. This suggests that TPMS

scaffolds resembling bones can greatly enhance bone
regrowth (Figure 3).%

The potential for cell development can be ascertained
using fluid dynamics analysis, which is connected to the
flow inlet area (m?) of the scaffold. Karaman et al.® discov-
ered that the flow inlet area in the sheet structure is less
than that in the skeleton structure in diamond scaffolds
with the same porosity. The flow inlet area of sheet struc-
tures with the same porosity in gyroid and I-WP scaffold-
ers is greater than that of the skeletal structures.® A total of
12 lattice structures, comprising 6 TPMS structures with
skeleton and sheet structures, were designed based on the
actual allowable design space for TPMS-based lattice
selection determined by Gunther et al.’® based on key
parameters and subsequent weighting of them according to
additional benefit parameters. The optimal choice for cor-
tical bone was determined to be the Schwarz P lattice,
which has a pore size, volume fraction and Young’s modu-
lus of 67.572 um, 0.5445 and 18.758 GPa, respectively.
The gyroid bone lattice with a diameter, volume fraction
and Young’s modulus of 401.39 um, 0.3 and 4.6835GPa,
respectively, was the most suitable option for the trabecu-
lar bone.>®
Summary. TPMS sheet scaffolds have better mechani-
cal properties and larger surface areas than bone scaf-
folds, and bone TPMS scaffolds promote bone
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Figure 3. (a) Four different thicknesses of Fischer-Koch S (S), diamond (D) and gyroid (G) scaffolds. The higher the C value, the
thinner the wall thickness. (b—d) Comparison of rMSCs proliferation of these scaffolds with different thicknesses at 1,4 and 7 days
respectively. Reproduced from Lv et al.3* with permission from Copyright 2022 Frontiers Media S.A.

regeneration more significantly than sheet scaffolds.
Therefore, it is important to select the thickness accord-
ing to the different experimental requirements and bone
defect sites.

Pore size

The 3D printed scaffold must have an open network of
pores with an interconnection of more than 100um
between pores to provide a channel for the vascularised
bone to grow inward.” The majority of the initial cell

attachment occurred in scaffolds with 120 pm pore sizes.®
Smaller pore scaffolds encourage greater cell attachment
initially; however, with longer culture durations, this
reverses and they create occlusion, which lowers the per-
meability of scaffolds.?®**° Ti6Al4V was utilised by
Naghavi et al.* to create diamond and gyroid scaffolds
with variable cell sizes and a constant wall thickness of
300 um to create a range of pore diameters. The compres-
sive strength of the cortical bone constructed with both
the gyroid (pore size less than 800 um) and diamond scaf-
folds (pore size less than 1200 um), was predicted using
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the finite element method along with other mechanical
properties such as stiffness and yield strength. When
squeezed, the diamond scaffold was ~48% stronger and
~65% stiffer than the gyroid scaffold at the same aper-
ture.’® The best lattice structure options for bone replace-
ment applications are the gyroid scaffold, which has a
diameter of 500800 um and porosity of 50$-62% when
the sheet thickness is 300 um, and the diamond scaffold,
which has a diameter of 700-1200 um and porosity of
50%-64.6%.%° According to certain researchers, the
gyroid scaffold with a 792 um diameter is appropriate for
bone regeneration, which is in line with the findings of
Naghavi et al.*® Collagen synthesis is well recognised as a
key indicator of osteoblast activity.’” Cell attachment is
mostly dependent on pore size, with a 520 um pore size
scaffold offering more cell attachment sites than the
330 um pore size scaffold. Research has indicated that, in
contrast to TPMS scaffolds measuring 320 um in diame-
ter, scaffolds measuring 520 um in diameter sustained cell
proliferation from the first to the seventh day of the exper-
iment. In addition, the high rates of collagen formation
were noted in both the diamond and I-WP scaffolds meas-
uring 520 pum in diameter.’” Chen et al.’* used litho-
graphic-based 3D printing technology to create a Zn-1Mg
porous scaffold with a gyroid structure. Bioscaffolds with
pore sizes of 650, 800 and 1040 um were compared for
their technical qualities, mechanical properties, corrosion
behaviour, biocompatibility and antibacterial capabilities.
The study revealed that porous scaffolds with pore sizes
of 650 um exhibited superior mechanical qualities and
antibacterial ability, as well as inducing more calcium and
phosphorus compounds during the disintegration pro-
cess.’® A study on a 3D printed TPMS scaffold with pore
sizes ranging from 700 to 1750 um was conducted by
Wang et al.*® Following four days of cell culture, they dis-
covered that the majority of the cells were dispersed
around the surface of the scaffold and that many of the
cells were adhered to the wall of the porous scaffold,
which had pores that were almost 700 um in size. The
cells on the scaffold with pore sizes of almost 700 um
moved to the adjacent pore after 14 days. Collagen fibrous
bone was discovered to be discontinuous in vivo on a
scaffold whose pore size was nearly 1750 um, which was
unfavourable to the development of new bone.*® For a
uniform scaffold with a fixed aperture, the permeability
increases with the aperture size. The scaffold featuring a
radial-gradient aperture exhibited superior permeability
and higher mechanical strength than that of the scaffold
with a fixed aperture when a fixed porosity was present.
Lv et al.** conducted experiments wherein they 3D printed
gyroid structures with fixed apertures and progressively
larger apertures from the inside out. The results indicated
that the permeability of the structures with a radial gradi-
ent structure and apertures ranging from 500 to 900 um
was similar to that of the structures with apertures of

900 pm.>* According to Afshar et al.’s! study, hierarchi-
cal structures are less susceptible to elastic deformation
compared with uniform structures.

Summary. A gyroid scaffold with a 600-800 um pore size
is excellent in both mechanical strength and permeability,
while the diamond and I-WP scaffolds with a 520 um pore
size are suitable, which can be selected according to differ-
ent bone defects. However, the TPMS gradient-aperture
scaffold was superior to the TPMS uniform-aperture
scaffold.

Porosity

A scaffold has the natural porosity of cortical bones, and
therefore, a low-porosity scaffold of 10%—30% is needed
to replace them, whereas a high-porosity scaffold of 50%—
80% is required to repair injured trabecular bones.!”!
According to certain researchers, porosity has an effect on
the surface-area-to-volume ratio. The relationship between
the surface area, volume and porosity is the greatest at
50% porosity; as porosity increases, this relationship starts
to decrease.®? They offered an explanation as well, specu-
lating that the inner surface overlaps more when the poros-
ity of the scaffold is lower and less than that when it is
higher.®? The change of porosity affects the permeability of
the scaffold. Under the same flow rate, permeability
increases with an increase in porosity, and the conductivity
of the biological effect is stronger.®>

The TPMS scaffold exhibited better permeability than
the mesh scaffold. Ma et al.®* found that I-WP is more per-
meable in the longitudinal fluid flow direction than that of
the grid-based scaffold. With 80% porosity, a gyroid struc-
ture has the highest permeability and is more permeable
than the grid scaffold.®® The gyroid is also 10 times more
permeable than the grid scaffold.®” The permeability of the
gyroid unit is greater than that of the primitive and dia-
mond units when the porosity is 55%.% Castro et al.’® 3D
printed diamond, gyroid and primitive scaffolds with dif-
ferent porosity sizes to assess the effects of these three
TPMS structures on permeability. The gyroid scaffold was
found to have the highest penetration rate and the diamond
scaffold had the worst results in the test.®® Using four
porosity levels — 50%, 60%, 70% and 80% — and diamond,
gyroid and primitive structures, Santos et al.* arrived at
this conclusion. Twelve scaffolds were made from these
scaffolds, and the permeability of each was determined
using the laws of Darcy, Forchheimer and weak inertia. Of
the three types of scaffolds, the gyroid type was the most
permeable and the diamond type was the least permeable.
At 50 and 60% porosity, the gyroid had a higher permea-
bility than that of the primitive; however, at 70% porosity,
the permeabilities were equivalent. The primitive has the
highest permeability at 80% porosity.®” The permeability
of radially graded scaffolds increases with porosity,
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Figure 4. Outer hip was treated with a 75% porosity TPMS scaffold and the inner hip was treated with a 25% porosity TPMS
scaffold. Reproduced from Alfieri et al.** with permission from Copyright 2023 The Authors.

surpassing that of uniform scaffolds.!” In contrast, the
structure of the femur (small porosity in the outer layer
requires high strength, and the large porosity in the inner
layer requires low strength) is the structure of the hip joint.
The inherent structural characteristics of these two types of
bone were explained by the experiments of Afshar et al.,”
who indicated that the gradient structure with a radial
increase from low to high relative density had higher strain
energy absorption and strength compared to the gradient
structure with a radial decrease from high to low relative
density. The structure of the scaffold that Davoodi et al.*
produced using the TPMS scaffold exhibits a progressive
decrease in the porosity of the hip joint from the surface to
the middle (Figure 4). With a larger porosity of 75%, the
area closest to the surface of the scaffold has more perme-
ability, which facilitates the infusion of cell-filled hydro-
gels. Owing to its architecture, which promotes inward
bone growth and better bone integration, the scaffold cen-

tre has a lower porosity of 25%, thereby providing mechan-
ical support to the implant.*

Young’s modulus decreases as porosity increases in
scaffolds, in accordance with the Gibson-Ashby model,
which links porosity to mechanical qualities.’® After ana-
lysing the mechanical characteristics of the 50% and 70%
porosity gyroid scaffolds, Castro et al.”' concluded that the
Young’s modulus of the 50% porosity scaffolds was more
than double that of the 70% porosity scaffolds. A 3D
printed PEEK scaffolds and polyether ketone/silicon
nitride (PEEK/SiN) scaffolds with a gyroid structure and
set porosity of 30%, 50% and 70% were produced by Du
et al.”” The findings of the compression experiment differ
as a result of the different material composition; however,
regardless of the type of scaffold printed, a 50% porosity
scaffold has a compressive strength that is roughly three
times greater than a 70% porosity scaffold.?” The increase
in the porosity of the scaffold and its deformation being
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more severe is shown in Figure 5.2 Within one to two
days, the gyroid structure with 50% porosity exhibits
strong cell adsorption.?® Zhu et al.” prepared four kinds of
gyroid scaffolds with porosity (40%, 50%, 60% and 70%)
using B-TCP and implanted the stents into the mandibular
defect of rabbits for four months. The results showed that
the gyroid scaffold with 70% porosity showed excellent
cell proliferation, adhesion and significantly enhanced
osteogenesis and angiogenesis, which can effectively pro-
mote the bone regeneration of mandibular defects. The
ratio of transverse strain to longitudinal strain in the direc-
tion of elastic load is known as Poisson’s ratio.” Lu et al.”?
demonstrated that while the Poisson ratio of the F-RD and
Schwarz P scaffolds declined, it increased for the gyroid,
diamond and Fischer—Koch S scaffolds as their porosity
increased. This indicates that the gyroid scaffold becomes
more incompressible and the Schwarz P scaffold becomes
more compressible with an increase in porosity.”® The gra-
dient porosity of the TPMS scaffold is more consistent

with the physiological characteristics of bone and has
stronger mechanical properties. Shi et al.”* quantitatively
examined the internal pore structure of the femoral head
bone to ascertain the structural guidelines of various bone
locations (Figure 6).

Lastly, 3D printing technology is essential to precisely
create the required porosity structure.”* Montazerian
et al.”® used FDM to print porous scaffolds made of poly-
dimethylsiloxane (PDMS) with three distinct TPMS archi-
tectures to study how porosity affects fluid permeability
and compression characteristics. The radial gradient poros-
ity distribution scaffolds have a greater elastic modulus
and fluid permeability than the uniform porosity scaffolds.
Wang et al.’® showed that the graded porous scaffold had a
greater compressive toughness and elastic modulus, and
that the high-porosity uniform porous scaffold’s compres-
sion performance was comparable to that of the tibial
spongy bone made of pork. Wang et al.”® reached similar
conclusions.
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Figure 6. (a) Femoral condyle bone model: (1) femoral condyle bone top region, (2) femoral condyle bone lateral region, (3)
femoral condyle bone internal region. (b, c) Printed bionic porous scaffold sample. Reproduced from Lu et al.”* with permission

from Copyright 2018 Science Edition.

Summary. The 50% porosity gyroid scaffold was the most
suitable for mandibular regeneration, whereas the 70%
porosity gyroid scaffold is more suitable for mandibular
regeneration. The optimal porosity of other TPMS scaf-
folds requires further investigation. However, for human
bone tissue, TPMS scaffolds with gradient porosities were
more suitable than the TPMS scaffolds with uniform
porosities and mesh scaffolds.

Surface curvature

Among all geometric rules considered, the collective effect
of curvature on cell crowding was the main factor affecting
the rate of cortical pore filling.%> The mean curvature of the
TPMS structure is zero, which is similar to the mean curva-
ture of the trabecular bone indicated by others.'® The prod-
uct of major curvatures K1 (positive curvature, convex
surface) and K2 (negative curvature, concave surface)
yields the Gaussian curvature K of a surface point.>* Every
surface point of TPMS has a hyperbolic structure with a
distinct Gaussian curvature.>* TPMS is characterised by

negative discrete Gaussian curvature, which is a unique
feature of interconnected morphologies.”” From a micro-
scopic point of view, the cell migration behaviour and local
tissue formation will be affected by the curvature when the
local curvature of the scaffold surface is larger than the cell
size range.>*! Low or high surface curvature will affect
certain cell proliferation or differentiation; surfaces with a
finer surface curvature distribution may promote homoge-
nous tissue regeneration, whereas surfaces with more une-
ven curvature may promote cell differentiation.®® Increased
negative curvature areas encourage the growth of new cells
because they allow cells to perceive surface curvature and
differentiate within a certain range.!*% There are many dif-
ferent types of TPMS scaffolds, and although the TPMS of
each structure have a high surface curvature, there are also
high and low levels of cell growth promotion potential.
When Lehder et al.®° examined the rates of cell develop-
ment of various TPMS structures, they discovered that the
Split P and Lidinoid kinds offered the highest rates of cell
proliferation (Figure 7). Ali investigated the effects of four
distinct TPMS scaffold structures — double-diamond,
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gyroid, FR-D and primitive — with 80% porosity on cell
adhesion.®® Consequently, seven times as many cells were
trapped by the double-diamond scaffold model as by the
simpler scaffold.®

Blanquer et al.*? created eight distinct kinds of
poly(trimethylene carbonate) (PTMC) scaffolds with
TPMS structures and the same porosity but varied curva-
tures using stereolithography. The curvature distribution
influences both the uniformity of the element distribution

and the shear stress produced by the fluid inside the TPMS
structure.’? Li et al.*! used AlSil0OMg powder to create
scaffolds with various TPMS structures. Subsequently,
they subjected the scaffolds to mechanical testing, which
showed that the stretched TPMS structure, for a given
porosity, has a more concentrated Gaussian curvature,
higher elastic modulus and longer fatigue life. Altering
the surface curvature could significantly enhance the
overall mechanical properties of the TPMS devices. A
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larger percentage of the local surface is near the cylinder,
and therefore, the mechanical properties improve when
the mean curvature approaches zero. The cylindrical sur-
faces experience less concentrated stress than the spheri-
cal and hyperboloidal surfaces when exposed to external
forces.*!

Summary. The average curvature of the TPMS structure
is zero and characterised by a negative discrete Gaussian
curvature, which affects the adhesion and mechanical
properties of the cells. The microstructure of TPMS is
closely related to its structural characteristics, which con-
tributes to the structural characteristics of the TPMS
scaffold.

Structural characteristics of TPMS
scaffold

The capacity of a material to stimulate bone regeneration
is closely correlated with its structural ability, which indi-
cates that various materials may be employed to modify
the strain distribution and promote inward bone growth.
Changes in cell diffusion and strain distribution are caused
by the structural properties of scaffolds, which modify the
volume and distribution of regenerated bone.”® Although
the TPMS scaffolds promote bone regeneration because of
their structural features, common scaffolds do so mostly
because of advancements in technology and materials. The
studies conducted by Liu et al.>* demonstrate the signifi-
cant effect that structure has on osteogenic differentiation.
They used DLP to print hydroxyapatite (HA) ceramic scaf-
folds with three distinct structures: body-centred cubic
(BCQ), face-centred cubic (FCC) and TPMS (Figure 8).3*
In vitro research revealed that the expression levels of
osteoblast proteins in rat BMSCs were TPMS, FCC and
BCC, ranging from high to low, following 21days of
osteogenic induction on three scaffolds with distinct topol-
ogies. This was confirmed again by Myakinin et al.>” The
structural characteristics of the TPMS scaffold can make
up for the shortcomings of the material. For example, cal-
cium phosphate materials such as HA and tricalcium phos-
phate (TCP) are widely wused because of their
biocompatibility, high levels of bioactivity (bone conduc-
tion, bone inductance and bone integration) and similarity
to the composition of human bone minerals; however, the
biggest disadvantage of this material is that it is too brittle.
Their brittleness can be partially mitigated by the struc-
tural properties of TPMS.3 Baumer et al.** used a low-cost
technique that combines robotic casting with layered pho-
topolymerisation to successfully 3D print hydroxyapatite
Fischer—Koch S scaffolds. With a porosity of 74.05%,
which is within the optimal range for bone tissue creation.
This TPMS scaffold provides structural qualities to
compensate for the flaws of the material and lessens the
brittleness of hydroxyapatite.*?

Extremely high surface area to volume ratio

A higher surface-area-to-volume ratio indicates that the
scaffold is more open to the environment, allowing it to
engage in greater environmental interaction.> Numerous
biological and cellular processes, including ion exchange,
oxygen diffusion and nutrient transport, occur at the sur-
face.® The porous structure of TPMS is modest in size but
has a large surface area, which increases the possibility
that bone cells may adhere to these structures.®
Consequently, TPMS scaffolds with a greater surface-area-
to-volume ratio can make cells more accurate biological
cues.'! The surface area of the cell is inversely correlated
with its lattice size; that is, the larger the surface area
offered in a given volume, the smaller is the cell utilised to
occupy that space.’® Kowalczyk et al.”” developed the sur-
face-constrained Metropolis Monte Carlo algorithm,
which was used to study the graphitisation reaction pro-
cess of diamond, gyroid and Schwarz P. The TPMS reaches
a cubic lattice parameter of § nm. They were found to have
a specific surface area of ~2700m?%/g and are comparable
to that of graphene. Meanwhile, infinite continuous sur-
faces with smooth seams provide improved mechanical
qualities and less stress concentration.'! Lu et al.®? discov-
ered that of the five TPMS (diamond, gyroid, Schwarz P,
Fischer—Koch S and F-RD), the Fischer—Koch S scaffold
had the highest surface area to volume ratio. F-RD, dia-
mond, gyroid and Schwarz P scaffolds have next surface to
volume ratios. A wide surface area is desirable for scaf-
folds used in bone tissue engineering to obtain greater
bone integration. According to Belda et al.,”” lamellar
TPMS scaffolds with a low volume fraction are the most
suitable.

Summary. A wide surface area is desirable for scaffolds
used in bone tissue engineering to obtain greater bone inte-
gration. According to Belda et al., lamellar TPMS scaf-
folds with a low volume fraction are the most suitable.

Less stress concentration

The TPMS structure prevents localised concentrations of
stress and provides a smooth stress distribution throughout
its surrounding surface because of its continuously curved
surface.®? Similar to the axial compressive stress of a
human load-bearing bone, a uniform static pressure of
100 MPa is applied to the support axially in the finite ele-
ment model simulation. According to the finite element
model research, traditional scaffolders feature a significant
stress concentration, which is mostly concentrated at the
junction between the structure and immediate strain
region, according to finite element model research.’
According to the modelling results, the maximum stress of
the junction scaffold is greater than 400 MPa, which is
greater than the damage value. Under the same load, the
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maximum stress of the TPMS scaffold is only 150 MPa,
the stress distribution is more uniform, its stress concentra-
tion is lower, and it falls entirely within the necessary
range of compressive strength.” According to the model-
ling results, the maximum stress of the junction scaffold is
greater than 400 MPa, which is greater than the damage
value. Under the same load, the maximum stress of the
TPMS scaffold is only 150 MPa, the stress distribution is
more uniform, its stress concentration is lower, and it falls

entirely within the necessary range of compressive
strength.!” The meniscus is a pair of crescent-shaped carti-
lages that sit between the tibia and two bearing articular
surfaces of the femur. It performs crucial functions in the
knee joint including auxiliary lubrication, load transfer and
mechanical shock absorption. The TPMS scaffold can be
placed in the meniscus because of its low stress concentra-
tion. The deformable primitive created by Li et al.®% aids in
effective load transfer by lowering the meniscus’s
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extrusion displacement, stress limit and stress concentra-
tion to preserve the articular cartilage.

Summary. Stress concentration is inevitable in all scaffolds
and bone tissues. We can only reduce the stress concentra-
tion, but cannot eliminate it. TPMS scaffolds have lower
stress concentrations than that of traditional mesh scaffolds.
A radially graded TPMS can achieve a smooth transition,
which makes the TPMS stent more advantageous.

Stronger mechanical properties

The human cancellous bone, proximal tibia, femoral neck
and skull have elastic moduli ranging from 20—5000, 200—
2800, 750-4500 and 2038.39-5990.36 MPa, respectively.
The various bone tissues of the human body have varying
yield strengths ranging from 0.56-240MPa.' The
Ti6Al4V scaffold with the TPMS structure manufactured
by FDM was utilised by Zhang et al.'” The yield strengths
of the graded scaffold and the elastic model ranged from
45.9-262.3 and 1157.95-4566.7 MPa, respectively, which
are within the range required by the elastic modulus of the
human resinous bone. In addition, they satisfy require-
ments of the bone tissue. Zhang et al.” used SLA to fabri-
cate HAp scaffolds with six TPMS structures (Split-P,
diamond, Schwarz P, Dprime, lindinoid and gyroid). By
evaluating the compressive strength of the HA scaffold,
they discovered that the split-P scaffold could reach
150 MPa, whereas the conventional grid scaffold could
only reach 12MPa. Split-P scaffolds correspond to the
compressive strength of cortical bone (100 MPa), whereas
conventional mesh scaffolds equal the compressive
strength of cancellous bone (2—-12MPa).” Scaffolds with
split-P and conventional mesh were inserted into the 4 mm
rabbit femur bone segmental defect. Four weeks later, the
holes of the split-P scaffold showed more newly produced
bone than those of the standard mesh scaffold.” Scaffolds
with split-P and conventional mesh were inserted into the
4mm rabbit femur bone segmental defect. Four weeks
later, the holes of the split-P scaffold showed more newly
produced bone than those of the standard mesh scaffold.?
Alkaline phosphatase (ALP) staining revealed that the
TPMS scaffold had a higher level of osteogenic differen-
tiation capacity than that of the mesh-porous scaffold.?
Liu used Bredigite to 3D print three different types of
TPMS model scaffolds with porosities of 50%, 60% and
70%.8! As a control experiment, an open-rod model with
the same porosity was employed. The TPMS scaffolds
with the same porosity exhibited greater ductility and com-
pressive strength than the open-rod scaffolds. The differ-
ence is more noticeable with higher porosity.®' These
findings suggests that, in terms of compressive strength
and osteogenic ability, TPMS scaffolds outperform con-
ventional mesh scaffolds.

The mechanical characteristics of stretching-dominated
constructions are higher because most materials are better

at absorbing energy and suitable for axial mode loading.”
For instance, Maskery et al.8? discovered that primitive’s
relative elastic modulus was more than twice that of gyroid
and diamond structures because it mostly displayed pillar
stretching and buckling, whereas gyroid and diamond
showed bending deformation. Another stretching-domi-
nated structure with a large capacity absorption potential is
the I-WP structure.” Li et al.}3 compared primitive, I-WP,
diamond and gyroid structures and discovered that the
I-WP structure is a better option when the support is sub-
jected to axial force, whereas the primitive structure is
more appropriate when the support is subjected to tangen-
tial force. When compared to diamond and gyroid scaf-
folds, Karimipour-Fard et al.>* discovered that Neovius
scaffolds showed inferior mechanical qualities. Barber
et al.’ reported that the gyroid scaffold has the highest
compressive strength at 60°, whereas the diamond scaffold
has the lowest at 45° and the highest at 0° and 90°. Sarabia-
Vallejos printed gyroid and diamond supports using DLP,
and the results showed that the former not only signifi-
cantly enhanced the mechanical resistance of the material,
but also had higher compressive strength than the latter.34
In conclusion, the compressive strength of scaffolds-pre-
pared with different structures under the same conditions
is [-WP, primitive, gyroid, diamond, Neovius and tradi-
tional grid structure, in that order. However, the gyroid
scaffold can match the requirements of human bone tissue
although it has a low compressive strength. Kelly et al.®
implanted the gyroid scaffold in rats with femoral cortical
bone defects and discovered that the scaffold could heal
segmental abnormalities at 12 weeks, with torsion stiffness
reaching 54% and torsion strength reaching 38% of the
intact femur. Wang et al.®® proposed changing the lattice
structure of the TPMS scaffold by self-torsion to adjust the
mechanical properties. The Young’s modulus of the sup-
port decreased with an increase in the torsion angle, which
suggests that TPMS scaffolds can undergo self-torsion
when used for bone defects to reduce the mechanical prop-
erties of scaffolds to adapt to the environment of the defect
site.

Summary. The compressive strengths of the scaffolds were
[-WP, primitive, gyroid, diamond, Neovius and traditional
mesh structures, in that order, and all TPMS scaffolds
exhibited stronger mechanical properties than those of the
traditional mesh scaffolds. TPMS scaffolds can meet and
even change the compressive strength (independently of
the compressive strength of cancellous or cortical bone) by
self-torsion to adapt to individual bone defects.

Better cell adhesion

The compressive strengths of the scaffolds were I-WP,
primitive, gyroid, diamond, Neovius and traditional mesh
structures, in that order, and all TPMS scaffolds exhibited
stronger mechanical properties than those of the traditional
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mesh scaffolds. TPMS scaffolds can meet and even change
the compressive strength (independently of the compres-
sive strength of cancellous or cortical bone) by self-torsion
to adapt to individual bone defects.®> BMSCs are non-
hematopoietic stem cells that exist in bone marrow and
have multidirectional differentiation potential.¥” The
BMSCs can move from their niche into the peripheral cir-
culation and pass through vessel walls to reach the bone
defect area.®® Macrophages, which are important innate
immune effector cells, can effectively improve the cellular
activity of BMSCs and have a low inflammatory response
to scaffold materials, thereby promoting the proliferation
and differentiation of BMSCs.® Studies have shown that
TPMS scaffolds can promote the polarisation of mac-
rophages toward M2 type and reduce the expression of
pro-inflammatory genes, which allows BMSCs to attach to
TPMS scaffolds more quickly.®® Osteoblasts can be divided
into three distinct stages of increasing differentiation: oste-
oprogenitor, preosteoblast and osteoblast.”” Runt-related
transcription factor 2 promotes the differentiation of
BMSCs into proosteoblasts. During the maturation stage,
WNT-B-catenin signalling acts on preosteoblasts, which
defines the differentiation of the cell to an osteoblast.”’
Osteoclasts originate from the haematopoietic linecage and
differentiate to mature osteoclasts through the interaction
of the macrophage colony-stimulating factor (M-CSF) and
the receptor activator of nuclear factor-kB ligand
(RANKL).” At this point, the basic cells of reconstructed
bone tissue are in place.

The ability of a fluid to move through a material or
structure can be expressed quantitatively as permeability.'?
The inward expansion of tissues is mostly dependent on a
mix of porosity, zigzagging, pore size and interconnectiv-
ity, which regulates the matrix volume available for cell
attachment and vascularisation.®® A highly porous struc-
ture encourages the creation of new tissues and achieves
great cell inward growth.’! The higher permeability sig-
nificantly improves the wetting properties of the hydro-
phobic scaffold and increases the rate of cell sedimentation
during static mesenchymal stem cell (MSC) inoculation.*’
The ability of the porous structure to convey flow to every
part of the structure at a rate that permits the host cells to
adhere to the surface is made possible by its permeability,
which is utilised in bone regeneration.® TPMS scaffolds
are constructed of continuous surface structures with opti-
mised fluid permeability, and they exhibit open cell net-
works that provide continuous porosity for vascularisation
and highly interconnected pores that provide sufficient
space for cell attachment, promoting cell adhesion and
retention.”” Wall shear stress (WSS) generated by fluid
flow within the scaffold is an important factor to consider
because it affects cell distribution during new tissue for-
mation. The WSS is caused by the relative motion between
the wall of the support and fluid in the support. Pins et al.”®

analysed the average WSS of the diamond and gyroid scaf-
folds using computational fluid dynamics (CFD) and
found that different levels of WSS caused mesenchymal
stromal cells to produce different mechanical signals,
which in turn led to differences in cell differentiation pro-
cesses. Pins et al.”* analysed the average WSS of the dia-
mond and gyroid scaffolds using computational fluid
dynamics (CFD). The WSS level of the scaffold mesh with
a smooth surface topology of tetrahedral elements is 35%
higher than that of the equivalent scaffold with the non-
smooth surface topology of hexahedral elements. Ye
et al.>! 3D printed a molten porous scaffold with a combi-
nation of primitive and gyroid TPMS structures to mimic
real bone tissue using SLM technology (Figure 9). Utilising
a Navier—Stokes model, CFD was employed to examine
how the permeability of TPMS porous scaffolds was
affected by the inner G unit’s rotation angle and direction.
They observed that the permeability of the 13 models
ranged from 5.70015 X 1078 to 6.33725 X 10—8m?, fulfill-
ing the permeability requirements of human bone tissue.
They adjusted the rotation angle of the G unit from 0° to
180° in 15° increments (Figure 9).%! This suggests that the
rotation angle of the TPMS unit affects permeability; how-
ever, it still satisfies bone tissue requirements and pro-
motes cell adhesion.

The special structure of TPMS can promote the adhe-
sion of cells required for osteogenesis. Both concave and
convex TPMS structures can regulate the behaviour and
function of bone marrow-derived stem cells during osteo-
genic differentiation and angiogenic paracrine signalling.
The convex surface of the TPMS scaffold can promote the
bone formation of MSCs because the cytoskeletal forces
on the convex surface deform the nucleus and increase
lamin A levels.?* In addition, TPMS scaffold can acceler-
ate the paracrine effect of MSCs, thereby promoting the
angiogenesis of endothelial cells for accelerating the for-
mation of new blood vessels, and thus, bone regenera-
tion.”* For the development of preosteoblasts on the
scaffold surface, two significant findings exist: (a) The rate
of bone tissue and cell proliferation increases with an
increase in the concave curvature. (b) On flat and convex
surfaces, very little bone tissue and cell proliferation are
observed until the local environment becomes concave as
a result of cell growth in other locations.*® In addition, it is
believed that tissue regeneration proceed more quickly on
curved surfaces than that on flat surfaces.’® 60 This indi-
cates that the convex and convex surfaces of TPMS struc-
tures encourage tissue regeneration more successfully than
the mesh planes. On the concave surface, osteoblasts have
a better development direction.”* The creation of bone tis-
sue grew with the growth of the concave curvature of the
scaffold structure; additionally, the concave region of the
scaffold structure formed tissue preferentially and had a
better effect on bone tissue regeneration than the convex
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region.*! In addition, osteoclasts for bone resorption are
more advantageous in the concave surface.**

Summary. The concave surface of the TPMS structure is
more suitable for the attachment of osteoclasts, preosteo-
blasts and osteoblasts, whereas the convex surface of the
TPMS structure is more suitable for attaching the BMSC.
In addition, the excellent fluid permeability of the TPMS
scaffolds provides favourable conditions for bone
regeneration.

Future and prospect

The following criteria should be fulfilled by scaffolds
used in bone tissue engineering: Biocompatibility, sur-
face characteristics and biodegradability are crucial ele-
ments of bone graft scaffolds, and therefore, it is
important to (a) mimic the chemical composition and
nanostructure of bone surface, (b) mimic the structural

with permission from Copyright 2023 American Chemical Society.

and cell interaction characteristics of bone extracellular
matrix, (c) provide initial mechanical strength and stift-
ness sufficient to replace lost bone and support osteo-
blast proliferation and differentiation as well as the
expression of bone ECM and (d) have a 3D porous inter-
connect network sufficiently strong for vascular tissue
to grow inward.”> The TPMS scaffold satisfies all afore-
mentioned requirements because of its structural
features.

The TPMS scaffolds have been investigated extensively
in various medical fields. For example, TPMS scaffolds
have great potential for application in oral implantology,
and their high mechanical strength indicates that they can
be used instead of dental implants. Titanium alloys, which
are used to make conventional dental implants, have a sub-
stantially larger Young’s modulus than the surrounding
bone tissue.”® A significant mismatch in the Young’s mod-
ulus between the implant and surrounding bone occurs
when a load is applied to the implant, leading to an uneven
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distribution of stress at the interface between the implant
and bone, creating a stress shielding effect that can cause
the surrounding bone tissue to atrophy.’® This raises the
possibility of inflammation around the implant. The sur-
rounding bone tissue is in an active reconstruction state,
which encourages the formation of bone tissue when the
stress on the bone tissue is between 20 and 60 MPa. Within
the range of 60—-120MPa, the surrounding bone tissue
experiences microdamage that eventually surpasses its
capacity for self-healing. This results in damage to bone
tissue, which can lead to pathological alterations. The
widespread consensus is that the fracture strength of bone
tissue, also known as the bone bearing capacity, is limited
to 120 MPa.’® The TPMS scaffolds with varying porosities
were created by Song et al.?® using 3D-printing technol-
ogy, and they discovered that both primitive and gyroid
scaffolds with a porosity of less than 40% could withstand
the maximum stress in the adjacent 20-60 MPa range.
Accordingly, TPMS scaffolds may be a more suitable sub-
stitute for dental implants compared to conventional tita-
nium implants. Moreover, TPMS may encourage the
formation of new bone tissue surrounding the implant,
thereby leading to stable, long-term bone integration. A
few researchers used TPMS in breast reconstruction, and it
is evident that breast and bone tissue are two entirely dif-
ferent structures. The breast needs to be highly resilient,
has a low tissue-like elastic modulus, high structural sta-
bility and a high load buffer capacity, while the bone tissue
needs to be hard. Using FDM technology, Zhu et al.’ cre-
ated a TPMS scaffold with several parallel channels that
allowed the elastic modulus to be adjusted as required.
They infused a polyethylene glycol diacrylate/gelatin
methacrylate hydrogel containing human adipose stem
cells into the scaffold by perfusion and UV curing to
enhance the environment for cell proliferation. In addition,
the resulting scaffold’s elastic modulus was 0.2—-0.83 MPa,
while the native breast tissue had an elastic modulus of
0.002—1MPa.”” This support’s potential to rebound can
reach 80% of its initial height. Scholars also prepared the
radial grading scaffold with an I-WP structure, which is an
aperture spanning from 500 um in the centre to 800 um at
the periphery and serving as the orbital contents. This scaf-
fold exhibited moderate mechanical strength, complete
vascularisation and outstanding antibacterial activity
against Staphylococcus aureus and Escherichia coli.
Further, it offers an excellent procedure for enhancing ocu-
lar reconstruction.”® The use of TPMS scaffolds in con-
junction with antibacterial medications is essential for
bone tissue engineering. Garcia et al.* incorporated an
extract of Bacillus roseum in the gyroid scaffold to enhance
bone regeneration and demonstrate antibacterial activities
against both S. aureus and Streptococcus mutans. Moreno
et al.”” combined propolis extract wollastone particles with
the gyroid scaffold and discovered that this combination
had antibacterial activity against osteomyelitis-causing S.
aureus and Staphylococcus epidermidis, and it did not alter

the mechanical, thermal or physical properties of the scaf-
fold, which are important findings for oral and maxillofa-
cial surgeons. Treatment options for the osteomyelitis of
the jaw have expanded.

The unique structure of the TPMS scaffold confers sev-
eral benefits, including enhanced permeability that facili-
tates cell adhesion, migration and proliferation; high
mechanical strength; a porous structure that imitates the
properties of natural bone; and the ability to prevent stress
shielding. Research demonstrated that Fischer-Koch S
scaffolds are better suited because of their almost isotropic
elastic characteristics because the cortical bone is an iso-
tropic tissue. Scaffolds with strong anisotropic properties
(such as gyroids) are more suited for the anisotropic
mechanical behaviour of cancellous bone.” Similar to
this, primitive and I-WP surface structures are ideally
suited to replace injured cortical bone, whereas diamond
and gyroid surface structures offer superior cell adsorption
and proliferation qualities, making them a viable option
for replacing trabecular bone."”

Limitations

The TPMS scaffold is not perfect, and it has some limita-
tions, as listed below:

1. The preparation method is single and can only be
prepared by 3D printing.

2. Some errors were observed between the designed and
printed scaffolds. For example, small-aperture plug-
ging and support surface roughness can be increased.
This is because the preparation process has not yet
reached the ideal requirements, which requires us to
continuously improve the technology and overcome
the process limits of 3D printing.”>76100-102

3. [Itisdifficult to reverse design an anisotropic TPMS
scaffold based on the mechanical properties of the
bone defect site, which requires further effort to
achieve truly personalised bone defects.'®

4. The largest limitation is that TPMS scaffolds are
still in preclinical research; experiments are also in
cell and animal experiments, and there is still a
long way to go before they can be truly applied in
humans.

We believe that research on TPMS scaffolds in tissue
engineering has just begun and TPMS scaffolds have great
prospects for personalised bone defects in the future.
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