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Abstract

The joint prosthesis plays a vital role in the outcome of total hip
arthroplasty. The key factors that determine the performance
of joint prostheses are the materials used and the structural de-
sign of the prosthesis. This study aimed to fabricate a porous
tantalum (Ta) hip prosthesis using selective laser melting (SLM)
technology. The feasibility of SLM Ta use in hip prosthesis was
verified by studying its chemical composition, metallographic
structure and mechanical properties. In vitro experiments
proved that SLM Ta exhibited better biological activities in pro-
moting osteogenesis and inhibiting inflammation than SLM
Ti6Al4V. Then, the topological optimization design of the femo-
ral stem of the SLM Ta hip prosthesis was carried out by finite
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element simulation, and the fatigue performance of the optimized prosthesis was tested to verify the biomechanical safety of the
prosthesis. A porous Ta acetabulum cup was also designed and fabricated using SLM. Its mechanical properties were then studied.
Finally, clinical trials were conducted to verify the clinical efficacy of the SLM Ta hip prosthesis. The porous structure could reduce
the weight of the prosthesis and stress shielding and avoid bone resorption around the prosthesis. In addition, anti-infection drugs
can also be loaded into the pores for infection treatment. The acetabular cup can be custom-designed based on the severity of bone
loss on the acetabular side, and the integrated acetabular cup can repair the acetabular bone defect while achieving the function of

the acetabular cup.
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Introduction

Hip replacement is a common surgical procedure with a high
success rate. More than one million total hip replacement surger-
les are performed worldwide each year, and this number contin-
ues to grow each year [1]. Total hip replacement can effectively
relieve pain and improve hip function in patients with advanced
arthritis of the hip and significantly improve the quality of life of
patients [2]. Hip prostheses, including the femoral stem, acetabu-
lar cup and femoral head, are the primary implants used in hip
replacement, and this technique has undergone continuous
advancements since the mid-century when Wiles, Charnley and
other pioneers performed the procedure. Statistics indicate that
the lifespan of hip prostheses is generally over 10years [1].
However, the primary reasons for prosthesis revision include
aseptic loosening, prosthesis dislocation, periprosthetic infection,
periprosthetic fracture and improper implant positioning [3]. The
objectives in optimizing the clinical efficacy of total hip joint
prostheses remain the prolongation of their service life, the

augmentation of joint function and the minimization of compli-
cation rates [4]. To achieve this goal, plasma spraying technology
was used to create hydroxyapatite coating at the interface be-
tween the lateral prosthesis and bone tissue, forming an osseous
binding between the prosthesis and bone tissue and enhancing
the osseointegration performance of the implant [5]. In recent
years, medical device companies have leveraged thermal spray
technology to spray titanium particles on the surface of the fem-
oral stem to obtain rough prosthesis bone contact interfaces [6].
Interestingly, the bone tissue grows into the rough titanium par-
ticle interface, forming a mechanical lock between the bone tis-
sue and the prosthesis [7]. Alternatively, a porous tantalum (Ta)
interface can be added at the interface between the prosthesis
and bone tissue, and the bone tissue can grow into the porous Ta
to achieve biological internal fixation, significantly reducing the
risk of prosthesis loosening [8]. Joint prostheses are commonly
made of metallic materials, given that they are subjected to high
loads during service. Upon implantation, a variety of proteins are

Received: April 03, 2024. Accepted: May 04, 2024
© The Author(s) 2024. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0001-8611-0558

2 | Regenerative Biomaterials, 2024, Vol. 11, rbae057

adsorbed on the surface of the implants, and wear particles are
also produced when the implants are rubbed with surrounding
tissues or other implants. Non-native proteins adsorbed on the
implant's surface recruit Me macrophages and induce M1 polari-
zation. The presence of wear particles further promotes M1 po-
larization. The resulting chronic inflammatory environment
causes the implants to be encapsulated by fibrous tissue while
activating osteoclasts, ultimately leading to the looseness of the
implants. Pro-inflammatory M1 macrophages are eventually
replaced by pro-regenerative M2 macrophages during the regen-
eration process. The prompt transition to M2 macrophages is
crucial for successful tissue regeneration. This phenomenon,
known as macrophage polarization, refers to the transformation
of macrophages into either the pro-inflammatory M1 or pro-
regenerative M2 phenotype. In recent years, there has been a
growing interest in utilizing immunoregulatory strategies based
on material design to enhance osteointegration and extend the
lifespan of implants [9].

In addition to material factors, the structural design of the
prosthesis plays an important role in its clinical performance.
While standardized joint prostheses currently hold a dominant
market position, they fail to accommodate the inherent anatomi-
cal variations present in individual patients. Moreover, the preva-
lence of refractory hip diseases, such as joint deformity,
prosthesis repair and joint function reconstruction after tumor
resection and infection, is increasing; yet, currently available tai-
lored joint prostheses are inadequate [4]. The emergence of addi-
tive manufacturing (AM) technology provides a new option for
processing and manufacturing technology in many fields [10].
AM technology facilitates the customization of joint prostheses
for individual patients. This customization considers the unique
joint anatomy of each patient, thereby ensuring an optimal fit be-
tween the prosthesis and the native joint. Additionally, AM tech-
nology enables the creation of intricate structural features that
are challenging to produce using traditional methods. These fea-
tures can include complex porous structures and intricate inter-
nal pore networks within prosthetic components [11]. Among
them, the application of micrometer-scale porous structures in
bone implants has attracted significant interest [12]. Numerous
in vivo animal experiments have shown that new bone tissue can
grow into porous structures of 200-800 um [13]. At the same time,
the elastic modulus of the porous metal implant can be signifi-
cantly reduced to a range close to the bone tissue, which can sig-
nificantly reduce the bone resorption problem caused by stress
shielding and achieve the long-term stability of the implant
in vivo [14]. Furthermore, additive manufacturing technology
enables the production of intricate structures that can be inte-
grated without screws or hinges. This enhances the prosthesis’s
dependability and minimizes issues such as potential loosening
post-implantation [10].

Additive manufacturing offers distinct benefits compared to
conventional manufacturing methods, such as rapid design itera-
tion, adaptability to complex geometries and cost efficiency for
producing intricate components [15]. Selective laser melting
(SLM) is a prevalent technique utilized in the production of metal
implants, known for its ability to achieve precise dimensional ac-
curacy and high material density, often with consistent repeat-
ability [16]. Among all kinds of medical metallic materials, Ta
has been proven to possess excellent biocompatibility and
osseointegration [17]. At the same time, it yields antibacterial
and anti-infection effects. Therefore, porous Ta is widely used as
orthopedic implant material in clinical practice [18]. This investi-
gation employed SLM to fabricate Ta samples. Subsequently,

in vitro experiments were conducted to compare the biological
properties of SLM-fabricated Ta with those of SLM-fabricated
Ti6Al4V. The polarization of RAW 264.7 macrophages on both
materials was systematically evaluated by assessing their polari-
zation state and cytokine secretion. Gene expressions and signal-
ing pathways of macrophages cultured on SLM Ta and SLM
Ti6Al4V were studied using transcriptomic analysis. Finally, we
fabricated a Ta hip joint prosthesis by SLM. The topological struc-
ture of the femoral stem was optimized by finite element simula-
tion, and the fatigue resistance of the prosthesis was tested by
fatigue test. Meanwhile, porous Ta acetabular cups were
designed and printed, and their mechanical properties were
tested. Clinical trials were conducted to preliminarily verify the
clinical efficacy of porous Ta hip prosthesis fabricated by SLM. In
addition, this study investigated the use of porous Ta loaded with
calcium phosphate bone cement containing antibiotics as a po-
tential strategy to combat hip infections. Comprehensive evalua-
tions demonstrated that the SLM-fabricated Ta hip joint
prosthesis designed in this study exhibited excellent biological
performance, mechanical performance and clinical efficacy.
These findings highlight the significant potential of our novel
approach for clinical application in total hip replacement.

Materials and methods

Materials and manufacturing

Spherical Ta powders (purity > 99.95wt %) from Stardust
Technology Co., Ltd were utilized for the production of Ta using
SLM technology (Renishaw AM400, UK). The Ta powder was
obtained through an inductively coupled plasma spheroidization
process. The particle size of Ta powder ranged from 15 to 53 um.
The chemical composition of Ta powder is shown in Table 1 (This
data is provided by the vendor).

Sample fabrication was conducted on a high-purity Ta sub-
strate within an inert argon atmosphere containing less than
0.1% oxygen to minimize interstitial oxygen pick-up. Optimized
manufacturing parameters were employed in this study, includ-
ing a laser power of 260W, a laser scanning point spacing of
50 um, an exposure time of 100 us, a layer thickness of 30 um and
a hatch distance of 65um. After the printing was completed, the
residual stress was eliminated by vacuum heat treatment. The
heat treatment process involved a heating rate of 10°C/min, a
temperature of 1100°C maintained for a holding time of 2 hours,
and a vacuum degree below 10-2Pa. The printed parts were
cooled in the furnace. Spherical Ti6Al4V (Extra Low Impurity,
ELI) powders (Stardust Technology Co.) were used as a control
group for fabricating Ti6Al4V alloy via SLM using a Renishaw
AM400 system (UK). The printing process was conducted in an ar-
gon atmosphere with a laser power of 150 W, a laser scanning
point spacing of 50 um, an exposure time of 40 ps, a layer thick-
ness of 30um and a hatch distance of 60um. Specimens were
subsequently wire-electrode cut from the baseplate and heat-
treated at 820°C for 1.5 hours in a vacuum environment to relieve
internal stress [19].

Table 1. Elemental composition of spherical Ta powder

Composition wt % o C N H Ti
0.022  0.0025 0.0024  0.0008 0.001
Fe Ni Mo Nb Ta

0.002 0.001 0.003 0.008 Balance
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A Ta cube of 10x10x 10 mm?® was printed, and the relative
density of the printed Ta cube was measured by the Archimedes
method. Samples for OM and SEM were cut from the center of
the printed cube and ground with 2000 grit SiC paper, followed
by mechanically polishing with 2.5 and 0.5pum diamond pastes
successively. Samples were etched using a solution of 30 ml HCI,
30ml HF and 15ml HNOs. The microstructure was examined and
photographed by an optical microscope to observe the micro-
structure. The grain sizes were determined by analyzing the opti-
cal micrographs with a line-intercept method. Both the planes
perpendicular and parallel to the printing direction were ob-
served. Subsequently, the chemical and phase compositions of
the SLM-fabricated Ta samples were analyzed using energy-
dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD).
To validate the elemental composition obtained by EDS, induc-
tively coupled plasma optical emission spectrometry (ICP-OES), a
carbon-sulfur analyzer and an oxygen-nitrogen-hydrogen ana-
lyzer were employed. Tensile testing was performed on an
Instron 8872 instrument at room temperature under a strain rate
of 102 s™. Samples were prepared with their geometries parallel
to the printing substrate. Five replicates were tested per group.

Bioactivities of SLM Ta

Mouse preosteoblast cells (MC3T3-E1) were cultured in complete
medium (a-MEM medium supplemented with 10% fetal bovine
serum, 100 U/ml penicillin and 100 ug/mL streptomycin) in a hu-
midified incubator at 37°C with 5% CO,. The medium was
changed every 2 days.

Cell proliferation and morphology

The samples used in the cell experiments were solid discs with a
diameter of 10mm and a thickness of 3mm. At 1 and 7 days of
culture, the viability of MC3T3-E1 cells on the surface of SLM
Ti6Al4V and SLM Ta was assessed by staining living cells with
Calcein AM and dead cells with Ethidium Homodimer (LIVE/
DEAD cell viability kit, Dojindo, Japan).

The morphology of MC3T3-E1 cells cultured on the surface of
SLM Ti6Al4V and SLM Ta was observed by confocal laser micros-
copy (CLSM). The cells were washed three times with PBS at each
defined time point. To prepare samples for CLSM observation,
the cells were fixed with 4% paraformaldehyde for 30 min. Then
the cells were permeabilized with 0.1% Triton-X 100 in PBS for
5min. After washing three times with PBS, the cytoskeleton was
stained with phalloidin staining solution (1:100, Yeasen) for
30min. Then, cell nuclei were counterstained with 4’-6-diami-
dino-2-phenylindole (DAPI) for 5min. Thereafter, the samples
were photographed by CLSM (Zeiss 9000, Germany).

Flow cytometry

The MC3T3-E1 cells were seeded on the samples (SLM Ti6Al4V
and SLM Ta, discs with a diameter of 20mm and a thickness of
1mm) at a density of 2 x 10°/well in 6-well culture plates. After
24 hours of culture, the samples were transferred to a new 6-well
plate. After washing with PBS, 0.25% trypsin preheated at 37°C
was added to digest the cells. After the cells became round, 2ml
of medium was added to prevent digestion. For cell apoptosis
measurement, the cells were then resuspended in a 500 ul bind-
ing buffer containing 5 pl Annexin V-FITC and 5ul PI at a concen-
tration of 1x10° cells/mL and incubated at room temperature
for 15min. Finally, cell apoptosis was measured by BD flow cy-
tometry. For the measurement of cell cycle distribution, viable
cells were collected in a 1.5ml Eppendorf tube (EP tube) and
washed once with PBS. The cell suspension was then centrifuged

at 2000rpm for Sminutes. Following centrifugation, the cells
were resuspended in PBS and adjusted to a concentration of
1x10° cells/tube. The cell suspension was again centrifuged at
2000rpm for 5minutes. After removal of the supernatant (PBS),
the cells were fixed with 500ul of pre-cooled 70% ethanol over-
night at —20°C. Subsequently, the cells were washed twice with
PBS and centrifuged at 2000rpm for 3minutes. The cells were
then stained with 500 ul of a DNA-binding dye solution and incu-
bated in the dark at room temperature for 30 minutes. Finally,
red fluorescence intensity was measured using flow cytometry at
an excitation wavelength of 488 nm.

Cell differentiation

The MC3T3-E1 cells were seeded on the samples (SLM Ti6Al4V
and SLM Ta, discs with a diameter of 10mm and a thickness of
1mm) at a density of 5 x 10*/well and 1 x 10°/well in 48-well cul-
ture plates. At day 21, the cells were fixed with 4% paraformalde-
hyde for 10 min, permeabilized by 0.1% Triton-X for 10min and
blocked with 1% goat serum for 30min. Cells were then incu-
bated with a primary antibody against vinculin (1:500, Abcam) at
4°C overnight and were further incubated with goat anti-mouse
secondary antibody (1:1000) at room temperature for 1h. Cells
were stained with 4’6’-diamidino-2-phenylindole (DAPI) to visual-
ize the cell nucleus. Images were subsequently captured using an
OLYMPUS fluorescence microscope.

This study investigated the influence of SLM-fabricated
Ti6Al4V and SLM-fabricated Ta on the osteogenic differentiation
of MC3T3-E1 cells using quantitative real-time polymerase chain
reaction (QRT-PCR). MC3T3-E1 cells were seeded at a density of
8 x 10* cells/well onto discs (diameter: 30mm, thickness: 2 mm)
fabricated from either SLM-Ti6Al4V or SLM-Ta and placed in
6-well culture plates. Following cell adhesion, the cultures were
maintained in an osteogenic medium, consisting of a complete
medium supplemented with 50mg/L ascorbic acid and 10mM
B-glycerol phosphate. The medium was refreshed every two
days. At 14 and 21days of culture, the expression levels of runt-
related transcription factor-2 (Runx2), alkaline phosphatase
(ALP), osteocalcin (OCN), osteopontin (OPN) and collagen type-1
(Col-1) were measured to assess the osteogenic differentiation of
the MC3T3-E1 cells.

Macrophage response to SLM Ta and SLM
Ti6Al4V in vitro

Immunofluorescence staining

RAW 264.7 cells were cultured on various samples for 48 hours.
Subsequently, the cells were fixed with 4% paraformaldehyde for
20minutes, permeabilized with 0.25% Triton X-100 for
20minutes and blocked with 1% bovine serum albumin for
Tlhour. To assess the expression of specific markers, the cells
were incubated overnight at 4°C with primary antibodies against
CD206 (Abcam) and iNOS (Abcam) diluted 1:100. Following pri-
mary antibody incubation, the cells were washed and incubated
with Alexa Fluor 488 or Alexa Fluor 594 conjugated secondary
antibodies for 30minutes. Finally, the cells were stained with
DAPI for 5 minutes for nuclear visualization. A Zeiss LSM 9 confo-
cal laser scanning microscope (Germany) was employed to image
the stained cells.

Flow cytometry

The expression of surface markers associated with M1 (CCR7)
and M2 (CD206) macrophages was evaluated using flow cytome-
try. RAW 264.7 cells at passage 3 were cultured for 48 hours, har-
vested by detachment with 0.25% trypsin and centrifuged at
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1000 x g for S5minutes. The supernatant was discarded, and the
cell pellet was resuspended in PBS to achieve a density of 1x 10°
cells/100 pl. Cells were then incubated simultaneously with 10 ul
each of APC-conjugated CCR7 antibody (Miltenyi Biotec) and PE-
conjugated CD206 antibody (BD) for 30minutes at 4°C in the
dark. Following incubation, the cells were washed twice with PBS
and resuspended in 0.5ml PBS for analysis by flow cytometry
(FACS Canto II, BD Bioscience, San Jose, CA, USA).

Mouse cytokine array panel

RAW 264.7 macrophages were co-cultured with SLM-fabricated
Ti6Al4V and SLM-fabricated Ta for 48 hours. To assess cytokine
secretion, a cytokine antibody array was employed. Briefly, pre-
selected capture antibodies were immobilized onto nitrocellulose
membranes. The membranes were then incubated with a mix-
ture of diluted cell lysates and biotinylated detection antibodies
specific to the target cytokines. Following incubation, unbound
materials were thoroughly washed away. Subsequently, strepta-
vidin conjugated to horseradish peroxidase (HRP) and chemilu-
minescent detection reagents were sequentially added. The
intensity of the light emitted from each spot on the membrane
corresponded directly to the amount of bound cytokine, allowing
for the quantification of cytokine secretion by the macrophages.

Transcriptome sequencing and data analysis

Two milliliters of macrophage cell suspension containing 2 x 10°
cells/mL were co-cultured with the various samples in 6-well
plates for 48 hours. Subsequently, the macrophages were lysed
using Trizol reagent (Beyotime Biotechnology), and the cell
lysates were stored at —80°C until RNA sequencing analysis. RNA
sequencing was performed on an Illumina NovaSeq 6000 plat-
form (USA). The value of gene expression was transformed as
log1o[FPKM (Fragments Per Kilobase Million) + 1]. Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analyses were performed using the free on-
line platform Cloud Platform (https://magic.novogene.com).

Differential gene enrichment analysis

The acquired RNA sequencing data was used for Gene Ontology
(GO) analysis of differentially expressed genes. This analysis in-
cluded visualization and statistical evaluation of the functional
maps associated with these genes and gene clusters. GO is a com-
prehensive database that encompasses three ontologies: biologi-
cal process (BP), cellular component (CC) and molecular function
(MF). A hypergeometric test was employed to identify signifi-
cantly enriched GO terms based on the differential expression
patterns of genes within each GO term compared to the entire ge-
nome background. Following correction for multiple testing, GO
terms with a P values less than 0.05 were considered statistically
significant.

The Kyoto Encyclopedia of Genes and Genomes is a database
that includes the whole genome and all metabolic pathways. It
can be used to obtain information regarding the expression levels
of specific genes. Therefore, large-scale molecular datasets were
generated through genome sequencing and high-throughput
databases. The data analysis provides information regarding sev-
eral advanced functions in different biological systems, such as
cells, organisms and ecosystems.

To identify significantly enriched KEGG pathways associated
with the differentially expressed genes, this study utilized the
‘Cluster Profiler’ R package for enrichment analysis.

Topology optimization design, fabrication and
performance verification of SLM Ta hip

joint prosthesis

SLM porous Ta hip stem

The structure of the femoral stem was topologically optimized by
finite element simulation. First, the femoral stem model was pre-
processed by the software of Ansa to divide the hexahedral
mesh. The mesh was imported into Abaqus and loaded with a
fixation constraint at the bottom (representing the worst-case
scenario for the femoral stem inside the body). Additionally, a
load of 2300 N was applied at the femoral head to generate an in-
put file (inp format). This file was subsequently imported into
Tosca software for further analysis. A set named ‘All_Element’
was defined to encompass both the femoral head and the bottom
region of the femoral stem. This set was employed to calculate
strain energy, volume and other relevant outcomes during the
iterative optimization process. To exclude specific areas from
optimization, the wunit names ‘ASSEMBLY Head 0’ and
‘ASSEMBLY_SUR_1’ within the .inp file were renamed to ‘Head’
and ‘Surface’, respectively. These names now directly correspond
to the solid unit of the femoral head and the bottom surface unit.
Throughout the optimization iterations, the volume served as
the design response, and the volume value of the ‘All_Element’
set was extracted after each iteration. The strain energy, serving
as the design response, was incorporated into the optimization
algorithm to guide the removal of elements. The volume, acting
as a constraint, limited the extent of material reduction. The op-
timization process continued iteratively until the target objective
was achieved.

The SLM process yielded a porous Ta femoral stem implant
that closely resembled the simulation analysis model. Following
fabrication, both the SLM femoral stem and its substrate under-
went overall heat treatment. Subsequently, the implant surface
was polished to achieve a smooth finish by removing surface
steps and rough grains. To assess fatigue performance, the femo-
ral stem was then subjected to testing procedures aligned with
the requirements outlined in ISO 7206-21 for partial and total hip
joint prostheses. During testing, epoxy resin was employed as the
embedding medium. The fatigue testing regimen for the femoral
stem itself utilized a loading force of 2300N, a loading frequency
of 10Hz, a stress ratio (R) of 0.1 and a total test duration of 5 mil-
lion cycles. For fatigue testing of the femoral stem’s neck region,
a loading force of 5340N, a loading frequency of 10Hz, a stress
ratio (R) of 0.1 and a total test duration of 10 million cycles was
implemented.

SLM porous Ta acetabular cup

Creo software was used to design the porous Ta acetabulum cup.
The cup was then printed onto a Ta substrate, with high-purity
argon being used as a protective atmosphere during the printing
process. After heat treatment, the acetabulum cup was sepa-
rated from the substrate using wire cutting, and any remaining
Ta powder was removed through sandblasting. This study inves-
tigated the deformation behavior of acetabular shells and the
disassembly forces required for modular acetabular devices, fol-
lowing the testing methodologies outlined in ISO 7206-12 and
ASTM F1820.

Clinical application of personalized hip implant
Study population

This retrospective study included 40 patients who underwent to-
tal hip arthroplasty (THA) surgery for the treatment of hip joint
disease at our institution between 2019 and 2021. All surgical
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procedures were conducted in accordance with the ethical prin-
ciples established by the responsible committee on human ex-
perimentation (both institutional and national) and adhered to
the tenets of the Declaration of Helsinki as revised in 2008.
Written informed consent for study participation was obtained
from all patients. This study protocol received approval from the
Ethics Committee of the Affiliated Zhongshan Hospital of Dalian
University (approval number: ChiCTR-ONC-17012274).

Preoperative planning and design

The prostheses used in the 3D printing group were designed by
the authors preoperatively and manufactured by the Orthopedic
Medical Research Center of Dalian University and Beijing
Lidakang Company. First, a thin-slice CT of the hip joint and fe-
mur was performed. Next, the corresponding CT data were
imported into Mimics 20.0 software to build a 3D model of the af-
fected femur. Based on the femoral marrow cavity's size and
shape, an initial model of a customized filling prosthesis was
generated. The prosthesis was tailored to match the size of the
femoral marrow cavity, and a 3D porous structure was designed
at the interface between the prosthesis and the femoral bone to
promote bone growth. The prosthesis was subsequently printed
using a 3D printer.

Surgical method

After anesthesia, the patients were placed in the lateral decubi-
tus position. The skin was routinely disinfected, the anterior-
lateral approach was used, and the skin and subcutaneous tissue
were cut layer by layer to expose the lesion. The femoral head
was cut based on the preoperative design, while in the scenario
of a revision total hip arthroplasty, the femoral prosthesis was re-
moved. Following reaming of the femoral canal to the desired
dimensions, the femoral prosthesis was carefully inserted. To en-
sure proper fit and stability, the prosthesis was then impacted
(compacted) with a surgical mallet. The stability of the implant
was subsequently evaluated. Patients in the control group re-
ceived the best commercially available filling prosthesis, while
those in the 3D-printed group received customized prostheses
fabricated using additive manufacturing techniques. Upon com-
pletion of all standard surgical procedures, the incision was
closed in a layered fashion using sutures.

Postoperative treatment and follow-up

Prophylactic intravenous antibiotic administration commenced
routinely on postoperative day 1 (POD1). On the first postopera-
tive day, a physical therapy regimen incorporating gentle exer-
cises for the affected lower extremity was initiated. Patients
ambulated without weight-bearing using crutches. Weight-
bearing progression was determined on an individualized basis,
informed by the specific characteristics of the implanted pros-
thesis. Following confirmation of adequate drainage (volume less
than 30ml), the drainage tube was removed, typically two to
three days postoperatively. Patients were followed up at 1, 3, 6
and 12 months postoperatively and once a year. The Harris hip
scores (HHS), subjective satisfaction and presence of complica-
tions were recorded at follow-ups. The incision length, duration
of surgery and intraoperative blood loss were recorded and com-
pared between groups.

Statistical analysis

Quantitative data were presented as the mean + standard error
(SE). All in vitro experiments were performed in triplicate to en-
sure reproducibility. Statistical analysis was performed using

analysis of variance (ANOVA) to identify significant differences
between groups. A P values of less than 0.05 was considered sta-
tistically significant.

Results
Fabrication and characterization of SLM Ta

Table 2 presents the chemical composition of the SLM-fabricated
Ta implant. The oxygen content was measured at 0.024 wt %, in-
dicating minimal change compared to the raw material
Furthermore, the impurity levels in the SLM-fabricated Ta con-
form to the established standards outlined in ISO 13782 [20]. The
EDS analysis results (Figure 1A) were consistent with the ICP
analysis results. Ta was the main constituent of the printed
parts. Figure 1B shows the XRD patterns of SLM Ta. All character-
istic peaks were in good agreement with the JCPDS X-ray powder
standards (JCPDS 04-0788). The SLM Ta exhibited a body-
centered cubic crystal structure. As shown in Figure 1C, the SLM
Ta cube was polished to observe internal defects. Only a few
pores were observed inside the SLM Ta. The microstructure mor-
phology of SLM Ta before and after heat treatment was observed
by metallographic microscopy (Figure 1D). The grain size of SLM
Ta ranged from 60 to 100um. Figure 1E shows the tensile me-
chanical property curve of SLM Ta. Before heat treatment, the
yield strength and tensile strength of SLM Ta were 429 MPa and
484 MPa, and the elongation was 26%. After heat treatment, the
yield strength and tensile strength of SLM Ta were 420 MPa and
483 MPa, respectively, and the elongation was 36%, indicating
that the vacuum heat treatment could significantly improve the
plastic deformation ability of SLM Ta without affecting the
strength. Figure 1F presents the fracture morphology of SLM-
fabricated Ta. The fracture surface exhibited numerous dimples,
a characteristic indicative of ductile fracture. Table 3 shows the
values of relative density and surface roughness of SLM Ta. The
relative density of the SLM Ta cube reached 99.5%, the roughness
of the printed surface parallel to the substrate was 2—4um, and
the roughness of the outer surface perpendicular to the substrate
was 9-11 um.

In vitro bioactivity

Figure 2A depicts the results of the live/dead staining assay for
MC3T3-E1 cells cultured on SLM-fabricated Ti6Al4V and SLM-
fabricated Ta surfaces over a period of 1, 4 and 7 days. The find-
ings suggest that cell viability was superior for cultures grown on
SLM-Ta surfaces compared to those on SLM-Ti6Al4V surfaces.
Furthermore, CLSM was employed to evaluate the initial attach-
ment of MC3T3-E1 cells on various surfaces at 3, 6, 12 and
24hours. The SLM Ta surface demonstrated a higher number of
MC3T3-E1 cells spreading, as displayed in the first column of
Figure 2B, compared to the SLM Ti6Al4V surface. Moreover, the
extent of cell spreading on the SLM Ta surface was more signifi-
cant, and the number of cells was higher than in the SLM
Ti6Al4V group, consistent with the results obtained from the
live/dead staining. These findings suggested that SLM Ta pos-
sessed better cell affinity than SLM Ti6Al4V. The number and
area of cell spreading on the SLM Ta surface did not vary signifi-
cantly, implying that stable adhesion of MC3T3-E1 cells to the
SLM Ta surface occurred within 3hours. In contrast, the abun-
dance of cells on the SLM Ti6Al4V surface increased slightly over
time, accompanied by increased cell spreading area. Stable cell
adhesion was achieved on the SLM Ti6Al4V surface at 12h.
Figure 2C depicts the cell cycle distribution of MC3T3-E1 cells
cultured on SLM-fabricated Ti6Al4V and SLM-fabricated Ta, as
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Table 2. Chemical composition of SLM Ta

Chemical composition wt % o C N H Si Ti
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Figure 1. (A) Element components of SLM Ta detected by EDS, (B) internal defect distribution of SLM Ta after polishing, (C) XRD patterns of SLM Ta, (D)
metallographic microtopography of SLM Ta, (E) tensile mechanical property curves SLM Ta, (F) fracture morphologies of SLM Ta after tensile test.

Table 3. Properties of SLM Ta

Properties Value
Relative density measured by the Archimedes method 99.5%
Surface roughness parallel to the printing direction 2-4 ym

Surface roughness perpendicular to the printing direction 9-11 um

determined by flow cytometry. This analysis serves as an indica-
tor of cellular proliferation. The percentage of MC3T3-E1 cells
undergoing division on the surfaces of SLM-fabricated Ti6Al4V

and SLM-fabricated Ta was 15.7% and 22.7%, respectively.
Figure 2D illustrates the apoptotic state of MC3T3-E1 cells cul-
tured on the surfaces of SLM-fabricated Ti6Al4V and SLM-
fabricated Ta, as assessed by flow cytometry. The PI-positive
(nonviable) cell population on SLM-fabricated Ti6Al4V and SLM-
fabricated Ta surfaces was 9.3% and 7.4%, respectively. These
findings suggest that SLM-fabricated Ta exhibits superior bio-
compatibility compared to SLM-fabricated Ti6Al4V, corroborat-
ing the positive influence of Ta on cell proliferation. Cell
differentiation was assessed at 7, 14 and 21 days with osteogenic
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MC3T3-E1 cells cultured on the surfaces of SLM Ti6A14V and SLM Ta detected by flow cytometry, (D) the apoptosis of MC3T3-E1 cells cultured on the
surfaces of SLM Ti6Al4V and SLM Ta detected by flow cytometry, (E) expression of ALP, col-1, OCN, OPN and Runx2 measured based on relative mRNA
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surfaces of SLM Ti6Al4V and SLM Ta for 21 days.
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Figure 3. (A) Fluorescence microscopy images of CD206, iNOS and nucleic staining of macrophages on SLM Ti6Al4V and SLM Ta, (B) quantitative
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Ti6Al4V and SLM Ta and (E) protein expression levels of inflammatory cytokines in macrophages cultured on SLM TI6AI4V and SLM Ta.

markers, including ALP, Col-1, OCN, OPN and Runx2 by qRT-PCR
tests (Figure 2E). The expression level of osteogenesis-related
genes in MC3T3-E1 cells cultured on SLM Ta was significantly
higher than the SLM Ti6Al4V group, which proved its superior os-
teogenic activity. The ALP expression of 5x 10* MC3T3-E1 cells
cultured on SLM Ti6Al4V and SLM Ta surfaces after 21 days was
characterized by an immunofluorescence assay (Figure 2F). The
ALP expression level of MC3T3-E1 cells cultured on SLM Ta was
higher than that of SLM Ti6Al4V, which indicated that SLM Ta

could promote ALP expression of MC3T3-E1 cells compared with
SLM Ti6Al4V.

Activation of macrophages on different samples

Immunofluorescent staining of macrophages was used to assess
the effects of SLM Ti6Al4V and SLM Ta on the expression of iNOS
and CD206 (Figure 3A and B). CD206 (M2 macrophage marker)
and iNOS (M1 macrophage marker) were selected for investigat-
ing macrophage polarization. In the SLM Ti6Al4V and SLM Ta
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groups, the average fluorescence intensities of iNOS were 1.24 +
0.22 and 1.89+0.21, respectively. There was no significant differ-
ence between the two groups (P>0.05). Compared with the SLM
Ti6Al4V group, the expression of CD206 in the SLM Ta group was
significantly increased (3.93+0.51, P < 0.05), indicating the signifi-
cantly higher anti-inflammatory response of macrophages in the
SLM Ta group.

CD206 is a cell-surface protein highly expressed on M2 macro-
phages and serves as a distinctive marker for identifying cells
with M2 polarization. Conversely, the presence of C-C chemokine
receptor type 7 (CCR7) on the surface of a macrophage is a hall-
mark of the M1 phenotype, making it a useful marker for distin-
guishing M1 from M2 macrophages. Flow cytometry was used to
evaluate the polarization of macrophages to further confirm the
phenotype of polarized macrophages on SLM Ti6Al4V and SLM
Ta. As shown in Figure 3C and D, the proportion of M1 macro-
phages in the SLM Ti6Al4V group was 21.4%, while the proportion
of M1 macrophages in the SLM Ta group was lower, at 16.7%.
Moreover, the proportion of M2 macrophages was 6.8% in the
SLM Ti6Al4V group, while in the SLM Ta group, it was higher, at
10.9%. Taken together, these findings suggest that SLM Ta may
induce a lower immune inflammatory reaction and rejection af-
ter transplantation than SLM Ti6Al4V and may be more condu-
cive to tissue repair facilitated by M2 macrophages. Therefore,
compared to SLM Ti6Al4V, SLM Ta may offer advantages for tis-
sue repair, owing to its potential to promote M2 macrophage-
mediated healing and reduce immune-inflammatory responses.

In this study, macrophages were cultured on two different
materials, SLM Ti6AI4V and SLM Ta, for 48 hours. Next, the mac-
rophages were collected, and their proteins were extracted. The
expression levels of these proteins were then analyzed using
Mouse Cytokine Array Panel A to compare the effects of the two
materials on macrophage protein expression (Figure 3E). Gray
value analysis showed that the protein expression levels of mac-
rophage inflammatory chemokine CCL3, CXCL2, TNF-a and cell
adhesion factor ICAM-1 significantly differed between SLM
Ti6AI4V and SLM Ta groups. Compared with macrophages cul-
tured on SLM Ta, the pro-inflammatory factors were significantly
higher expressed in macrophages cultured on SLM Ti6AlI4V, indi-
cating that macrophages cultured on SLM Ta showed a relatively
weaker inflammatory response.

Bioinformatic analysis of macrophage gene
expression on SLM Ta

To elucidate the mechanisms by which SLM-fabricated Ta and
SLM-fabricated Ti6Al4V influence macrophage polarization,
transcriptomic analysis of macrophages cultured on these mate-
rials was employed. Initially, the Pearson correlation coefficient
was calculated between samples to assess their stability through
correlation analysis. Most correlation coefficients fell within ac-
ceptable ranges, exceeding 0.93 (Figure 4A). Transcriptomic
analysis further revealed the number of differentially expressed
genes between the two groups with a focus on genes with adja-
cent expression levels (SLM Ta versus SLM Ti6Al4V). As illus-
trated in Figure 4B, the volcano plots depicted substantial
variation in gene expression, with 1818 genes upregulated and
1560 genes downregulated.

Next, the differentially expressed genes were then subjected
to Gene Ontology (GO) analysis (BP, MF, CC) to identify enriched
functional categories (top 30 shown in Figure 4C). Similarly,
KEGG pathway analysis revealed enriched pathways (top 20
shown in Figure 4D) potentially underlying these differences.

Focusing on protein-coding genes, the resulting heatmap
(Figure 4E) depicts the expression patterns of DEGs.

Structural optimization, fabrication and
performance verification of SLM Ta

hip prosthesis

Figure 5A illustrates the intricate mesh details of the femoral
stem, the boundary conditions applied during the worst-case sce-
nario simulation, and the resulting stress and strain distribution.
Notably, employing hexahedral elements throughout the mesh
significantly enhanced the accuracy of the simulation. The maxi-
mum stress experienced by the femoral stem was 301 MPa, which
falls below the yield strength of SLM-fabricated Ta (420 MPa). The
maximum strain was measured at 3.08%. Prosthesis configura-
tions with different volume fractions (65%, 55%, 45%, 35%) were
obtained, as shown in Figure 5B. The maximum stress on the op-
timized femoral stem (with 35% original weight) was 332.73 MPa.
Porous Ta was used to supplement the optimized deducted part.
The SLM Ta femur stem with the optimized structure was fabri-
cated by selective laser melting (Figure 5C).

After heat treatment, grinding and polishing of the femoral
stem, the fatigue performance of the femoral stem was tested by
the fatigue testing machine. As shown in Figure 6, stable defor-
mation was observed for the femoral stem and the neck of the
femoral stem during the fatigue test. During the fatigue test of
the femoral stem (Figure 6A), the deformation ranged from
0.6mm to 0.8mm. In contrast, the neck of the femoral stem
(Figure 6B) exhibited a more consistent deformation, measuring
approximately 0.375mm. After 5 million cycles, no damage was
found in the 6 femoral stems. After 10 million cycles, no damage
was found in the neck of the femoral stem. Therefore, it can be
concluded that the SLM Ta femoral stem, after topology optimi-
zation, can meet the requirements of ISO 7206 for the fatigue per-
formance of the femoral stem.

As shown in Figure 7A, the SLM porous Ta acetabulum cup
exhibited a uniform shape and smooth surface. The initial inner
diameter Dy of the acetabular cup was 41.4806 +0.0021 mm. The
performance of the SLM porous Ta acetabulum cup was tested as
shown in Figure 7B. When 1000N axial force was applied to the
acetabular cup, the inner diameter D, of the detected acetabular
cup was 41.1971+0.0023mm, and the inner diameter D, after
unloading was 41.4770+0.0018 mm, (D, — Do)/(Do — D1)=1.27% <
2%, suggesting that the porous Ta acetabular cup did not un-
dergo plastic deformation. The axial push force, eccentric pull-
out force and maximum torsional separation torque for disas-
sembly of the acetabular cup and polyethylene liner were
1371.52+219.04 N, 341.02 £34.45 N and 46.04+1.99 N-m, respec-
tively, which were consistent with the commercial acetabular
cup. After the impact test, the shape of the acetabular cup did
not change, which validated the satisfactory impact resistance
performance of the SLM Ta acetabular cup. A slight deformation
was observed in the porous layer of the acetabular cup, which
helped to enhance the matching between the acetabular cup and
the bone tissue at the implant site and improved the friction be-
tween the implant and the bone tissue at the initial stage of im-
plantation. At the same time, the close coordination between the
porous interface and the bone tissue helped the bone tissue to
grow into the porous layer quickly, resulting in biological internal
fixation and improving the long-term stability of the
acetabular cup.



10 | Regenerative Biomaterials, 2024, Vol. 11, rbae057

A Pearson correlation between samples

- (ARG oo | oms .
SLMTIGAV3 - | 0965 0961 0959 | 0864 - 08958

LM o2 -
SLMpTa-t - 0959 0966

StMpTas -

SLMTIBAY-1 -

SLMTa vs SLM Ti6AIV

pralue<0 05
llog2FadChangel>0
.« wiee

+ oownser

« Nomwme

& &
S S 3 )
By 5 log2FoldChange
c D Renal cell carcinoma{ @
50 Category
| Ed Hurman T-cellleukemia virus 1 infection ()
| Y Sphingolipid metabolism{ ®
|
40 Cell adhesion molecules (CAMs) L]
Fc epsion RI signaling pathway .
Neurotrophin signaling pathway [ ]
- padj
1; 30 Hepatitis B () 100
g [ |
S Cellular senescence { [ ] 075
1)
8 Profeoglycars in cancer ) 050
T
20
Chronic myeloid leukemia ° | 028
000
Kaposisarcoma-assosiated herpesvirus infection Y
. Sphingolipid signaiing pathway: ° Count
Human immunodeficiency virus 1 infection () L
@ 50
II Natural killr cell mediated cytotoricty ° o=
, Humall o proceg s e
P j
A EREE RSP ATSADe: e .
5
& Sl N-Glycan biosynthesis{ @
Human cytomegalovirus infection [}
Protein processing in endoplasmic reticulum: @
i °

002 003 0.04 005 0.06 007
GeneRatio

zeLms.
sams
vews

LAV WIS
Z-amveL s
cnvaL IS

Figure 4. Bioinformatic and mechanistic analysis of macrophage gene expression and polarization induced by SLM Ta and SLM Ti6Al4V. (A) Heatmap
of Pearson correlation between samples; (B) volcano plot of transcriptomic analysis of differentially expressed genes, n=3 independent experiments
per group; (C) GO analysis of all genes in macrophages cultured on SLM Ta and SLM Ti6Al4V. The three colors, orange, green and blue, are used to
represent the three main gene ontology categories, which are biological process, cellular component and molecular function, respectively; (D) enriched
KEGG pathways of SLM Ta and SLM Ti6Al4V. The abscissa is the ratio of differential genes linked with the KEGG pathway to the total number of
differential genes. The ordinate is KEGG pathway. The dot size represents the number of genes annotated to a specific KEGG pathway. The color
gradient from red to purple represents the statistical significance of enrichment; (E) heatmap analysis of differentially expressed genes (protein_coding

[log,fold-change|>3).

Clinical application

A total of 33 patients underwent the surgical procedure success-
fully. Detailed patient demographics and clinical characteristics
are presented in Table 4. Intraoperative blood loss ranged from
50ml to 1800 ml, with a mean volume of 634ml + 570ml. As illus-
trated in Figure 8A, the VAS scores for all 33 patients at 1 week and
3months post-surgery were significantly lower compared to base-
line scores (P<0.001). Similarly, Figure 8B demonstrates that
Harris scores for all patients at 3 and 6 months post-surgery were
significantly higher than baseline values (P <0.001). By 6 months
post-surgery, all patients reported minimal to no pain.
Furthermore, radiographic evaluation at postoperative day 1,
3months and 6 months revealed stable prosthetic implants with-
out loosening or osteolysis. 11 patients with infections were cured
with one-stage surgery and all inflammatory indicators returned
to normal after 3months. Sixteen patients with bone defects had
successful repairs with integrated prostheses, with no loosening
observed at the last follow-up. A patient with fibrous dysplasia
had their femoral deformity treated with a prosthesis during THA.
None of the 33 patients experienced complications such as infec-
tion, deep vein thrombosis or wound nonunion.

Typical cases

Case 1 (Figure 9A): A 54-year-old man presented with an infection
10months after hip replacement. The prosthesis was removed,

and a bone cement spacer was placed. After removal of the pros-
thesis and thorough debridement, the SLM porous Ta prosthesis
was loaded with calcium phosphate cement containing sensitive
antibiotics, which was implanted into the patient's body to form
a long-term stable release of antibacterial environment. The inci-
sion healed well after revision surgery, and the inflammatory
biomarkers gradually decreased. No recurrence was observed
during the 2-year follow-up period.

Case 2 (Figure 9B): A 45-year-old female presented with claudi-
cation for more than 30years and pain in the left hip for 5years.
The left hip was diagnosed as left developmental dysplasia of the
hip (Crowe III). The left femoral head was subluxation, and the
left lower limb was 3 cm shorter than the contralateral side. A de-
fect in the superolateral part of the acetabulum would be en-
countered if the center of rotation of the left hip was moved
downwards as in traditional joint replacement. A structural bone
graft or an acetabular augment would be necessary to recon-
struct the superior wall. A customized implant containing the
cup and the augment as an integral was designed and fabricated
by SLM. The prosthesis was accurately implanted according to
the preoperative design, filling the defect and achieving complete
contact with the bone. Subsequent X-rays confirmed a return to
normal limb length and offset.

Case 3 (Figure 9C): A 67-year-old man presented with left hip
pain and limited mobility for 19years. He was diagnosed with
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SLM technology.

fibrous dysplasia of the left proximal femur and osteoarthritis of
the left hip. The middle and lower third of the bone was affected
by fibrous dysplasia, resulting in severe damage to the hip joint.
Additionally, the external arch of the left femur exhibited defor-
mities. The external arch of the left femur was deformed. The
left femur correction and left hip replacement were required.
Using preoperative simulation, two osteotomies were planned,
and the distal end was locked after fixation with a 3D-printed
femoral stem. The operation was successful, and the patient re-
covered well after the operation. The left hip joint function was
satisfactory during the 20-month follow-up.

Case 4 (Figure 9D): A 71-year-old male patient underwent bi-
lateral total hip arthroplasty due to bilateral osteonecrosis of the
femoral head 11years ago. The patient recovered well after sur-
gery. Over the past Syears, the discomfort in the left thigh pro-
gressively intensified, leading to severe restrictions in mobility.
An imaging examination in the outpatient department showed

that the femoral prosthesis was loose and displaced distally, and
the distal part penetrated the posterolateral cortex of the middle
part of the femoral shaft. We designed a distal lengthening stem
that spanned the cortical defect and rested on the distal healthy
bone. The prosthesis was successfully implanted, and the initial
stability was good. During the follow-up, there was no prosthesis
displacement, fracture or periprosthetic fracture.

Discussion

Over the years, traditional total hip replacement has achieved
satisfactory results in the repair and reconstruction of hip joint
trauma, developmental dysplasia of the hip (DDH), femoral head
necrosis and other injuries [21]. However, several challenges per-
sist, including limitations in material properties, biocompatibil-
ity, biomechanics and the potential for inaccurate prosthesis
implantation. These factors can contribute to the clinical
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Figure 7. (A) Fabrication of porous Ta acetabular cup using SLM technology and (B) the performance test of the SLM porous Ta acetabulum cup
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occurrence of serious complications such as periprosthetic frac-
ture secondary to stress shielding, prosthesis fracture, subsi-
dence and infection [22]. This study sought to develop a porous
Ta hip prosthesis with biological internal fixation through SLM
technology to solve these intractable problems. We validated the
feasibility of SLM porous Ta hip prosthesis in total hip arthro-
plasty from the perspective of material properties, biocompatibil-
ity and biomechanical safety. The chemical composition
(especially oxygen content) and mechanical properties of SLM Ta
meet the requirements of ISO 13782 for pure Ta for surgical

implants. Given the widespread use of Ti6Al4V as a material for
3D-printed prostheses [23], we selected it as the control material
for comparison. Biocompatibility test results showed that SLM Ta
has better biosafety than SLM Ti6Al4V. Furthermore, SLM Ta
could reduce the risk of inflammation following implant implan-
tation, which helps reduce the probability of aseptic loosening
and improve the long-term stability of the prosthesis. The topo-
logical optimization design was used to optimize the structure of
the femoral stem while reducing its weight and maintaining suf-
ficient biomechanical properties. The mechanical properties of
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Table 4. Patients list

Patient Gender Age Diagnosis Surgery Function of porous prosthesis
1 M 65 PJI RTHA Drug delivery
2 M 69 Fibrous dysplasia THA Deformity correction
3 M 56 PJI RTHA Drug delivery
4 F 68 DDH THA Bone defect repairing
5 M 44 Suppurative arthritis THA Drug delivery
6 M 54 Hip chondrosarcoma THA Pelvis reconstruction
7 F 59 Acetabulum old fracture THA Bone defect repairing
8 M 47 Suppurative arthritis THA Drug delivery
9 M 67 Suppurative arthritis THA Drug delivery
10 M 79 Traumatic ONFH RTHA Bone defect repairing
11 F 57 Aseptic cup loosening RTHA Bone defect repairing
12 M 72 Pelvic discontinuities THA Pelvis reconstruction
13 M 63 Suppurative arthritis THA Drug delivery
14 F 44 DDH THA Bone defect repairing
15 M 67 PJ1 RTHA Drug delivery
16 F 43 DDH THA Bone defect repairing
17 M 61 PJI RTHA Drug delivery
18 M 63 Innominatum tumor THA Pelvis reconstruction
19 F 70 Tuberculosis hip THA Drug delivery
20 F 56 Aseptic cup loosening RTHA Bone defect repairing
21 F 49 DDH THA Pelvis reconstruction
22 M 72 Aseptic cup loosening RTHA Bone defect repairing
23 M 70 Aseptic stem loosening RTHA Bone defect repairing
24 F 66 Suppurative arthritis THA Drug delivery
25 F 53 Aseptic stem loosening RTHA Bone defect repairing
26 M 33 PJI RTHA Drug delivery
27 M 53 Aseptic stem loosening RTHA Bone defect repairing
28 F 75 OA THA Bone defect repairing
29 F 70 Aseptic cup loosening RTHA Pelvis reconstruction
30 M 66 ONFH THA Bone defect repairing
31 F 54 DDH THA Bone defect repairing
32 F 55 DDH THA Bone defect repairing
33 F 74 DDH THA Bone defect repairing
OA, osteoarthritis; ONFH: osteonecrosis of the femoral head; RTHA: revision of total hip arthroplasty.
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Figure 8. (A) The VAS score of 33 patients at 1 week and 3 months after the operation and (B) the Harris score of 33 patients at 3months and 6 months

after the operation.

the optimized hip prosthesis were confirmed to meet the clinical
implantation requirements through mechanical testing. On this
basis, a series of clinical trials of Ta hip prosthesis with a custom-
ized structure was conducted to verify their feasibility and
advantages in treating refractory hip diseases such as recon-
structive, malformation and infection. The SLM Ta hip prosthesis
is expected to open up a new field in the hip prosthesis market
due to its personalized characteristics, good biocompatibility,
bone bioactivity and the advantages of anti-infective drugs [24].
It is now understood that the oxygen content greatly impacts
the mechanical properties of SLM Ta [25]. Excessive oxygen con-
tent can lead to poor plasticity of SLM Ta. When oxygen content

was below 300 ppm, the fracture elongation of SLM Ta exceeded
30%, which greatly improved the toughness of SLM Ta [25]. This
investigation employed the selective laser melting (SLM) process
within a high-purity argon atmosphere (99.99%). The oxygen con-
centration within the printing chamber remained consistently
below 100 ppm throughout the process. Analysis revealed a mini-
mal increase of only 20ppm in the oxygen content of SLM-
fabricated Ta cubes compared to the raw Ta powder. This finding
suggests that the high-purity argon gas protective environment
effectively mitigated the rise in oxygen content during SLM proc-
essing. The relative density and grain size of SLM-fabricated Ta
are known to significantly influence its mechanical properties
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Figure 9. (A) The patient underwent revision surgery for periprosthetic infection after hip arthroplasty. A 3D-printed porous tantalum prosthesis
loaded with antibiotics was used for treatment, and there was no recurrence of infection during the 30 months of follow-up. (B) One case of fibrous
dysplasia of the proximal femur involving the hip joint was treated with an osteotomy and fixed with a custom-made femoral stem prosthesis. The
patient recovered satisfactorily after 24 months of follow-up. (C) For osteoarthritis secondary to right developmental dysplasia of the hip, the
integrated acetabular cup was used for joint replacement and the rotation center and limb length were good. (D) For patients with loosening of hip
prosthesis after total hip arthroplasty, the use of extended 3D printed porous tantalum prosthesis can achieve satisfactory results.

[26]. In this study, the relative density of SLM Ta reached 99.5%.
Due to the rapid cooling of molten Ta in the printing process, the
SLM Ta exhibited a fine-grained metallographic morphology,
ranging from 60 um to 100 um, which improved the mechanical
strength of SLM Ta through grain boundary strengthening.
Furthermore, the high relative density of SLM Ta indicated a low
occurrence of defects, resulting in a high fatigue resistance of the
material [27]. Mechanical testing confirmed that SLM Ta pos-
sesses excellent overall mechanical properties, with significantly
higher tensile strength and elongation compared to as-cast and
wrought Ta [28]. These results highlight the unique benefits of
SLM as a novel manufacturing technology.

Building on prior evidence for Ta's biocompatibility [29-31],
this study confirmed good biocompatibility and lack of cytotoxic-
ity for SLM-fabricated Ta. Furthermore, MC3T3-E1 cell prolifera-
tion on both SLM solid and porous Ta surfaces surpassed that
observed on Ti6Al4V, aligning with previous reports [32-34]. SLM
Ta showed higher cell adhesion of MC3T3-E1 cells compared to
SLM Ti6Al4V. Furthermore, MC3T3-E1 cells proliferated rapidly
and underwent osteogenic differentiation on SLM Ta, indicating
a potential for better osseointegration of SLM Ta implants. Derek
Avery et al. found that the chemical composition of the biomate-
rials [35] largely drives the inflammatory response. In vitro mac-
rophage studies showed that SLM Ta could regulate the
inflammatory microenvironment and reduce the inflammatory
response caused by the implant. Chronic inflammation is one of
the main causes of the aseptic loosening of the implant. After the
implants were implanted into the human body, a series of biolog-
ical reactions took place, including inflammatory reactions [36].

Inflammation is a protective response of the human body to in-
jury and infection. The chemotaxis and polarization of macro-
phages and the release of inflammatory mediators are important
manifestations of an inflammatory response [37]. It has been
established that macrophages are triggered upon contact with
surrounding tissue and differentiate into various subtypes. If
macrophages are polarized towards the classical activation sub-
type (M1), it may result in elevated levels of oxidative stress and
the release of inflammatory cytokines, potentially leading to
chronic inflammatory response and tissue damage, which can af-
fect the biocompatibility of the implant. Conversely, if macro-
phages tend to polarize towards the alternatively activated
subtype (M2), they will release anti-inflammatory factors and
cytokines, thereby reducing the inflammatory response and
avoiding oxidative stress [38, 39].

We demonstrated that the SLM Ta implant had superior bio-
compatibility and caused less impact on the body, indicating a
strong correlation between the SLM Ta implant, inflammation
and macrophage polarization [40]. Macrophage polarization is
one of the key factors affecting the biocompatibility of implants.
This study revealed that Ta, compared to Ti6Al4V, significantly
promoted the polarization of macrophages towards the M2 phe-
notype and concurrently suppressed the release of inflammatory
mediators, including CCL3, CXCL2, TNF-a and ICAM-1. Notably,
CCL3 and CXCL2 are well-established chemokines that play criti-
cal roles in inflammatory processes. They can recruit and acti-
vate inflammatory cells and promote the occurrence of
inflammatory reactions [41]. TNF-a is a cytokine that can induce
the aggregation and proliferation of inflammatory cells and
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promote inflammatory reactions [42]. ICAM-1 is an adhesion
molecule that promotes the adhesion and migration of inflam-
matory cells. During the inflammation process, the expression of
ICAM-1 is upregulated, thus, increasing the possibility of inflam-
matory cells gathering at the site of inflammation [43]. Hence,
CCL3, CXCL2, TNF-a and ICAM-1 are implicated in inflammation
due to their diverse roles in initiating and promoting the inflam-
matory cascade.

KEGG pathway analysis revealed downregulation of the TNF
and chemokine signaling pathways in the SLM Ta group. This
aligns with the cytokine array data, showing downregulated ex-
pression of TNF-a and CXCL2 genes within the TNF signaling path-
way. It has been reported that the TNF signaling pathway can
activate macrophages to produce CXCL2, thereby attracting mono-
cytes and other immune cells into the inflammatory site and par-
ticipating in the occurrence and development of the inflammatory
response. In addition, TNF can activate various inflammatory re-
sponse genes through the NF-xB pathway, thereby enhancing the
ability of macrophages to respond to exogenous stimuli and fur-
ther polarizing them into M1 macrophages. After the polarization
of M1 macrophages, TNF can maintain their polarization and fur-
ther promote the activation of M1 macrophages and the occur-
rence and maintenance of inflammatory response [44]. In the
chemokine signaling pathway, the expression of CCL3 and CXCL2
genes was significantly downregulated, consistent with the results
of cytokine array analysis. Two Chemokines, CCL3 and CXCL2,
also play an important role in macrophage polarization and in-
flammatory response. For example, CCL3 was found to induce
macrophage polarization toward M1 macrophages. M1 polariza-
tion of macrophages triggers CCL3-mediated inflammatory and
apoptotic responses [45]. CXCL2 can lead to the polarization of
macrophages to M1 macrophages by activating the MyD88/TRIF
pathway and regulating the inflammatory response [46].

Besides, we found that the TNF signaling pathway and
Chemokine signaling pathway of macrophages were significantly
downregulated in the SLM Ta group compared to the SLM
Ti6Al4V group. This downregulation essentially inhibits other im-
mune cells from aggregating at inflammatory sites and reduces
the activation of inflammatory function in immune cells. These
results indicate that SLM Ta exhibits lower immunogenicity and
a higher capacity for M2 polarization induction of macrophages.
The immune affinity properties exhibited by the SLM Ta joint
prosthesis may contribute to its in vivo biocompatibility and
osseointegration. Therefore, the in vitro cell test verified that Ta,
as a medical metal material, has superior biological properties
for bone formation compared to SLM Ti6Al4V. This conclusion is
supported by the literature. Derek Avery et al. conducted in vivo
and in vitro experiments to compare the inflammatory response
of pure titanium, Ti6Al4V, PEEK and 316 L stainless steel. Their
findings also confirm that the chemical composition of materials
plays a significant role in immune cell response [35].

This investigation was undertaken to promote biological
osseointegration between the joint prosthesis and surrounding
bone tissue. This objective was achieved by encouraging bone in-
growth into the porous Ta structure. The implemented porous
design offers the additional benefits of reduced weight and stiff-
ness for the prosthesis. To accomplish these goals, the structure
of the SLM-fabricated Ta hip prosthesis was optimized using to-
pological design principles. Furthermore, the lightweight design
was meticulously tailored to ensure that it could withstand the
requisite biomechanical loads experienced during in vivo func-
tion within the human body. It is well-established that fatigue re-
sistance of the femoral stem is paramount for guaranteeing the

mechanical safety of the implant during its in vivo service life
[47]. According to the mechanical test results, the SLM Ta femo-
ral stem can endure long-term, periodic physiological loads
in vivo despite its lightweight design and is not susceptible to
fatigue-induced fractures. The porous structure of the SLM Ta
joint prosthesis is expected to reduce stress shielding and avoid
bone resorption around the prosthesis. Arabnejad et al. [14] dem-
onstrated that a fully porous implant with an optimized material
microstructure could reduce the amount of bone loss secondary
to stress shielding by 75% compared to a fully solid implant.
Conversely, the bone tissue around the prosthesis can form a me-
chanical lock with porous Ta; thus, a long-term stable osteointe-
gration between the prosthesis and its surrounding bone tissue
can be achieved [47].

In the clinical application of SLM porous Ta hip protheses,
there were no cases of infection or prosthesis loosening, and
even in cases of prosthetic joint infection (PJI), the infection was
effectively controlled without recurrence, indicating that the
prosthesis is compatible with human tissue and can reduce in-
flammation. Traditional treatment of PJI typically involves two or
more surgeries, with infection treatment followed by revision
surgery. However, in this study, infection treatment and prosthe-
sis revision were accomplished in a single surgery, suggesting
that prosthesis may be crucial in reducing the inflamma-
tory response.

The current study is limited by a follow-up period of only four
years for patients implanted with SLM porous Ta hip prostheses.
This timeframe is insufficient to definitively assess the long-term
service life of the prosthesis. Ta's high inherent density presents
a challenge in accurately evaluating bone ingrowth and peripros-
thetic bone volume using X-ray imaging techniques.

Conclusions

Ta offers significant advantages as an orthopedic implant mate-
rial in clinical settings. Additive manufacturing technology has
unlocked promising avenues for the clinical use of Ta in orthope-
dic implants. Macrophage cell assays demonstrate that SLM Ta
exhibits lower immunogenicity and a greater capacity for induc-
ing macrophage M2 polarization. Following the principles of bio-
logical fixation, the SLM Ta hip prosthesis was designed with an
optimized topological structure to meet the biomechanical
demands of the human body while enabling personalized ana-
tomical matching. Additionally, the prosthesis boasts the capa-
bility to deliver anti-infective drugs to surrounding tissue, further
enhancing its functionality. Postoperative follow-up over 1-
2years has revealed a positive prognosis and satisfactory restora-
tion of joint function in patients implanted with the SLM hip
prosthesis. The convergence of additive manufacturing and med-
ical technologies presents a promising future for Ta as an ortho-
pedic implant material, offering solutions to the challenges of
hip joint replacement.

Acknowledgement

We thank Home for Researchers editorial team (www.home-for-
researchers.com) for language editing service.

Funding

This study was funded by the National Natural Science
Foundation of China (project No. 82172398) and LiaoNing
Revitalization Talents Program (project No. XLYC2203102).


https://www.home-for-researchers.com
https://www.home-for-researchers.com

16

| Regenerative Biomaterials, 2024, Vol. 11, rbae057

Conflicts of interest statement. The authors declare that they have
no competing interests.

Data availability

This paper presents all data required for the evaluation of its
conclusions. Requests for further information related to this
work can be directed to the corresponding author.

References

1.

10.

11

12.

13.

14.

15.

16.

Ferguson RJ, Palmer AJR, Taylor A, Porter ML, Malchau H, Glyn-
Jones S. Hip replacement. Lancet 2018;392:1662—71.

Pezzotti G, Yamamoto K. Artificial hip joints: the biomaterials
challenge. ] Mech Behav Biomed Mater 2014;31:3-20.

Patil N, Lee K, Goodman SB. Porous tantalum in hip and knee re-
constructive surgery. J Biomed Mater Res B Appl Biomater
2009;89:242-51.

Fiorentino A, Zarattini G, Pazzaglia U, Ceretti EJPC. Hip prosthe-
sis design. Market analysis, new perspectives and an innovative
solution. Proc Cirp 2013;5:310-4.

Furlong R, Osborn JF. Fixation of hip prostheses by hydroxyapa-
tite ceramic coatings. J Bone Joint Surg Br 1991;73:741-5.

Hozack WJ, Rothman RH, Eng K, Mesa J. Primary cementless hip
arthroplasty with a titanium plasma sprayed prosthesis. Clin
Orthop Relat R 1996;333:217-25.

Meding JB, Keating EM, Ritter MA, Faris PM, Berend ME.
Minimum ten-year follow-up of a straightstemmed, plasma-
sprayed, titanium-alloy, uncemented femoral component in
primary total hip arthroplasty. J Bone Joint Surg Am 2004;86:92-7.
Levine B, Della Valle CJ, Jacobs JJ. Applications of porous tanta-
lum in total hip arthroplasty. ] Am Acad Orthop Surg
2006;14:646-55.

Su N, Villicana C, Yang F. Immunomodulatory strategies for
bone regeneration: a review from the perspective of disease
types. Biomaterials 2022;286:121604.

Gu D, Shi X, Poprawe R, Bourell DL, Setchi R, Zhu J. Material-
structure-performance  integrated lasermetal additive
manufacturing. Science 2021;372:eabg1487.

Murr LE, Gaytan SM, Medina F, Lopez H, Martinez E, Machado
BI, Hernandez DH, Martinez L, Lopez MI, Wicker RB, Bracke J.
Next-generation additive
manufacturing of complex, cellular and functional mesh
arrays. Philos Trans A Math Phys Eng Sci 2010;368:1999-2032.
Karageorgiou V, Kaplan D. Porosity of 3D biomaterial scaffolds
and osteogenesis. Biomaterials 2005;26:5474-91.

Chen Z, Yan X, Yin S, Liu L, Liu X, Zhao G, Ma W, Qi W, Ren Z,
Liao H, Liu M, Cai D, Fang H. Influence of the pore size and po-

biomedical implants using

rosity of selective laser melted Ti6Al4V ELI porous scaffold on
cell proliferation, osteogenesis and bone ingrowth. Mater Sci Eng
C Mater Biol Appl 2020;106:110289.

Arabnejad S, Johnston B, Tanzer M, Pasini D. Fully porous 3D
printed titanium femoral stem to reduce stress-shielding fol-
lowing total hip arthroplasty.J Orthop Res 2017;35:1774-83.

Sun Z, Vladimirov G, Nikolaev E, Velasquez-Garcia LF.
Exploration of metal 3-D printing technologies for the microfab-
rication of freeform, finely featured, mesoscaled structures. ]
Microelectromech Syst 2018;27:1171-85.

Zadpoor AA. Additively manufactured porous metallic bioma-
terials. ] Mater Chem B 2019;7:4088-117.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Han Q, Wang C, Chen H, Zhao X, WangJ. Porous tantalum and
titanium in orthopedics: a review. ACS Biomater Sci Eng
2019;5:5798-824.

Zhao DW, LiJL. Fabrication of the porous tantalum and its cur-
rent status used as orthopedics implants materials. Acta Metallic
Sin 2017;53:1303-10.

Zhang B, Pei X, Zhou C, Fan Y, Jiang Q, Ronca A, D'Amora U,
Chen Y, Li H, Sun Y, Zhang X. The biomimetic design and 3D
printing of customized mechanical properties porous Ti6Al4V
scaffold for load-bearing bone reconstruction. Mater
Des 2018;152:30-9.

ISO-13782 Implants for surgery-metallic materials-unalloyed
tantalum for surgical implant applications.

Learmonth ID, Young C, Rorabeck CJ. The operation of the cen-
tury: total hip replacement. Lancet 2007;370:1508-19.

Padgett DE, Warashina HJ. The unstable total hip replacement.
Clin Orthop Relat Res 2004;420:72-9.

Veldsquez-Garcia LF, Kornbluth Y. Biomedical applications of
metal 3D printing. Annu Rev Biomed Eng 2021;23:307-38.
Bezuidenhout MB, Dimitrov DM, van Staden AD, Oosthuizen
GA, Dicks LM. Titanium-based hip stems with drug delivery
functionality through additive manufacturing. Biomed Res Int
2015;2015:134093.

Sungail C, Abid AD. Additive manufacturing of tantalum—A
study of chemical and physical properties of printed tantalum.
Met Powder Rep 2020;75:28-33.

Ren D, Li S, Wang H, Hou W, Hao Y, Jin W, Yang R, Misra RDK,
Murr LE. Fatigue behavior of Ti-6Al14V cellular structures fabri-
cated by additive manufacturing technique. J Mater Sci Technol
2019;35:285-94.

Akita M, Uematsu Y, Kakiuchi T, Nakajima M, Kawaguchi RJ.
Defect-dominated fatigue behavior in type 630 stainless steel
fabricated by selective laser melting. Mater Sci Eng A
2016;666:19-26.

Livescu V, Knapp CM, Gray GT, Martinez RM, Morrow BM,
Ndefru BG. Additively manufactured tantalum microstruc-
tures. Materialia 2018;1:15-24.

Zhang D, Wong CS, Wen C, Li Y. Cellular responses of
osteoblast-like cells to 17 elemental metals. ] Biomed Mater Res A
2017;105:148-58.

Wang Q, Zhang H, Li Q, Ye L, Gan H, Liu Y, Wang H, Wang Z,
Biocompatibility and osteogenic properties of porous tantalum.
Exp Ther Med 2015;9:780-6.

LuT, Wen], Qian S, Cao H, Ning C, Pan X, Jiang X, Liu X, Chu PK.
Enhanced osteointegration on tantalum-implanted polyethere-
therketone surface with bone-like elastic modulus. Biomaterials
2015;51:173-83.

Bandyopadhyay A, Mitra I, Shivaram A, Dasgupta N, Bose S.
Direct comparison of additively manufactured porous titanium
and tantalum implants towards in vivo osseointegration. Addit
Manuf 2019;28:259-66.

GuoY, Xie K, Jlang W, Wang L, Li G, Zhao S, Wu W, Hao Y. In vi-
tro and in vivo study of 3D-Printed porous tantalum scaffolds
for repairing bone defects. ACS Biomater Sci Eng 2018;5:1123-33.
Balla VK, Bodhak S, Bose S, Bandyopadhyay A. Porous tantalum
structures for bone implants: fabrication, mechanical and
in vitro biological properties. Acta Biomater 2010;6:3349-59.
Avery D, Morandini L, Celt N, Bergey L, Simmons J, Martin RK,
Donahue HJ, Olivares-Navarrete R. Immune cell response to or-
thopedic and craniofacial biomaterials depends on biomaterial
composition. Acta Biomater 2023;168:671.



Regenerative Biomaterials, 2024, Vol. 11, rbae057 | 17

36.

37.

38.

39.

40.

Gibon E, Amanatullah DF, Loi F, Pajarinen J, Nabeshima A, Yao
Z, Hamadouche M, Goodman SB. The biological response to or-
thopaedic implants for joint replacement: part I: metals. J
Biomed Mater Res Part B Appl Biomater 2017;105:2162-73.
Seyedizade SS, Afshari K, Bayat S, Rahmani F, Momtaz S, Rezaei
N, Abdolghaffari AH. Current status of M1 and M2 macrophages
pathway as drug targets for inflammatory bowel disease. Arch
Immunol Ther Ex 2020;68:1-24.

D’alessio S, Correale C, Tacconi C, Gandelli A, Pietrogrande G,
Vetrano S, Genua M, Arena V, Spinelli A, Peyrin-Biroulet LJ.
VEGF-C-dependent stimulation of lymphatic function amelio-
rates experimental inflammatory bowel disease. J Clin Investig
2014;124:3863-78.

Zhu W, YuJ, Nie Y, ShiX, LiuY, Li F, Zhang X. Disequilibrium of
M1 and M2 macrophages correlates with the development of ex-
perimental inflammatory bowel diseases. Immunol Invest
2014;43:638-52.

Abaricia JO, Shah AH, Chaubal M, Hotchkiss KM, Olivares-
Navarrete R. Wnt signaling modulates macrophage polarization
and is regulated by biomaterial surface properties. Biomaterials
2020;243:119920.

© The Author(s) 2024. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/
), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

Regenerative Biomaterials, 2024, 11, 1-17
https://doi.org/10.1093/rb/rbae057
Research article

41.

42.

43.

44.

45.

46.

47.

Ghafouri-Fard S, Shahir M, Taheri M, Salimi AJC. A review on
the role of chemokines in the pathogenesis of systemic lupus er-
ythematosus. Cytokine 2021;146:155640.

Zelovd H, Hosek J. TNF-a signalling and inflammation: interac-
tions between old acquaintances. Inflamm Res 2013;62:641-51.
Bui TM, Wiesolek HL, Sumagin R. ICAM-1: a master regulator of
cellular responses in inflammation, injury resolution, and tu-
morigenesis. J Leukoc Biol 2020;108:787-99.

Donlin LT, Jayatilleke A, Giannopoulou EG, Kalliolias GD,
Ivashkiv L. Modulation of TNFinduced macrophage polarization
by synovial fibroblasts. ] Immunol 2014;193:2373-83.

Yuan X, Liu W, LiY, Chen X, LiH, Tang H, Yin Y, Song Z, Chen D.
CCL3 aggravates intestinal damage in NEC by promoting mac-
rophage chemotaxis and M1 macrophage polarization. Pediatr
Res 2022;94:119-28.

Ge S, Yang W, Chen H, Yuan Q, Liu S, Zhao Y, Zhang]. MyD88 in
macrophages enhances liver fibrosis by activation of NLRP3
inflammasome in HSCs. IntJ Mol Sci 2021;22:12413.

Senalp AZ, Kayabasi O, Kurtaran H. Static, dynamic and fatigue
behavior of newly designed stem shapes for hip prosthesis using
finite element analysis. Mater Des 2007;28:1577-83.



	Active Content List
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	Acknowledgement
	Funding 
	Data availability
	References


