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Abstract

The pore structure of porous scaffolds plays a crucial role in bone repair. The prevalent bone implant structure in clinical
practice is the traditional cubic structure. However, the traditional cubic structure exhibits sharp edges and junctions that are
not conducive to cell adhesion and growth. In this study, a double gyroid (DG) Ti6Al4V scaffold based on a triply periodic
minimal surface (TPMS) structure was devised, and the osseointegration performance of DG structural scaffolds with varying
porosities was investigated. Compression tests revealed that the elastic modulus and compressive strength of DG structural
scaffolds were sufficient for orthopedic implants. In vitro cellular experiments demonstrated that the DG structure signifi-
cantly enhanced cell proliferation, vascularization, and osteogenic differentiation compared to the cubic structure. The DG
structure with 55% porosity exhibited the most favorable outcomes. In vivo experiments in rabbits further demonstrated that
DG scaffolds could promote neovascularization and bone regeneration and maturation; those with 55% porosity performed
best. Comparing the surface area, specific surface area per unit volume, and internal flow distribution characteristics of
gyroid and DG structure scaffolds, the latter are more conducive to.cell adhesion and growth within scaffolds. This study un-
derscored the potential of DG scaffolds based on the TPMS structure in optimizing the pore structure design of titanium scaf-
folds, inducing angiogenesis, and advancing the clinical application of titanium scaffolds for repairing bone defects.
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1 Introduction

Repair of critical-size bone defects caused by trauma, tumors,
inflammation, and other bone diseases remains an urgent
clinical problem in orthopedics [1]. Autografts or allografts
are commonly used to repair such bone defects in clinical
practice [2]. However, autologous bone is limited in access
and prone to combined donor area damage, and allogeneic
bone carries the risk of immune rejection and disease trans-
mission [3, 4]. Bone tissue engineering (BTE) is one of the
most promising strategies to replace the above treatment op-
tions, in which titanium alloys have been used in clinical
practice for >40 years due to their excellent mechanical prop-
erties, biocompatibility, and corrosion resistance [5]. How-
ever, the elastic modulus of solid titanium alloys is higher
than that of natural bone, and their direct use as implants
has a stress shielding effect [6, 7]. The stress shielding effect
reduces the mechanical load on the bone surrounding the
implant, leading to bone resorption and loosening of the
implant [8]. The introduction of a porous design allows the
elastic modulus of the implant to be reduced, avoiding the
stress shielding effect [9]. Importantly, the porous structure
provides effective space for inward bone growth and pro-
motes rapid bone formation and integration at the bone
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implant interface [10]. Kuboki et al. [11] compared the osteo-
genic properties of hydroxyapatite in solid and porous struc-
tures using a mouse subcutaneous model and found that os-
teogenesis occurred only in porous structures. The proper-
ties of the porous structure (e.g., pore shape and porosity)
affect the growth condition of cells inside scaffolds [12].
Wu et al. [13] compared the early vascularization behavior
of scaffolds with strut-based and curved pore structures and
found that scaffolds with curved pore structures were more
conducive to early angiogenesis. Scaffold porosity is also
important for cell growth [14]. Higher porosity is more ben-
eficial for inward bone growth, but scaffold strength is re-
duced [15]. Therefore, multiple factors should be considered
when designing porous scaffolds to promote angiogenesis
and bone formation while ensuring scaffold strength [16].
Among many porous structures, triply periodic minimal
surface (TPMS) structures have received much attention due
to their similarity to cancellous bone structures. The mean
curvature of bone trabeculae is close to 0, and that of TPMS
structures is also 0, giving TPMS structures a natural bionic
advantage [17]. TPMS structures offer many advantages
over classical lattice and foam structures. First, their basic
properties (e.g., porosity and bulk-specific surface area) can
be precisely controlled by adjusting mathematical functions.
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Second, the smooth and continuous surface of TPMS is more
beneficial for cell adhesion and multiplication [18]. These
special structural properties make TPMS particularly suit-
able for manufacturing bone scaffolds or surface structures
for implants [19]. Yang et al. [20] found that compared to
traditional lattice scaffolds, TPMS scaffolds with a wave
shape could induce cytoskeletal reorganization and nuclear
deformation, directing osteogenic differentiation and angio-
genic paracrine secretion of mesenchymal stem cells (MSCs)
and accelerating bone regeneration. The most common TPMS
structures used in BTE include gyroid, primitive, and dia-
mond [21]. The gyroid structure has higher permeability and
is more favorable for cell seeding, infiltration, and differentia-
tion [22]. Two structures can be efficiently created using
TPMS: skeleton and sheet structures [23]. The sheet struc-
ture shows better mechanical properties than the skeleton
structure [24]; thus, the sheet structure of TPMS is chosen
to construct the bone scaffold in this study.

TPMS-based porous structures have several advantages
in terms of mechanical properties, osteogenic capacity, and
vascularity, and further optimization of TPMS scaffolds for
BTE has a promising future [18]. The porous bone scaffold
lightweight structure design aims to find a balance between
material consumption and overall performance, which means
that the appropriate pores need to be designed in ideal loca-
tions for optimum performance [25]. Most research in BTE
involving TPMS structures focuses on comparing different
TPMS structures or contrasting TPMS structures with strut-
node lattice structures. For example, Maevskaia et al. [26]
compared the performance of three classic TPMS structures
(diamond, gyroid, and primitive) with traditional lattice struc-
tures as orthopedic implants. Li et al. [27] explored;the effects
of TPMS structures, cylindrical scaffolds, and cubic scaffolds
on osteogenesis and angiogenesis in vitro and in vivo. How-
ever, there is limited research on the ‘optimal porosity of a
specific TPMS structure. Therefore, this study combined two
sheet-like gyroid structures based on TPMS to design and
fabricate four double gyroid (DG) titanium alloy scaffolds
with different porosities (40%, 55%, 70%, and 85%). Based
on previous studies, this study fabricated a classic cubic struc-
ture titanium alloy: scaffold with 70% porosity as a control
group [28, 29]. The differences between the DG and cubic
structure in terms of osteogenesis and angiogenesis were com-
pared, and the optimal porosity of the DG structure for bone
growth and blood vessel formation was investigated. Scan-
ning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDS), and a universal testing machine (UTM)
were used to examine the surface morphology, elemental dis-
tribution, and mechanical properties of scaffolds. Cell experi-
ments were conducted to investigate the effects and mecha-
nisms of five groups of titanium alloy scaffolds on the osteo-
genic properties of bone marrow MSCs (BMSCs) and the
angiogenic capacity of human umbilical vein endothelial

cells (HUVECs). The New Zealand rabbit lateral femoral
condyle bone defect models were employed to evaluate the
angiogenesis and osteogenesis capabilities of each scaffold
group. The surface area, specific surface area per unit vol-
ume, and internal flow distribution characteristics of G and
DG structure scaffolds were further explored and compared.
This study aimed to investigate the role of titanium alloy po-
rous scaffolds with DG structures in angiogenesis and bone
repair and determine the optimal porosity for bone growth,
providing a foundation for further research on porous bone
scaffold structures suitable for human applications.

2 Materials and methods

2.1 Design and preparation of porous
Ti6Al4V scaffolds

This study used the computer-aided design software Rhinoc-
eros 6 and Grasshopper Plug-in (McNeal, Seattle, WA, USA)
to design Ti6Al4V porous scaffolds. The structural shape of
a TPMS-based scaffold was determined by a given math-
ematical function expression, and the structure was adjusted
by changing the corresponding function parameters. This
study-chose DG units to fabricate TPMS-based porous scaf-
folds. Four DG scaffolds with different porosities (40%, 55%,
70%, and 85%) were designed, which are sequentially named
DG40, DG55, DG70, and DG85. The DG structure was
defined by the following equation:

2.75(sin(2x)' sin(z)* cos (y) +
sin(2y)- sin (x)- cos(z) +
sin (2z)* sin(y)’ cos(x)) - 1(005(2x)' cos (2y) +
cos(2y)* cos(2z) + cos (2z)- Cos(2x)) =0

The control group scaffold had a traditional cubic structure
with a designed porosity of 70%, and it was named Cube.
The porous Ti6Al4V scaffold was manufactured using elec-
tron beam melting (EBM) technology (Q10 plus, Arcam AB
GE Additive, USA). The Arcam Ti6A14V ELI powder used
in the manufacturing process had a particle size of 45 to 100
um. After fabricating scaffolds, the powder was first removed
from micropores. A sandblaster was used to remove most of
the powder from the structure, and an ultrasonic cleaner was
used to remove as much of the remaining powder from the
scaffold as possible. The effectiveness of powder removal
was assessed through high-precision weighing (Fig. S2 in
the supplementary information) and micro-computed tomog-
raphy (CT) scanning. Scaffolds with minimal weight discrep-
ancies and those with micro-CT scans were selected, show-
ing negligible powder residues for subsequent experiments.
Before conducting cell and in vivo experiments, scaffold
groups underwent sterilization and drying processes.
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2.2 Material characterization of porous
scaffolds

The surface morphology and chemical composition of the
fabricated samples were analyzed by field emission SEM
(SU-8100; Hitachi, Japan) and EDS (IXRF3310; USA). The
three-dimensional (3D) structure of each group of Ti6Al4V
scaffolds was scanned and analyzed using micro-CT.

2.3 Mechanical properties of porous scaffolds

Compression tests were performed to evaluate the mechani-
cal properties of each group of porous Ti6Al4V scaffolds.
Porous Ti6Al4V scaffolds are cylindrical, 8 mm in height
and 5 mm in diameter. Four samples were tested in each
group (n=4). The tests were carried out using an electronic
UTM (WDW10 kN; Sinter, China) with a loading speed of
1.0 mm/min. The elastic modulus of the porous titanium
alloy scaffolds was determined from the linear deformation
region of the stress-strain curve obtained from compression
tests. Yield strength was determined from the first peak of
the stress-strain curve.

2.4 Invitro experiments

2.4.1 Cell culture

Rabbit BMSCs were isolated from 1-week-old New Zealand
White rabbits. Rabbit BMSCs were cultured in Dulbecco’s
modified Eagle’s medium/nutrient mixture F-12 (DMEM/
F-12; Cytiva, USA) containing 10% fetal bovine serum (FBS;
HyClone, USA) and 1% streptomycin-penicillin (Gibeo; USA).
BMSCs passed on to the second generation were selected
for experimental cell studies. HUVECs (iCell Bioscience Inc,
China) were cultured in high-glucose-DMEM (HyClone)
supplemented with 10% FBS and 1% streptomycin-penicillin.
Cells were cultured in an incubator at 37 °C, 5% CO; con-
centration, and 95% humidity.

2.4.2 Biocompatibility evaluation

Each set of scaffolds-was placed into a 48-well plate, and
BMSCs were inoculated on each set of scaffolds (Cube,
DG40, DG55, DG70, and DGS85) at a density of 5%10% per
well for culture. The medium was changed every 24 h.
Live/dead assay: a calcein-acetoxymethyl ester (AM)/prop-
idium iodide (PI) double staining kit (BestBio, China) was
used to assess the effect of each group of scaffolds on
BMSC viability. After coculture of BMSCs with each group
of scaffolds, scaffolds were collected at the predicted times
(1, 3, and 5 d). This approach provided a continuous timeline
for visually observing cell growth and survival on scaffolds
in each group. Scaffolds were transferred to new 48-well
plates before each staining. Live and dead cells were stained
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with calcein-AM and PI according to the manufacturer’s
protocol. After staining, cells were transferred to a fluores-
cence microscope (Olympus, Japan) protected from light
for observation.

Cell morphology assay: BMSCs were collected on Day 3
after coculture with each group of scaffolds. Scaffolds were
transferred to new 48-well plates. Staining was performed with
fluorescein isothiocyanate-phalloidin (Yeasen, China) for fila-
mentous actin and 4',6-diamidino-2-phenylindole (DAPI) for
nuclei. After staining, cells were transferred to a fluorescence
microscope (Olympus) protected from light for observation.

Cell proliferation assay: the proliferation status of BMSCs
on each group of scaffolds was examined using a cell count-
ing kit-8 (CCK-8; Bioss, USA). Scaffolds were collected on
Days 1, 3, and 5 after coculture. At-each time point, scaffolds
were transferred to new 48-well plates. The 10% CCK-8 work-
ing solution was added to each-well. After incubation at 37 °C
for 2 h protected from light, the absorbance (OD) values of
each group were determined at 450 nm using an enzyme
marker.

2.4.3 Evaluation of vascularization performance

Wound healing assay: each set of scaffolds was placed into
a 12-well plate, and HUVECs were inoculated into each well
at a-density of 2x10° per well. When HUVEC confluence
reached 100%, a straight line through the middle of cells was
drawn in each well using a sterile gun tip. The medium was
replaced with a serum-free medium. Initial and healing images
of the scratches were taken with an inverted microscope
(Olympus) at 0 and 24 h, respectively. The area of the scratch
before and after healing was measured using ImageJ version
1.54, and the rate of scratch wound healing was calculated.

Transwell migration assay: transwell cell culture inserts
(8 pm pore size; Corning Costar, USA) were used to assess
the vertical migration capacity of HUVECs on each set of
scaffolds. Each group of scaffolds was placed in a 48-well
plate, and HUVECs were inoculated onto each group of scaf-
folds at a density of 1x10° per well. After coculture for 48 h,
HUVEC: from each group of scaffolds were resuspended and
seeded into the upper chamber containing serum-free medium.
The lower chamber contained complete DMEM with 5%
FBS. After 8 h culture, the filter membrane in the upper cham-
ber was removed, and cells on the upper layer of the mem-
brane were gently wiped off with a cotton swab, after which
they were rinsed clean with phosphate-buffered saline (PBS),
and the lower layer of cells was stained with crystal violet.
After staining, cells were observed and photographed with
an inverted microscope. Counting was performed in three
random microscope fields using ImageJ version 1.54.

Tube formation assay: tube formation assay was per-
formed using Matrigel matrix (Corning, USA) to detect the
effect of each group of scaffolds on promoting angiogenesis.
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The groups of scaffolds were placed into 48-well plates, and
HUVECs were inoculated onto each group of scaffolds at a
density of 1x10° per well. After 48 h coculture, HUVECs
on each group of scaffolds were resuspended and inoculated
onto the surface of the cured matrix gel. After 8 h incuba-
tion, HUVECs were observed under the light microscope
(Olympus) and photographed. The junctions were calculated
using ImageJ version 1.54 and quantified using the Angio-
genesis Analyzer plug-in.

Quantitative real-time polymerase chain reaction (QPCR) of
angiogenesis-related genes: angiopoietin-1 (ANG-1), hypoxia-
inducible factor-1a (HIF-1a), and vascular endothelial growth
factor (VEGF) expression was assessed at 5 d of coculture.
The RNAsimple Total RNA Kit (Tiangen, Beijing, China)
was used to extract total RNA. RNA was converted to comple-
mentary DNA (cDNA) using the SureScript™ First-Strand
cDNA Synthesis Kit (Genecopoeia, USA). gPCR assays were
performed using the BlazeTaq™ SYBR@ Green gPCR Mix
2.0 kit (Genecopoeia) and LightCycler 480 machine (Roche
Co., Ltd., Switzerland). The housekeeping gene was glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH). The prim-
ers for the above genes are listed in Table S1 (Supplemen-
tary Information).

2.4.4 Evaluation of osteogenic properties

Scaffolds were placed in 48-well plates, and BMSCs were
inoculated on each set of scaffolds at a density of 1x10° per
well. BMSCs were cultured in basal medium for 3 d and
changed to bone medium (basal medium containing 10 mmol/L
-glycerophosphate disodium, 10 nmol/LL dexamethasone, and
50 pg/mL ascorbic acid). The medium was changed every
48 h. The ability of each group of scaffoldsto induce BMSC
osteogenic differentiation was evaluated after 7 and 14 d of
osteogenic induction.

Alkaline phosphatase (ALP) activity and staining assay:
ALP staining was performed using the BCIP/NBT ALP Color
Development Kit (Beyotime, China). Briefly, scaffolds were
removed on Days 7 and 14, respectively, washed with PBS,
fixed with 4% paraformaldehyde for 10 min, and stained with
the color development solution. Staining was observed and
photographed using the stereomicroscope (BX51TF; Olym-
pus). ALP quantification was performed using the ALP Assay
Kit (Beyotime). Scaffolds in 48-well plates were removed on
Days 7 and 14, respectively, and transferred to new 48-well
plates. The ALP activity of BMSCs on each group of scaffolds
was assayed according to the manufacturer’s instructions.

Alizarin red S (ARS) staining and quantification: the
ARS staining solution (Beyotime) was used to evaluate the
formation of calcified mineral nodules on each group of
scaffolds. Briefly, groups of scaffolds were first taken out,
and the samples were washed with PBS, after which they
were fixed with 4% paraformaldehyde for 10 min and stained

with ARS staining solution for 30 min, after which the
samples were washed with PBS and finally observed and
photographed with the stereomicroscope (BX51TF; Olym-
pus). After the ARS staining experiment was completed, the
samples were transferred to new 48-well plates, and the cal-
cified mineral nodules on the samples were dissolved using
10% cetylpyridinium chloride (Aladdin, China). The OD
values of each group of cells were measured at 562 nm using
an enzyme labeler.

gPCR of osteogenic-related genes: Runt-related transcrip-
tion factor 2 (RUNX?2), osteopontin (OPN), osteocalcin (OCN),
and ALP osteogenic-related gene expression was assessed
after 14 d of coculture. The experimental procedure was
similar to that for detecting angiogenic. genes. The primers
for the above genes are listed in.Table S2 (Supplementary
Information), and the housekeeping gene was GAPDH.

2.5 Invitro experiments

2.5.1 Constructionof critical bone defects and
implantation of scaffolds

Forty healthy male New Zealand Large White rabbits, aged
6—8 weeks and weighing 2.5-3.5 kg, were selected from the
Laboratory Animal Center, College of Basic Medical Sci-
ences, Jilin University, China. Rabbits were well treated dur-
ing the experiment and were randomly numbered and divided
into five groups according to the implanted porous titanium
alloy scaffolds (Cube, DG40, DG55, DG70, and DGS85
groups). Anesthesia was performed by intramuscular injec-
tion of xylazine hydrochloride (0.1 g/mL, 0.15-0.20 mL/kg).
The rabbit was well immobilized, and local anesthesia was
administered by subcutaneous injection of lidocaine into the
femoral condyle. Femoral condyles were exposed, and a
cylindrical bone defect with a diameter of 5 mm and a depth
of 8 mm was made in the middle of the epiphysis with a
bone drill. Porous titanium alloy scaffolds from different
groups were randomly implanted on both sides of femoral
condyles in an in vivo experiment, and rabbits were identi-
fied by ear tags. Penicillin was injected continuously for 3 d
after surgery.

2.5.2 Vascular perfusion procedures

New Zealand rabbits were perfused with Microfil (MV-120;
Flow Tech, USA) on Week 6 after implantation surgery to
assess angiogenesis during bone regeneration. First, New
Zealand rabbits were anesthetized using intramuscular injec-
tion of xylazine hydrochloride (0.1 g/mL, 0.15-0.20 mL/kg).
The thorax was opened, and the left ventricle and inferior
vena cava were exposed. An infusion needle was cannulated
and secured at the left ventricular apex. Heparinized saline
and 50 mL mixed Microfil solution were perfused from the

@ Springer



Bio-Design and Manufacturing

inlet (left ventricular apex) to the outlet (inferior vena cava),
and the perfusion was successful when blue contrast fluid
flowed out of the outlet. Perfused New Zealand rabbits
were stored at 4 °C overnight to ensure polymerization of
the contrast medium, and femoral specimens were retrieved
and collected the next day.

2.5.3 Micro-CT evaluation

On Weeks 6 and 12 of implant placement, experimental ani-
mals were euthanized by carbon dioxide euthanasia, and femo-
ral condyle samples were collected and immediately fixed
with 4% paraformaldehyde. The samples were tomographi-
cally scanned using a micro-CT scanner (SkyScan 1076 scan-
ner, Belgium). Structural images of new bone tissue and
scaffolds were reconstructed and visually evaluated. The cylin-
drical area in the sample where the scaffold was located
was set as the region of interest (ROI). Bone formation was
quantitatively analyzed based on micro-CT data, including
bone volume/total volume ratio (BV/TV), trabecular separa-
tion (Tb.Sp), and trabecular thickness (Tb.Th).

On Week 6 of implant placement, samples containing
angiographic contrast agents were obtained by performing a
vascular perfusion procedure on experimental animals. The
samples were fixed with 4% paraformaldehyde immediately
after collection. A micro-CT scanner was used to tomograph
a 2 mm area around the sample. Neovascularization images
were reconstructed and visually evaluated.

2.5.4 Histological assessment

After micro-CT scanning, paraformaldehyde-fixed:samples
were dehydrated using a gradient ethanol solution (70% —
100%, mass fraction), after which the samples were embed-
ded in polymethylmethacrylate. The embedded tissue
blocks were cut into 150-mm-thick’ sections using an ultra-
hard tissue slicer, polished, and sanded to 40 mm. Tissues
were stained with hematoxylin-and-eosin (H&E) and histo-
logically analyzed using Masson trichrome staining.

2.5.5 Immunohistochemistry (IHC) assessment

IHC staining was. performed for cluster of differentiation 31
(CD31; Bioss, China), VEGF (Bioss, China), HIF-1a (Affin-
ity, China), ALP (ABclonal, China), and RUNX2 (ABclonal).
Briefly, specimens were obtained at six weeks. The samples
were placed in 4% paraformaldehyde for fixation and decal-
cified. Scaffolds were slowly removed at the end of decalci-
fication, and the remaining samples were embedded in paraf-
fin. For each sample, serial sections were cut at different
levels (with a 1-mm gap between levels). The sections were
dewaxed, washed, hydrated, and closed with serum, fol-
lowed by incubation, staining, restaining, and dehydration
with primary and secondary antibodies.
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2.6 Computational fluid dynamics analysis

The detailed experiments and methods are attached in Sec-
tion S1 (Supplementary Information).

2.7 Statistical analysis

Data were statistically analyzed using GraphPad Prism version
8.0 and expressed as the mean+standard deviation. One-way
analysis of variance was used to compare the experimental
results. P<0.05 was considered statistically significant.

3 Results

3.1 Surface morphology and composition of
porous Ti6Al4V scaffolds

This study designed two scaffolds based on previous studies
and experimental requitements [30, 31]. Cylindrical scaffolds
(10 mm diameter and 2 mm height) were used for in vitro
cellular experiments. Cylindrical scaffolds (5 mm diameter
and 8 mm height) were used for characterization and in vivo
experiments. Five groups of porous Ti6Al4V scaffolds were
successfully manufactured by EBM technology (Fig. S1 in
Supplementary Information). Four groups of porous titanium
alloy scaffolds based on the DG structure were designed with
porosities of 40%, 55%, 70%, and 85% (Fig. 1a), and porosi-
ties were 42.1%+0.3%, 55.4%+0.1%, 71.0%+0.2%, and
76.7%+0.3% after micro-CT measurement (Table S3 in
Supplementary Information). The lattice structure-based po-
rous titanium alloy scaffolds were designed with 70% poros-
ity, and the measured porosity was 70.4%=+0.2% (Fig. 1a).
Micro-CT images (Fig. S3 in Supplementary Information)
and SEM scans (Fig. 1b) of the porous samples showed that
the scaffold unit structures in each group are well-aligned and
meet design requirements. The pores are interconnected, with
no visible cracks or impurities. Metal particles of Ti6Al4V
powder melted by the electron beam during EBM manufactur-
ing were present on all scaffold surfaces. EDS results showed
that fabricated Ti6Al4V porous scaffolds have typical Ti, Al,
and V peaks, and the weight percentages of each element
were close to those of standard Ti6Al4V, indicating that no
contamination events occurred during the fabrication process.

3.2 Maechanical properties of porous Ti6Al4V
scaffolds

To evaluate the structural stability and fracture strength of
each group of scaffolds, in vitro compression tests were per-
formed. The designed porosity, actual porosity, and mechani-
cal performance data for each group of scaffolds are shown
in Table S3 (Supplementary Information). The stress-strain
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Fig. 1 Characterization of each group of porous titanium alloy scaffolds. (a) Models of conventional lattice-structured scaffolds and four dual
gyro-structured scaffolds with different porosities. (b) Observation of microporous features and an indication of the morphology of each group
of scaffolds by SEM. (c) Elemental analysis of the prepared titanium alloy scaffolds by EDS. (d) Stress-strain curves of scaffolds. (e) Young’s
modulus of scaffolds. (f) Compressive strength of scaffolds (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; n=4). SEM: scanning electron mi-
croscopy; EDS: energy-dispersive X-ray spectroscopy; DG: double gyroid.
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curves, Young’s modulus, and compressive strength of each
group of scaffolds are shown in Figs. 1d-1f. Scaffolds showed
excellent mechanical properties in terms of strength. Differ-
ent porosities of porous titanium alloy scaffolds of the same
structure led to different compressive strengths and elastic
moduli. In the DG groups, the elastic modulus and compres-
sive strength of scaffolds decreased as the porosity increased.
When the porosity was 70%, scaffolds in the Cube group ex-
hibited higher elastic modulus and compressive strength
than those in the DG70 group.

3.3 Adhesion and proliferation test results of
BMSCs on scaffolds

To investigate the cytocompatibility of scaffolds in each
group, live/dead cell staining was used to visualize BMSC
proliferation on scaffolds (green). In Fig. 2a, the intensity of
green fluorescence on scaffolds increased gradually with the
prolongation of the cell culture period, indicating a signifi-
cant increase in the number of BMSCs on scaffolds. CCK-8
assay was used to quantitatively evaluate the cell viability
and proliferation activity of BMSCs on different scaffolds
(Fig. 2c; Table S4 in Supplementary Information). Over time,
groups of scaffolds supported cell proliferation. On Days 1, 3,
and 5, the cell viability (OD values) of the DG70 group was
0.501040.0079, 0.8777+0.0155, and 1.204+0.0333, whereas
those of the Cube group were 0.4327+0.0025, 0.7573+
0.0143, and 1.031040.0445, respectively. Statistical analysis
showed that the OD values of the DG70 group were signifi-
cantly higher than those of the Cube group, indicating that the
DG70 group has significantly better cell proliferation.capac-
ity than the Cube group.

Fig. 2b shows F-actin (green) stained with phalloidin and
nuclei (blue) labeled with DAPI after 3 d of coculture of
each group of scaffolds with BMSCs. Tightly adherent and
uniformly distributed BMSCs could be seen on the scaffold
surface in each group. BMSCs on scaffolds in each group
showed a stretched state and prominent pseudopods. Upon
overall observation, the .actin filaments of BMSCs on scaf-
folds of the DG groups. were more fully stretched, their cyto-
skeletal area was. larger, and their fiber network was denser
than that of the Cube group. The actin filaments of BMSCs on
scaffolds of the DG55 group showed the most excellent duc-
tility. BMSCs on scaffolds of the Cube group showed poorer
ductility, with smaller individual cytoskeleton areas and closer
cell-to-cell distances, preventing cells from fully stretching.

3.4 Invitro angiogenic capacity evaluation

Scratch healing, Transwell, and tube formation assays were
performed on HUVECs to assess the angiogenic capacity of
scaffolds in each group. Scratch healing experiments showed
a healing trend in all groups (Figs. 3a and 3d). Overall, the
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healing effect was significantly greater in the DG70 group
than in the Cube group when the porosity was similar. In
the DG groups, as the scaffold porosity gradually increased,
the healing trend of cells in all groups was first from low to
high, and then from high to low. The DG55 group showed the
best healing effect, whereas the healing ability of the DG40
and DG70 groups was a bit poorer. Transwell experiments
confirmed similar results (Fig. 3b). In the Cube group, only
a few cells migrated in the medium containing low serum
concentrations. Quantification of the number of migrating
cells showed that significantly more HUVECs migrated in
the DGS5S5 group than in the other groups (Fig. 3e). Tube for-
mation assay also showed that the Cube group had a weaker
tube formation capacity than the other groups (Fig. 3c), as dem-
onstrated by quantitative analysis based on junctions. Figs. 3g
to 3i shows angiogenesis-related genes (ANG-1, HIF-1a, and
VEGF) expression after coculture’of HUVECs and scaffolds
for 5 d at the early stage of bone regeneration. Results showed
that the expression levels of ANG-1, HIF-1a, and VEGF were
significantly higher.in. the DG70 group than in the Cube
group when the scaffold porosity was similar. Overall, ANG-1,
HIF-1a, and VEGF levels were significantly higher in the
DGS55 group compared to other groups.

3.5 ~In vitro osteogenic capacity evaluation

Results of osteogenic differentiation are shown in Fig. 4,
where ALP is a biomarker of osteogenic differentiation, and
its expression indicates BMSC differentiation toward the
osteoblast lineage. ALP staining can visualize the effect of
each group of scaffolds on the osteogenic differentiation of
BMSC:s. In Fig. 4a, the blue material after ALP staining could
be seen on the surface of all five groups of scaffolds for osteo-
genesis induction compared to silver-white initial scaffolds.
Overall, ALP staining was darkest at 7 d of induction and
became lighter after 14 d of induction. At both time points,
the DG55 group of scaffolds had the darkest ALP staining
compared to scaffolds of the other groups. Further ALP quan-
tification experiments made it clearer that the DG5S group had
the highest ALP activity and was significantly different from
the other groups (Fig. 4b). Comparing the scaffolds of Cube
and DG70 groups with similar porosities, the DG70 group of
scaffolds with the TPMS structure had higher ALP activity.
ARS staining visualized the extent to which different
groups of porous scaffolds affected the mineralization of the
outer matrix of BMSCs (Fig. 4c). On Day 7, BMSCs on the
scaffold surface in each group began to form light-red min-
eralized nodules compared to the initial scaffolds. The DG55
group had the deepest mineralized nodules on the scaffold
surface. ARS semiquantitative experiments showed statisti-
cally significant differences in the mineralization degree of
scaffolds in the DG55 group compared to scaffolds of other
groups (Fig. 4d). On Day 14, mineralized nodules on the
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Fig. 2 Biocompatibility, cell morphology, and activity of BMSCs on scaffolds. (a) BMSCs on scaffolds stained with a live/dead staining kit after 1,
3, and 5 d of coculture. (b) Representative cytoskeletal and nuclear staining images of BMSCs on each group of scaffolds after 72 h. (c) BMSC
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proliferation cultured on each group of scaffolds as assessed by the CCK-8 kit on Days 1, 3, and 5 ('p<0.05, *"p<0.01, “"p<0.001, p<
0.0001; n=3). BMSCs: marrow mesenchymal stem cells; CCK-8: cell counting kit-8; DAPI: 4’,6-diamidino-2-phenylindole; DG: double gyroid;

OD: absorbance.
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Fig. 3 Angiogenic capacity of HUVECs on scaffolds in each group. (a) Representative images of HUVECs migrating in different groups at spe-
cific time points (0 and 24 h). (b) Representative images of HUVECs migrating to the lower surface after 8 h (stained by crystal violet). (c) Rep-
resentative images of tube formation of HUVECsS after 8 h incubation on a matrix gel. (d) Quantitative analysis of the scratch healing assay.
(e) Quantitative analysis of migration in the Transwell assay. (f) Quantitative analysis of endothelial cell-forming branching points in the tube
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0.0001; n=3). HUVECs: human umbilical vein endothelial cells; ANG-I: angiopoietin-1; HIF-1a: hypoxia-inducible factor-1o; VEGF: Vascular
endothelial growth factor; DG: double gyroid.

@ Springer



Bio-Design and Manufacturing

11

Cube DG40

—

Initial sample ©
—

DG55

DG70

Day 7

Day 14

—~
(¢)
~

Initial sample

Day 7

—
()
—

ALP

—
=
=

OPN

2.0 7 rex wwwx Bk wkwk

Akk Kkkk

Ak Rk Kk *

1.5 4

1.0 4

0.5

Relative mRNA expression level
Relative'mRNA expression level

0.0 -
] Q
8 W
& L

NN
o0 A
000

\a}
xo}
S ©

Q

e N D N H
& F & F

S
TP IS

)

Relative mRNA expression level

DG85

Ak
*x

I Cube
[C1DG40
[ DG55
DG70
[ DG85
d -
(d w I
0.4
- I N S W
8 0.3
g
= . Il Cube
8 0.2 wxk dkk ok I DG40
[=
g Kk KkAK - DG55
9 0.1 DG70
2 B DG85
0.0 -
Day 7 Day 14
RUNX2 (h) OCN
st
= 1
20 - g 4 xk T
= | me e
kKK HRKK kKK KK 9
15 3 37
S
5,
10 <
p4
1
€1
1)
=
ke
go-
NN géo /(:> ng o ts> Q;D /(:) Q;D
o 00 00 00 00 o 00 00 <>C’) 00

Fig. 4 Osteogenic differentiation ability of BMSCs on each group of scaffolds. (a) ALP staining of each group of scaffolds after coculture with
BMSC:s for 7 and 14 d..(b) ALP quantification experiments of each group of scaffolds after coculture with BMSCs for 7 and 14 d. (c) ARS staining
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cocultured with BMSCs (“p<0.05, “p<0.01,

p<0.0001; n=3). BMSCs: marrow mesenchymal stem cells; ALP: alkaline phos-

phatase; ARS: alizarin red S; OPN: osteopontin; RUNX2: Runt-related transcription factor 2; OCN: osteocalcin; DG: double gyroid.

scaffold surface in each group further deepened to dark red,
with DG55 group scaffolds remaining the most deeply min-
eralized. There was a statistical difference in the degree of
mineralization between scaffolds of the Cube and DG70
groups, which had similar porosities, and scaffolds of the
DGT70 group had a better degree of mineralization. Results
of the osteogenesis-related qPCR assay showed that on the

Day 14 of coculture of BMSCs with scaffolds, the DG55
group showed the highest expression of osteogenic genes,
especially ALP and RUNX2, compared to other groups
(Figs. 4e—4h). At similar porosity, ALP, RUNX2, and OPN
expression levels were higher in DG70 group scaffolds than
those in Cube group, whereas OCN expression was not sig-
nificantly different between the two groups.
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3.6 Micro-CT

The repair effect of the five groups of scaffolds was evalu-
ated by constructing the critical-size rabbit lateral femoral
condyle bone defects (Fig. S4). Micro-CT measurements were
performed on postoperative Weeks 6 and 12 to assess new
bone formation. Micro-CT reconstructed images (Fig. 5a) and
quantitative measurement data of BV/TV (Fig. 5b), Tb.Th
(Fig. 5¢), and Tb.Sp (Fig. 5d) demonstrated the bone forma-
tion on scaffolds in each group in detail. Over time, new bone
tissue readily grew into the deeper layers of the scaffold net-
work. A significant excess of new bone tissue in scaffolds of
DGS55 and DG70 groups over the other groups was observed
within the 6th week. After 12 weeks, further growth of bone
Cube

DG40 DG55

(a) DG70

DG85

Week 6

Cube DG40 DG55 DG70

Week 12

Cube DG40 DG55

DG85

tissue was observed in all groups, with more new bone tissue
in the DG55 group than in the DG70 group, and the differ-
ence was statistically significant. With similar porosity, there
was more new bone tissue in the DG70 group than in the Cube
group, with a statistically significant difference. The Tb.Th
of the new bone tissue showed that it was greater in DG40
and DG55 groups than in the other groups on Week 6; the
difference in Tb.Th between the groups gradually decreased
on Week 12 (Fig. 5¢). The Tb.Sp of the new bone tissue for-
mation showed that the Tb.Sp of Cube and DG40 groups
was greater than that of the other groups on Week 6; the dif-
ference between the Tb.Sp of the Cube and DG40 groups
and that of the other groups increased on Week 12, and the
difference was statistically significant (Fig. 5d).
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Fig. 5 Micro-CT analysis of new bone formation at 6 and 12 weeks. (a) Reconstructed images of new bone and scaffolds at 6 and 12 weeks. At
6 and 12 weeks, the regenerated bone in the porous scaffolds was analyzed for BV/TV (b), Tb.Th (c), and Tb.Sp (d). (e) Representative recon-

structed images of neovascularization on Week 6 ("p<0.05, " p<0.01,

sk

p<0.001,
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p<0.0001; n=3). BV/TV: bone volume/total volume;

Tb.Th: trabecular thickness; Tb.Sp: trabecular separation; DG: double gyroid.
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This study used microangiography to analyze vessel forma-
tion around scaffolds in each group. Because the CT values
of the Microfil contrast agent and Ti6Al4V were almost the
same, and the angiographic images inside scaffolds were sus-
ceptible to artifacts of Ti6Al4V, it was more difficult to dif-
ferentiate between the vessels and Ti6Al4V. Therefore, based
on previous studies, a 2-mm region around the scaffold as the
ROI was selected to indirectly reflect vascular formation [32].
On postoperative Week 6, reconstructed images of peri-
scaffold angiogenesis in five groups were obtained by contrast
perfusion, decalcification, and micro-CT scanning and recon-
struction (Fig. 5e). Compared to the Cube group, the DG70
group exhibited tubular vessels growing around scaffolds.
Among DG groups, the DG55 group showed more tubular
vessels surrounding scaffolds. The above results indirectly
reflected that DG group scaffolds were more favorable for

early vessel growth and attachment. DG group scaffolds with
55% porosity had the best ability to induce vessel formation.

3.7 Histological analysis

This histologic analysis aimed to examine the presence of
osteogenic bone in each group of scaffolds. Longitudinal sec-
tions of bone specimens could show the status of scaffolds
and new bone formation in bone defects. When H&E-stained
sections were observed six weeks after implantation, no obvi-
ous inflammatory reaction or necrosis was observed in all
groups, indicating that scaffolds had good biocompatibility
(Fig. 6a). Newly formed bone tissue was. observed at the
interface between the scaffold and the defect in all groups.
H&E staining at 12 weeks of implantation showed a gradual
increase in new bone tissue in ali- groups, with a further
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Fig. 6 Histological staining of hard tissue sections of scaffolds implanted in vivo on Weeks 6 and 12. The black area is the scaffold section, and
the magnified image is shown in the red box. (a) H&E staining reveals new bone tissue stained in pink. (b) Masson trichrome staining. Bone tissue
with low maturity was stained blue; as bone maturity increased, the content of type I collagen fibers rose, and bone tissue with high maturity

was stained red. H&E: hematoxylin-and-eosin; DG: double gyroid.
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increase in the depth of long entry. The newly formed bone
tissue was more pronounced in the DG55 group, and the
thickness of the formed bone tissue was relatively larger.
Masson trichrome staining results confirmed that the DG70
group had more type I collagen fibers than the Cube group,
which had similar porosity (Fig. 6b). Among DG groups,
the DG55 group had the most type I collagen fibers.

3.8 IHCanalysis

IHC staining tests on samples at Week 6 (peri-scaffold area)
were performed to further investigate vascular regeneration
and bone regeneration at the scaffold-bone interface (Fig. 7a).
Anti-ALP and anti-RUNX2 were used to label osteogenic
marker expression in tissues. Compared to the Cube group,
osteoblasts on the bone trabeculae surrounding scaffolds in
the DG70 group had more positive expression. Anti-CD31
and anti-VEGF were used to label blood vessels in the tissue.
A higher vessel density was seen in the DG70 group com-
pared to the Cube group. HIF-1a expression was also exam-
ined in the tissues. Positive HIF-1a expression was observed
in the vessels of the scaffold periprosthetic tissue in the DG70
group compared to the Cube group.

4 Discussion

Segmental bone defects are a significant challenge for ortho-
pedic surgeons. Although autologous bone grafting is the gold

Cube

RUNX2

VEGF CD31

HIF-1a

DG55

standard for treating such bone defects, the scarcity of bone
donors, the cost, and the risk of the procedure hinder clinical
applications [33]. With the development of BTE technology,
Ti6Al4V implants are widely used in treating segmental bone
defects due to their good biological properties, excellent
mechanical strength, and mature processing technology [34].
Bionic porous optimization strategies for titanium alloy scaf-
folds effectively promote osseointegration at the prosthesis
and implant interface [35, 36]. TPMS structures are receiving
increasing attention for their excellent mechanical properties
and desirable biomorphic features [16]. Specifically, because
the mean surface curvature of the TPMS structure is zero,
prostheses with this structure allow for an-even distribution
of the stresses to which they are subjected, avoiding implant
failure due to stress shielding [37].. The zero-curvature sur-
face of TPMS induces stress fiber reorganization and nucleus
deformation of cells, promoting the osteogenic differentia-
tion ability of human MSCs and the vascular differentiation
ability of HUVECs [20]. Therefore, porous titanium alloy
scaffolds based on. TPMS structures are expected to expand
the new application prospects of titanium alloy materials. At
present, exploring the osteogenic properties of TPMS struc-
tures in BTE mainly focuses on comparing different TPMS
structures or TPMS with strut-node lattice structures. For ex-
ample, Shen et al. [38] investigated the relationship between
early bone conduction behavior and a series of scaffolds with
TPMS pore structures (diamond, s-diamond, gyroid, s-gyroid,
and Schoen's I-graph-wrapped package IWP)). Lu et al. [39]
evaluated the bone regeneration capability of scaffolds with

DG70 DG85

Fig. 7 THC tissue staining at the scaffold junction and bone defect on Week 6. Anti-ALP and anti-RUNX2 were used to label osteogenesis-
related protein expression in tissues. Anti-CD31 and anti-VEGF were used to label angiogenesis-related protein expression in tissues. Anti-HIF-1o
was used to label hypoxia-related protein expression in tissues. ALP: alkaline phosphatase; RUNX2: Runt-related transcription factor 2; CD31:
cluster of differentiation 31; VEGF: vascular endothelial growth factor; HIF-1a: hypoxia-inducible factor-1a; DG: double gyroid.
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three representative pore morphologies (cross-column, dia-
mond, and gyroid). However, fewer studies reported the op-
timal porosity for specific TPMS structures suitable for vas-
cular and bone regeneration. Inspired by natural bone tra-
becular structures, this study designed and fabricated a DG
titanium alloy scaffold based on TPMS structures and ex-
plored the optimal porosity of this scaffold structure suit-
able for angiogenesis and osteogenesis.

In this study, four DG scaffolds with the TPMS structure and
one cubic scaffold with the classical lattice structure were suc-
cessfully manufactured using EBM technology with designed
porosities of 40%, 55%, 70%, 85%, and 70%, respectively.

This study conducted visual inspection, SEM examina-
tion, and micro-CT scanning of the prepared scaffolds and
endeavored to select scaffolds with fewer cracks for subse-
quent experiments. SEM images showed the presence of
uniformly distributed metal particles on the surface of each
group of scaffolds. Surface roughness can promote and hin-
der cell adhesion and growth depending on the severity of
the roughness [40]. Moderate roughness provides a larger
surface area and more adhesion points, which can enhance
cell adhesion and growth [41]. Porous scaffolds implanted
in load-bearing sites should have mechanical properties that
match those of the surrounding tissue [27]. Young’s modulus
of the human cancellous bone varies between 0.1 and 2.0 GPa,
and the compressive strength of cancellous bone ranges
from 2 to 20 MPa [42]. The Young’s modulus of porous
scaffolds fabricated by EBM ranged from ~926.2+51.3 to
2286.0+58.3 MPa, and their compressive strength ranged from
~46.0+2.7 to 247.9+14.6 MPa. Except for the scaffolds of
DG40 group whose Young’s modulus was slightly higher
than this range, the Young’s modulus of the othetfour groups
of scaffolds was within this range, indicating that the elastic
modulus of these five scaffolds and the host'bone tissue can be
well matched, effectively reducing the stress shielding effect.
The high compressive strength of scaffolds can provide better
mechanical support for the implantation site [5].

This study assessed the cytocompatibility of each group
of scaffolds by live/dead staining and CCK-8 assay. The
cell morphology of BMSCs on each group of scaffolds was
evaluated by immunofluorescence staining. The cytocom-
patibility assay showed that the number of viable cells on
scaffolds in the DG70 group was significantly higher than in
the Cube group with similar porosity. Immunofluorescence
showed that the fibrillar actin extension of BMSCs located
on DG70 group scaffolds was longer, and the overlap of
reticular fibers between cells was more densely packed than
that in the Cube group. This is mainly attributed to the
unique local pore curvature of DG group scaffolds with the
TPMS structure. Previous studies have shown that tissue
regeneration positively correlates with the curvature of the
surface on which it resides [43, 44]. Therefore, scaffolds
with a DG structure are more beneficial for tissue regenera-

tion than planar structure scaffolds. In the DG groups, the
number of live cells on scaffolds in each group first gradu-
ally increased and then gradually decreased as the scaffold
porosity gradually increased. The number of live cells of
BMSCs on scaffolds in the DG55 group was the highest. As
observed by immunofluorescence, BMSCs on DG55 group
scaffolds had a longer extension of fibrillar actin with bundle-
like distribution. This could be explained by the size of the
pore space between the bilayer lamellae of DG scaffolds.
Because fabricated DG scaffolds were made by combining
two gyroid sheets, the pore space between the two gyroid
sheets could be increased by increasing the DG scaffold po-
rosity. A larger space allows for a better supply of oxygen
and nutrients, permitting better BMSC proliferation [45]. As
the pore space increases, the distance between cells located
on the two sheet-like gyroid faces(gradually increases, result-
ing in a gradual increase in the‘distance between cell junc-
tions. Therefore, BMSCs, on DGS55 group have a thicker and
longer fiber-like actin. However, as the pore space increases,
the junction ability between cells weakens, resulting in a more
restricted distribution of fibrillar actin on scaffolds in DG70
and DGS85 groups. Stress fibers between neighboring cells
generate interaction forces, promoting cell proliferation [46].
As the .porosity increases, the distance between adjacent
gyroid.surfaces becomes too large and unfavorable for junc-
tion 'and interaction between neighboring cells. Therefore,
fewer viable cells on DG70 and DGS85 group scaffolds would
be observed.

Bone is one of the tissues with the richest vascular net-
work in the body, and blood vessel formation plays an inte-
gral role in bone regeneration [47]. The vascular network
provides transportation of cells, oxygen, nutrients, and waste
products for bone regeneration and signaling molecules
related to bone repair [48]. The effects of the five scaffolds on
HUVECs were analyzed using scratch healing experiments,
Transwell migration, and tube formation experiments. Results
showed that DG70 group scaffolds significantly enhanced
the migration, invasion, and tube formation of HUVECs com-
pared to the Cube group scaffolds with similar porosity. DG55
group scaffolds exhibited the optimal ability to promote
HUVEC migration and invasion in DG groups. Significant
upregulation of angiogenesis-related gene (ANG-1, HIF-1a,
and VEGF) expression was observed in DG70 group scaf-
folds compared to Cube group scaffolds. Among DG groups,
the DGS55 group had the most significant expression of angio-
genic genes. These findings were confirmed by subsequent
in vivo experimental angiogenesis micro-CT results. Previous
studies have shown that the YAP/TAZ pathway transduces
mechanical signals exerted by the extracellular matrix and cell
geometry to regulate HUVEC proliferation, migration, and
survival and to control angiogenesis and vascular remodel-
ing [49, 50]. Li et al. [27] demonstrated that the unique pore
curvature of the TPMS structure compared to the lattice-
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like structure activates the YAP/TAZ pathway and mediates
HUVEC migration and differentiation, explaining the results
observed in the above experiments. YAP/TAZ can also regu-
late the VEGEF signaling pathway, which is important in induc-
ing angiogenesis in vivo [51]. This was consistent with gPCR
results that detected high expression of the VEGF gene in
DG70 group scaffolds. HIF-1a is a hypoxia-dependent tran-
scriptional activator secreted by cells under hypoxic condi-
tions, which can also activate VEGF’s transcription [52]. In
qPCR, HIF-Ia gene expression on scaffolds in the DG70 group
was significantly higher than in the Cube group. Among DG
groups, DG55 group scaffolds exhibited the highest HIF-1a
gene expression, suggesting that DG group scaffolds with the
TPMS structure induce HUVECs to highly express HIF-1a
than lattice structure scaffolds when the porosity was similar,
whereas in the DG structure, scaffolds with 55% porosity in-
duced HUVEC:S to express the most HIF-1a genes. ANG-1
has a strong regulatory capacity for neovascularization and
significantly improves vessel maturation and stability [53].
HUVECs on DG70 group scaffolds expressed a higher ANG-1
gene expression than the Cube group. Among DG groups, the
DGSS5 group had the highest ANG-1 gene expression. The
above results suggested that DG group scaffolds with the
TPMS structure can significantly promote the maturation of
neovascularization compared to traditional cubic structure
scaffolds and that DG group scaffolds with 55% porosity
have the best ability to promote blood vessel maturation.
ALP is one of the markers of early osteogenic differentia-
tion and can be used as an indicator for evaluating tissue
calcification capacity and osteoblast activity [54]. On Days
7 and 14, the DG group exhibited higher ALP activity than
the Cube group at 70% porosity. Among DG groups, DG55
scaffolds demonstrated the highest ALP activity, consistent
with detecting ALP gene expression in gPCR. Mineralization
nodules are characteristic markers of osteoblast secretion to
form mineralized matrix in vitro[55]. The functional status
of terminal differentiation of osteoblasts can be assessed by
detecting mineralized nodules. Results of ARS chromo-
genic and semiquantitative experiments on Days 7 and 14
showed that the DG70_group had a higher degree of miner-
alization compared t0-'the Cube group. Among DG groups,
the DG55 group showed the highest degree of mineraliza-
tion. To further determine the effect of each group of scaf-
folds on the osteogenic differentiation of BMSCs, osteogenic-
related gene (ALP, OCN, RUNX2, and OPN) expression was
examined. RUNX2 is a key transcription factor for osteo-
blast differentiation, whereas OCN and OPN are markers
expressed during bone matrix mineralization [56, 57]. On
Day 14, the expression levels of all tested genes were
higher in the DG70 group than in the Cube group. Among
DG groups, the DG55 group showed the highest level of os-
teogenic gene expression, indicating that the osteogenic per-
formance of DG group scaffolds with the TPMS structure
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was superior to that of the traditional Cube group scaffolds
in the early and middle stages of osteogenic differentiation,
and DG group scaffolds with 55% porosity had the best
osteoinductive performance.

To further validate the conclusions of in vitro experi-
ments, scaffolds were surgically implanted into the lateral
femoral condyle of New Zealand rabbits. The micro-CT 3D
reconstruction and quantitative analysis showed that newly
formed bone tissues existed around and inside scaffolds in
each group. On Week 12, bone tissue formed on scaffolds of
the DG70 group exhibited higher formation and lower Tb.Sp
compared to scaffolds of the Cube group. Bone tissue formed
on DGS55 group scaffolds exhibited the highest formation
and lower Tb.Sp compared to other groups. As observed by
hard tissue section staining, there were-more newly formed
bone trabeculae on scaffolds in the DG70 group than in the
Cube group, and more type I.collagen fibers were formed.
Among DG groups, the DG55 group had the most bone tra-
beculae and type I collagen fibers. This means DG group
scaffolds can induce miore mature bone tissues than tradi-
tional lattice structure scaffolds. Among DG group scaffolds
with the same TPMS structure, scaffolds with 55% porosity in-
duced the most'mature bone tissue.

The reason for the differences in bone distribution between
different scaffold structures under conditions of similar poros-
ity can be explained by the following theory. First, the DG
scaffold surface with smooth and continuous hyperbolic sur-
faces has higher curvature than cubic scaffolds with flat sur-
faces. Previous studies have shown that curvature can drive
tissue growth and that tissue growth decreases from curved
to flat surfaces [58]. Zhang et al. [59] explored the effect of
curvature on osteogenesis through computerized and in
vivo experiments. They found that curvature can affect cyto-
kine distribution, which influences cellular activity, and that
greater curvature induces more bone deposition on the cur-
vier surface. Second, recent studies have shown that angio-
genesis and osteogenesis are coupled during bone repair [60].
A capillary subtype closely associated with osteogenesis, the
H-vessel, which exhibits strong positivity for CD31 and endo-
mucin (EMCN), can couple vascularization and bone regen-
eration in bone remodeling [61]. In this study, CD31 IHC
positivity was significantly higher in the DG70 group than
in the Cube group. Kusumbe et al. [62] found that HIF-1a
enhanced H-type angiogenesis and promoted the secretion of
potential angiogenic factors by osteoblasts. In IHC, the DG70
group exhibited stronger positive manifestations of HIF-1a,
VEGF, ALP, and RUNX2 compared to the Cube group, sug-
gesting that it may be the specific curvature of scaffolds in
the DG groups that promotes osteogenesis by facilitating
H-type vessel formation. When scaffold porosity is <70%,
the larger the porosity, the more favorable the bone forma-
tion; when scaffold porosity is >70%, greater porosity may
not be favorable for osteogenesis [28]. In this study, DG scaf-
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folds were unfavorable for osteogenesis when the porosity
was either >55% or <55%, whereas DG scaffolds with 55%
porosity exhibited the best osteogenic performance.

The traditional gyroid structure as a control group was
used to further explore the feasibility of the DG structure as
a scaffold framework. The surface area and specific surface
area per unit volume of gyroid and DG structure scaffolds
were measured, as shown in Fig. S5 (Supplementary Infor-
mation). At the same porosity, the surface area and specific
surface area per unit volume of the DG structure scaffolds
were significantly greater than those of gyroid structure
scaffolds. O’ Brien et al. [63] found a strong correlation be-
tween the scaffold specific surface area and cell attachment,
with the number of cells attached to the scaffold surface lin-
early increasing with the increase in the scaffold specific
surface area, suggesting that under similar porosity condi-
tions, the DG structure is more conducive to cell adhesion
and growth compared to the gyroid structure. Furthermore,
flow distribution characteristics within the scaffold will af-
fect cell adhesion, growth, and the transport of nutrients and
waste [64]. By comparing the fluid characteristics of DG
and gyroid structures at 37 °C (Fig. S6), the DG structure
exhibits more uniform and lower flow velocity characteris-
tics than the gyroid structure. This uniform low-flow veloc-
ity region facilitates cell adhesion and growth on the inner
surface of DG scaffolds [65].

5 Conclusion

In this study, four titanium alloy scaffolds with-different
porosities (40%, 55%, 70%, and 85%) of the DG structure
were designed and prepared, and traditional-cubic scaffolds
with 70% porosity were used as a control-group to system-
atically investigate the performance.of the DG structure in
bone repair. Compression tests showed that the mechanical
strength of the cubic structure was stronger than that of the
DG structure at 70% porosity. However, the elastic modulus
and compressive strengthof the DG group were still within
the range of normal cancellous bone. In vitro cellular experi-
ments showed that the local curvature characteristic of the
DG structure facilitated the proliferation and differentiation of
HUVECs and BMSCs compared to the conventional cubic
structure. DG scaffolds with 55% porosity exhibited the best
ability to promote osteogenesis and angiogenesis. In vivo
experiments demonstrated that new bone tissue and blood
vessels could grow well into the DG structure compared to
the classical cubic structure, and the DG structure with 55%
porosity was most favorable for bone and blood vessel regen-
eration. Compared to the classic G structure, the DG struc-
ture had a larger specific surface area per unit volume and
flow distribution characteristics that were more suitable for
tissue cell adhesion and growth. These findings indicated that

DG scaffolds based on TPMS structures effectively induce
angiogenesis and promote bone regeneration by optimizing
the design of the pore structure of titanium scaffolds, pro-
viding important design references and experimental bases
for applying titanium scaffolds in clinical bone defect repair.
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