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Abstract: The architectural features of synthetic bone grafts are key parameters for regulating cell functions and
tissue formation for the successful repair of bone defects. In this regard, macroporous structures based on triply-
periodic minimal surfaces (TPMS) are considered to have untapped potential. In the present study, custom-made
implants based on a gyroid structure, with (GPRC) and without (GP) a cortical-like reinforcement, were specifically
designed to fit an intended bone defect in rat femurs. Sintered hydroxyapatite implants were produced using a
dedicated additive manufacturing technology and their morphological, physico-chemical and mechanical features
were characterized. The implants’ integrity and ability to support bone ingrowth were assessed after 4, 6 and 8
weeks of implantation in a 3-mm-long, femoral defect in Lewis rats. GP and GPRC implants were manufactured
with comparable macro- to nano-architectures. Cortical-like reinforcement significantly improved implant effective
stiffness and resistance to fracture after implantation. This cortical-like reinforcement also concentrated new bone
formation in the core of the GPRC implants, without affecting newly formed bone quantity or maturity. This study
showed, for the first time, that custom-made TPMS-based bioceramic implants could be produced and successfully
implanted in load-bearing sites. Adding a cortical-like reinforcement (GPRC implants) was a relevant solution to
improve implant mechanical resistance, and changed osteogenic mechanism compared to the GP implants.
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Introduction

Despite the high regenerative capacity of human bone, large
bone defects cannot heal spontaneously and require dedicated
reconstruction surgical techniques. Each year, more than 2.2
million bone graft-related surgeries are performed worldwide [1] to
augment bone repair after fracture, tumor resections and
orthopedic revision surgeries, making bone the second most widely
transplanted tissue after blood. Although autologous bone grafts
are the “gold standard” for bone graft material, the considerable
morbidity (8.5-20% of reported complications [2]) associated with
the donor site and the limited tissue quantity that can be harvested
constitute serious limitations for this therapeutic modality.
Allogenic bone grafts, obtained from either cadaver or living
donors, are readily available and may be suitable alternatives to
autologous bone grafts. Processing methods, however, are
burdensome and costly; most importantly, risks of viral or bacterial
infection remain serious clinical concerns [2]. To overcome these
limitations, synthetic bone grafts, or alloplasts, have been proposed
as bone substitutes or bone filling materials. The most popular
alloplasts used in clinical practice are calcium phosphate (CaP)
bioceramics, which include hydroxyapatite (HA) and tricalcium
phosphate, owing to their biocompatibility, safety, and
osteoconductive properties.

An ideal alloplast should not only provide a temporary
structural support in clinical bone treatments, but should also
promote new bone tissue and blood vessel ingrowth. Formation of
new tissues within the implant porous network (e.g., bone tissue
growth [3], blood vessel guidance [4,5]), implant intrinsic features
(e.g., mechanical properties [6,7], internal mass transport [8,9],
resorption rate [3,10]), as well as cellular proliferation and
differentiation [11,12] can be modulated by the nano- to macro-
scale implant architecture. Additive manufacturing (AM)
technologies currently enable production of custom-made
implants, with well-controlled and diverse multiscale architectures,
and with specific shapes designed to match the bone defect.

Macro-architectures based on triply-periodic minimal surfaces
(TPMS) which include gyroids, diamonds, and primitives [13,14]
have great potential for bone repair due to their open, regular,
interconnected porous networks that facilitate mass transport, cell
invasion, and tissue formation. These material architectures are
also considered “biomorphic” because their mean curvature
resembles the surface curvature characteristics of trabecular bone
[15]. In vitro studies using non-ceramic materials have confirmed
higher permeability of 3D implants and a better mesenchymal
stromal cell infiltration in a gyroid network compared to a structure
with a random-pore architecture of similar porosity and pore size
[8]. Easily 3D-printed with either polymeric [7,8,16], metallic [17],
[18], [19], [20], or composite [21], [22], [23] materials, TPMS
structures are difficult to produce with CaP [24,25], due to the
inability of most present-day AM to process bioceramics.

Using a precise approach based on the impregnation of wax
molds, the authors were able to produce for the first time such
TPMS structures in sintered HA [25]. Using these open,
interconnected structures, the objective of the present study was to
investigate the osteoconductive potential of TPMS-based HA
implants (implants with gyroid porosity; GP) in large bone defects
in a load-bearing, femoral site in rats. Because CaP bioceramics
have well-established bioconductive and biointegrative capacity
but poor fracture toughness [26], the ability of a cortical-like outer

shell (implants with gyroid porosity reinforced by a cortical-like
outer shell; GPRC) to improve the mechanical strength of the
TPMS-based HA implants and its impact on bone ingrowth were
evaluated.

Materials and Methods

Custom-made macroporous implants based on a TPMS gyroid
structure, with (GPRC implants) and without (GP implants) a
cortical-like outer shell, were produced in HA to fit a 3-mm-long,
segmental, femoral defect in rats. Produced implants were
characterized for their physico-chemical characteristics using X-
ray diffractometer (XRD) and Fourier transform infrared (FITR)
spectroscopy, for their morphometric features using X-ray micro-
computed tomography (micro-CT) and scanning electron
microscopy (SEM), and for their mechanical properties using
compression tests. The ability of GP and GPRC implants to
support bone ingrowth in vivo was then evaluated by implanting
them in a 3-mm-long, segmental, femoral defect in Lewis rats.
Implant integrity and bone formation were qualitatively evaluated
using X-ray micro-CT after 4, 6 and 8 weeks of implantation. Bone
formation  was  quantified using  X-ray = micro-CT,
histomorphometry and SEM-energy-dispersive X-ray (EDX)
spectroscopy after 8 weeks of implantation.

Hydroxyapatite powder synthesis

HA powder (Ca;o(PO4)s(OH),) was synthesized using a
standard aqueous precipitation method as previously described
[27]. Briefly, a di-ammonium hydrogen phosphate solution
((NH,),HPO,, 99%; Merck, Germany) was poured into a calcium
nitrate solution (Ca(NO3),*4H,0, 99%; Merck, Germany) at 100
mL/min. The reaction was performed at pH 8.0 and at a
temperature of 65°C under argon flow. After a maturation time of
20 + 2 h, the resulting HA suspension was filtered and the
precipitate was heat-treated at 400°C under air for 2 h and crushed
to reach particle sizes in the 1 to 10 pm range (AFG100;
Hosokawa Alpine, Germany). Finally, the synthetized HA powder
was heat-treated at 1020°C for 2 h (LH40/13; Nabertherm,
Germany) to obtain a specific surface area of 4.0 £ 0.1 m?/g [25],
which was determined on the outgassed powder (200°C for 8 h)
using N2 adsorption isotherms (Brunauer—-Emmett-Teller 5 points
method, ASAP 2010; Micromeritics, Germany).

Manufacturing of hydroxyapatite implants

HA implants were produced according to the AM-based
process detailed and optimized by Charbonnier et al. [25,28].
Briefly, wax molds, negative of the intended implant structure,
were build layer-by-layer with each layer thickness of 25 um (Fig.
1(A)) using a 3D printer (3Z Studio, Solid-scape; Multistation,
France). These wax molds were then impregnated with a HA
slurry. The HA slurry was prepared by blending 73.6% (w/w) HA
powder, 26.2% (w/w) pure water and 0.2% (w/w) dispersing agent
(Darvan C-N; R. T. Vanderbilt Company Inc., USA)), with stirring
(at 200 rpm) in a zirconia jar containing 10- and 5-mm-diameter
zirconia balls (PM400; Retsch, Germany) for 15 min. Duramax B-
1000 (Rohmand Haas, France) was finally added to the HA slurry
prior to impregnation at a concentration of 3.7% (w/w of slurry).

After drying at room temperature overnight, the “green bodies”
(i.e., agglomerates of particles) were cleaned then heat-treated in a
debinding furnace (Carbolite, UK) at 500°C (to eliminate the wax
mold and the organic adjuvants). Consolidation of the ceramic was
achieved by sintering in air at 1200°C with a heating rate of
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4°C/min (LH40/13; Nabertherm, Germany) for 2 h. Manufactured
implants were sterilized at 121°C for 20 min.

Design of hydroxyapatite implants

Implants were designed to match the geometry of a
standardized, rat, 3-mm-long, segmental, femoral defect, using
computer-aided-design (CAD) software (Fig. 1(B)). Lewis rats
(female, 1215 weeks old; Janvier Labs, France) were anesthetized
and maintained under anesthesia using 2-3% isoflurane (CS
Pharmaceutiques, France) in 50% oxygen/50% air. Rat femurs
were then imaged with a non-invasive in vivo X-ray micro-CT
(Skyscan 1176; Bruker, Belgium) at the following settings: pixel
size = 35.4 um; source voltage = 65 kV; source current = 373 UA;
filter = Aluminum 1 mm; rotation step = 0.7°; and exposure time =
58 ms. After X-ray micro-CT data reconstruction (CTAnN; Brucker,
Belgium), 3D models of the femurs were generated using ScanlP
(Simpleware, UK), and a 3-mm-long volume in the rat femoral
shaft was defined as the “basic volume” for the generation of the
GP and GPRC implants. For the GP implants, a gyroid porous
(60% porosity) structure, where a sphere of 430-pum-diameter
could move freely (equivalent gyroid unit of 810 um)
(Supplementary Fig. 1), was placed into this 3D volume (ScanIP)
(Fig. 1(B)). For the GPRC implants, gyroid architecture similar to
the GP implant was used but a cortical-like outer shell of 180- to
230-um-thick was left intact (Fig. 1(B)); this design resulted in a
total porosity of 43%.

As previously explained (Section “Manufacturing of
hydroxyapatite implants”), molds were designed as the negative of
the intended GP and GPRC implant architectures using ScanlP
software and with an homogeneous expansion of 14% for both
structures in order to counterbalance the uniform shrinkage of the
HA green bodies occurring during their sintering [25].

Hydroxyapatite powder and implant characterization

The crystalline phases of the samples of interest to the present
study were analyzed using a D8 Advance 0/06 XRD (Bruker,
Belgium) equipped with a Lynx-Eye Position Sensitive Detector
(aperture angle 2.946°), using CuKa radiation, and operating at 40
kV and 20 mA. XRD patterns were collected over the 26 range of
10-120° at a step size of 0.01° and counting time of 0.2 s per step.
The crystalline phases were identified in comparison with
reference patterns from the ICDD-PDF database (International
Centre for Diffraction Data - Powder Diffraction Files). HA
powder and grinded implants were also analyzed by FTIR
spectroscopy using a VERTEX 70 spectrometer (Bruker Optics,
France), equipped of a monolithic diamond ATR crystal (Quest
ATR diamond; Specac, USA). Spectra were recorded from 4000 to
400 cm™ at a resolution of 2 cm™ and obtained by signal
averaging of 64 successive scans.

Morphometric analyzes of the produced implants were carried
out at various scales. Each implant was first imaged using a X-ray
micro-CT system (Nanotom S, USA) with a voltage of 80 kV
(tungsten target), an integration time of 750 ms, and a 3.5 mm
voxel resolution. For the reconstruction of the volume data, a
proprietary implementation method based on the Feldkamps cone
beam-reconstruction algorithm was used. VG Studio software
(Volume Graphics, Germany) was used for the 3D visualization of
the volume data and the dataset export in .DICOM format for
image analysis. For both implant architectures of interest in the
present study, 3D models were generated in ScanlP using
thresholding operations, and then, exported in a printable .stl
format. After manual, gross superimposition of produced implant

model data with its corresponding original CAD design, .stl files
were imported in CloudCompare freeware (EDF R&D, France) for
further comparison. A dedicated algorithm enabled fine
superimposition of the two models. The “cloud-to-mesh” algorithm
was used to compare the produced implant to the respective CAD
model; the latter served as reference.

Implants were also examined by SEM (JSM-6500F; JEOL,
USA\) after applying a gold coating (about 10-nm-thick) using the
sputtering coating technique (Q150R ES, Quorum, UK). The
porosity on the sample surfaces was quantified from SEM images
using ImageJ freeware (National Institutes of Health, USA).
Additionally, the minimum (xF,min) and maximum (xF,max) Feret
diameter of the micropores, as well as three morphological factors,
specifically, the aspect ratio (A.R.), roundness (R) and sphericity
(S), were evaluated (N = 5 SEM images analyzed per sample; N =
2 samples per implant architecture tested).

Compression tests up to complete collapse were conducted
using an Instron mechanical testing machine (model 3343; capacity
1 KkN; Instron, Norwood, USA) at a constant speed rate of 20
pm/min (N = 5 samples per implant architecture tested). The
reaction force was measured with precision force transducers
(Instron 2519-104 series load cells; capacity of 500 N; Instron,
Norwood, USA). The total surface of GP and GPRC implants
where compression loading was applied was measured, and used to
calculate the axial compressive stress as the ratio between the
measured reaction force and the measured surface. Strain was
computed as the difference between two successive positions and
the initial height of the tested implant. From these compression
tests, two mechanical properties were evaluated, namely: (i) the
effective stiffness (MPa), i.e., the mean slope of the linear portions
of each stress-strain curve; and (ii) the ultimate stress (MPa), i.e.,
the maximum stress borne by the tested implant before rupture.

Animals

Sixteen 12-15-week-old, female, Lewis rats (Janvier, France)
were used. The experimental protocols used in this study received
approval by the Ethics Committee on Animal Research of
Villemin, Paris, France (APAFIS#611-20105050408574036), and
were carried out in accordance with the European Guidelines for
Care and Use of Laboratory Animals (Directive 2010/63/EU).

Surgical procedure

Prior to anesthesia, buprenorphine (0.1 mg/kg; Buprecare® 0.3
mg/ml; Axience, France) and enrofloxacine (0.05 mg/kg; Baytril®
5%; Bayer HealthCare, France) per animal were administered
subcutaneously as sedative and preventive analgesia and as
microbial prophylaxis, respectively. Anesthesia was induced, and
maintained, using 2-3% isoflurane in 100% oxygen. Each animal
was placed in right lateral recumbency. The left limb was clipped
and aseptically prepared using 10% povidone iodine.

The surgical procedure was carried out as previously described
[29]. Briefly, after lateral femoral approach, an 8-hole PEEK-
locking plate (RatFix Plate; RISystem, Switzerland) was applied
on the anterior femoral side and secured using 6 self-tapping
locking screws (RatFix ShoulderScrew 0.7 x 6.5 mm; RISystem,
Switzerland) after drilling with a 0.3 mm drill bit (Drill Bit 0.68
mm, RISystem, Switzerland). A 3-mm-long, mid-diaphyseal
ostectomy was performed using a 0.44 mm Gigli saw (0.44 mm;
RISystem, Switzerland) and a dedicated jig (Drill and Saw Guide;
RISystem, Switzerland). Based on preliminary experiments
assessing bone repair 8 weeks after ostectomy in 2-, 3-, 4-, and 5-
mm-long bone defects left empty, the 3-mm-long bone defect was
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selected as the longest, without it being a critical-sized, bone defect
(i.e., able to spontaneously form bone) (Supplementary Fig. 2).
The bone defect was filled with either GP or GPRC implants (N =
8 samples per implant architecture tested). Closure of the fascia,
subcutaneous planes and skin were accomplished using 5-0 and 4-
0 glycomer 631 sutures according to standard procedures. While
animals were under anesthesia, implant position was determined
using non-invasive in vivo X-ray micro-CT as described in Section
“Design of hydroxyapatite implants”. Post-operative analgesia was
provided through a subcutaneous injection of buprenorphine (0.1
mg/kg) every 12 h for 3 consecutive days post-surgery.
Throughout the post-operative period, the rats were allowed to
weight-bear and were monitored on a daily basis by trained
animal-care personnel. Food and water were available ad libitum to
the animals.

Micro-computed tomography evaluation

Bone ingrowth and implant integrity were longitudinally
evaluated 4, 6 and 8 weeks after surgery using non-invasive in vivo
X-ray micro-CT. Each animal was anesthetized using 2-3%
isoflurane in 50% oxygen/50% air and radiographic projections
were acquired as described in Section “Design of hydroxyapatite
implants”. Eight-weeks after implantation, the animals were
sacrificed using an overdose of barbiturate (Dolethal®;
Vétoquinol, France). Immediately after sacrifice, all left femoral
bones were excised, cleaned of overlaying muscle tissue, and fixed
in 4% paraformaldehyde at 4°C for 4 days. All specimens (N = 8
samples per implant architecture tested) were then imaged again
using in vitro X-ray micro-CT (Skyscan 1176; Bruker, Belgium) at
the following settings: pixel size = 17.7 um; source voltage = 80
kV; source current = 300 pA; filter = Copper + Aluminum;
rotation step = 0.5°; and exposure time = 100 ms.

The images from both in vivo and in vitro X-ray micro-CT
acquisitions were reconstructed using NRecon software (v1.6.8.0;
Bruker, Belgium). For qualitative analysis of implant integrity, the
presence of lines of fracture in the implant was recorded 4, 6 and 8
weeks after surgery. For quantitative analysis of bone ingrowth
after 8 weeks of implantation, CTAn software was used to obtain
the volume of newly formed bone from the in vitro X-ray micro-
CT images (greyscale threshold for bone = 63). In order to
differentiate newly formed bone from the HA ceramic substrate,
non-implanted implants were scanned using in vitro X-ray micro-
CT settings as described above and were analyzed to obtain a
greyscale threshold (120) for the HA ceramic substrate, which was
subtracted from the intensities obtained from the explanted
implants, as previously described [30]. Two parameters were
evaluated, namely: (i) total bone volume (mm?), i.e., bone volume
formed in the bone defect, both inside and outside of each implant;
and (i) bone volume inside the implant (mm®), i.e., bone volume
formed solely inside the gyroid structure of each implant. For
quantitative analysis of HA ceramic resorption, CTAn software
was used to obtain the volume of HA ceramic from in vitro X-ray
micro-CT images obtained before implantation and 8 weeks after
implantation (greyscale threshold for HA ceramic = 120).

Histology and histomorphometry

After X-ray micro-CT imaging, each fixed sample was
embedded in methylmethacrylate resin and processed for
undecalcified histology according to established techniques [31].
All femoral bones were cut lengthwise and the obtained sections
were ground down to a thickness of around 100 um, polished, and
surface-stained using Stevenel blue and van Gieson picrofuchsin

stains. Three central stained sections per implant were then
visualized using a digital microscope (VHX-2000; Keyence,
USA). For each section, and according to established methods
[32], the mineralized newly formed bone area (stained in red) was
measured (i) as the total bone area (um?), i.e., newly formed bone
inside and around each implant; (ii) as the bone area inside each
implant (um?), i.e., newly formed bone inside the gyroid structure
of each implant; and (iii) as a percentage (%) of bone area in the
implant border zones and the implant central zone relative to the
bone area inside each implant; for the later parameter, areas
adjacent to the proximal and distal bone defect borders
corresponding to 50% of the total implant area were considered the
“border zone”, and the area in the center of implant corresponding
to 50% of the total implant area was considered the “central zone”
(Fig. 7(C)). For each section, area (um?) of bone marrow-like
tissue inside the gyroid structure of each implant was also
evaluated.

For each implant with bone formed inside their gyroid
structure, the atomic chemical composition analysis of the newly
formed bone was performed on one central resin-embedded section
using SEM - EDX spectroscopy equipped with analytical UHR
Schottky Emission Scanning Electron Microscope SU-70 (Hitachi,
Japan) (N = 3 spots analyzed per sample; N = 5 samples per
implant architecture tested).

Statistical analysis

All statistical analyses were performed using the GraphPad
Prism Software v6.01 (GraphPad Software, Inc., USA).
D'Agostino tests were used to test the normality of the analyzed
data (effective stiffness, ultimate stress, total bone volume, bone
volume inside implants, total bone area, bone area in the implant
border zones and the implant central zone, bone marrow-like tissue
area, and calcium/phosphorus ratio). For normally distributed data,
t-tests were used to examine the effects of implant architecture. For
non-normally distributed data, non-parametric Mann—Whitney U
tests were used to examine the effects of implant architecture. For
all analyses, differences at p < 0.05 were considered statistically
significant.

Results

Implant characterization

HA implants with an internal gyroid structure were
successfully produced (Fig. 1(C)) with a reproducibility and
accuracy of + 40 um (Fig. 2) and an average deviation of + 1.4 um
from the intended CAD models was determined following a
Gaussian distribution displaying full width at half maximum of 85
pum. The surface macro-topography was visualized using SEM.
Grooves approximately 20-pum-deep were observed orientated
orthogonally to the implant length (Fig. 3(B)). SEM also revealed
the implant microporosity (Fig. 3), which was similar between GP
and GPRC implants, and consisted of domino-shaped micropores
sub-rounded with a low sphericity (Table 1). The manufacturing
process used to obtain the GP and GPRC implants did not affect
the HA phase: both FTIR spectra and XRD patterns of the
grounded GP and GPRC implants exhibited IR bands and
diffraction peaks of the initial HA powder (Fig. 4). No other
crystalline or amorphous phase was detected.

In vitro and in vivo implant mechanical resistance

In vitro, GP and GPRC implants exhibited similar mechanical
behaviors: both implant architectures tested had a linear response,
characterized, however, by different effective stiffnesses: the
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effective stiffness of GPRC implants was 46% higher than that of
GP implants (Table 2). For the GP implants, sudden drops in
mechanical stress were visible throughout the compression test of
the implants (Supplementary Fig. 3): they corresponded to the
collapse of some of the beams within the gyroid structure, and the
collapse depended on the beam orientation and on the presence of
material defects making the beam more prone to rupture. For the
majority of the implants, the appearance of collapsed beams in the
structure led to a decrease in the effective stiffness of the sample.
The collapse of beams was also observed in GPRC implants,
although to a lesser degree, due to the presence of the cortical-like
outer shell (Supplementary Fig. 3). Therefore, the presence of the
cortical-like outer shell limited the effect of stiffness reduction.
Finally, all samples exhibited a brittle rupture mode. For GP
implants, rupture occurred when the last beams within the gyroid
structure eventually collapsed, while, for GPRC implants, rupture
happened when the cortical-like outer shell reached its ultimate
stress. GPRC implants exhibited an ultimate stress of about five
times higher than that of GP implants (Table 2). The high standard
deviations observed for the effective stiffness and for the ultimate
stress are due to the imperfect flatness and parallelism of the
implant surfaces (proximal and distal).

The GP and GPRC implants tested in the present study were
successfully implanted intact in 3-mm-long, segmental, femoral
defect in rats (Fig. 5(A)). The one GP implant, which was fractured
upon insertion in the bone defect, was replaced. All animals
tolerated well the surgical procedure, and all of them bore weight
on the operated limb within a day after surgery. Neither
inflammation at the surgical site nor rupture of osteosynthesis
material was observed in the animals tested. Upon explantation and
subsequent histological analysis, neither inflammation nor foreign
body reaction were observed in and around the implants.

Integrity of GPRC implants implanted in a load-bearing bone
site was improved compared to that exhibited by the GP implants.
At least one line of fracture was observed using in vivo X-ray
micro-CT in every one of the 8 GP implants, but in only 2 out of 8
GPRC implants 4 weeks post-implantation; similar observations
were made after 6 weeks of implantation (data not shown). At the
time of explantation (i.e., 8 weeks post-implantation), high
resolution in vitro X-ray micro-CT confirmed that all GP implants
had multiple fracture lines; 5 out of 8 GP implants displayed areas
of completely morselized implant material (Fig. 5(B)). On the
other hand, 2 out of 8 GRPC implants displayed major
fragmentation in the outer zone of the implants (Fig. 5(B)).

In vivo bone formation

In vivo X-ray micro-CT analyses revealed bone ingrowth after
4 weeks of implantation which progressed until the terminal time
point of analysis (i.e., 8 weeks post-implantation). Bone was
formed inside and around the implants of both architectures tested,;
bone, however, was preferentially formed in zones adjacent to the
bone defect borders of the GP implants but in the core of the
implant for the GPRC implants (Fig. 5(B)). Bone formation was
not systematically observed within the gyroid structure
(specifically, 3 out of 8 GP implants and 2 out of 8 GPRC
implants). In vitro X-ray micro-CT analyses showed no differences
in either total bone volume or bone volume inside the GP and the
GPRC implants after 8 weeks of implantation (Fig. 6(A)). Total
bone volume for both implant architectures tested was similar to
the total bone volumes measured in 3-mm-long bone defects left
empty (Supplementary Fig. 2(B)). In vitro X-ray micro-CT
analyses also showed no significant differences in HA ceramic

volume before implantation (TO) and after 8 weeks of implantation
(T8) (GP implants: 5.63 + 0.19 mm?® at TO vs. 5.81 + 0.19 mm® at
T8; GPRC implants: 10.89 + 0.76 mm® at T0 vs. 10.70 + 0.87 mm?
at T8). Similarly to X-ray micro-CT analyses, no differences in
total bone area or bone area inside each implant were observed
using histomorphometric analyses (Fig. 6(B)).

Histological analyses showed that 5 out of 5 GP implants with
bone formed inside the gyroid structure displayed continuity
between the bone defect borders and bone formed inside these
implants (Fig. 7(A)). Conversely, only 1 out of 6 GPRC implants
with bone formed inside the gyroid structure displayed such
continuity between bone defect borders and newly formed bone.
The interfaces between bone defect borders and newly formed
bone in the 5 other GPRC implants were connective tissue, with
two interfaces also showing some formation of cartilaginous tissue
(Fig. 7(A)). The new bone formed inside the GP and GPRC
implants, either in continuity to bone defect borders or not, was
highly cellularized and displayed bone marrow-like elements
containing numerous adipocytes (Fig. 7(B)). Lining osteoblasts
were also present in most of the GP implants and in some of the
GPRC implants. Blood vessels as well as multinucleated cells were
observed inside both implant architectures tested. Although
multinucleated cells remained scarce in all implants, they were
more frequent in the GP implants than in the GPRC implants and
were mainly observed in direct contact with HA ceramic around
implant fragments. Small inlets of soft, cartilaginous callus were
also observed inside the gyroid structure, but only in the GP
implants (5 out of 8 GP implants), and with a surface median of
4865 um?. Histomorphometric analyses confirmed the difference
of newly formed bone distribution between the GP and GPRC
implants, specifically, 78.6 £ 21.5% of new bone formed in the
border zones in the GP implants and 68.4 + 21.1% of new bone
formed in the central zone for the GPRC implants (Fig. 7(C)).

SEM-EDX spectroscopy images revealed newly formed,
mineralized bone with osteocyte lacunae and in direct contact with
HA ceramic for both implant architectures tested (Fig. 8(A)).
Different levels of bone mineralization, corresponding to different
electron density (grey levels), were also observed (Fig. 8(A) and
(B)); on average, the calcium and phosphorus content, as well as
their ratio, of the newly formed bone was similar between both
implant architectures tested (Fig. 8(C)) and comparable to values
measured for mature cortical bone in the contralateral femurs
(Ca=21.6 £ 0.99 wt%; P=13.43 = 0.42 wt%; Ca/P =161 +
0.03). As another marker for newly formed bone maturation, area
of bone marrow-like elements inside the gyroid structure was
assessed and was found to be similar between the GP and GPRC

implants (Fig. 8(D)).
Discussion

TPMS-based structures are of special interest for bone repair,
but, up to now, lack of proper AM processes has hindered their
application with CaP bioceramics, one of the synthetic materials
most used as orthopedic alloplasts. Using a technique based on the
impregnation of wax molds, custom-made femoral implants were
designed from X-ray micro-CT imaging and produced with an
internal gyroid structure. This is the first time that such complex
implants are manufactured in CaP with high accuracy, at levels
comparable to those already reported by the authors for gyroid-
based cylinders [25] and spheres [28]. To the best of authors’
knowledge, the capability and the flexibility of the developed
process is currently unmatched and provided technical
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advancement allowing, for the first time, the use of CaP
bioceramics with architecture biomimicking human trabecular and
cortical structures in a bone load-bearing environment (e.g., more
than 60% of 3-node connectivity [33]). In addition to the tailored
macro-TPMS structure, the parameters used for the production of
the implants of interest to the present study were chosen to
enhance the biological response. The surface topologic
microstructure of the produced implants (grooves of approximately
20 pm deep, resulting from the selected layer thickness during
mold 3D-printing) was, indeed, chosen because it had been shown
important in cell adhesion, proliferation, and differentiation by
providing a hospitable environment for protein adsorption and cell
functions [34,35]. The solid content of the slurry and the sintering
temperature were chosen to induce sub-micropores, whose
dimensions are known to have significant effects on
osseointegration dynamics and bone formation [36], [37], [38]. In
terms of bioinspired materials, the mechanical properties (Table 2)
of both the GP and GPRC implants tested in the present study
matched the mechanical properties of femoral, trabecular bone
(i.e., an effective stiffness of 441 + 271 MPa and a rupture
compressive strength of 6.8 + 4.8 MPa [39]).

Since in vivo biodegradation of sintered HA is very limited
[40], the numerous lines of fracture observed in the GP implants
after only 4 weeks of implantation (8 out of 8 implants; data not
shown) are probably not related to the chemical degradation of the
ceramic material; but, instead, to the mechanical stresses
experienced during implantation. These fractures resulting in “free-
moving” ceramic fragments can explain the presence of cartilage
inlets inside almost all of the GP implants tested and at the
interface of the two broken GPRC implants with the bone defect
segments (Fig. 7). Mechanical instability during bone repair is,
indeed, known to lead to higher cartilage formation in the bone
callus [41] and may hinder or delay bone fracture healing [42,43].
The aforementioned excessive mechanical stress experienced by
the implants in the present study may be due to unsuitable fixation.
Optimization of custom-made fixation systems to stabilize bone
defect in load-bearing sites, in order to prevent implant fractures
and avoid stress shielding phenomena, has been pertinent research
focus for many years, and includes investigation of both new
materials and innovative topological designs [44,45]. Current
manufacturing limitations and the associated costs of such custom-
made fixation systems, however, have limited their application to
small animal models. Another way to mitigate the risk of implant
fracture relies on the modification of the implant design: for
example, either other TPMS structures with higher elastic moduli
but the same porosity and pore size could be used (i.e., based on
primitive lattice) [7], or the global implant porosity could be
reduced; at the risk, however, to limit its potential use for bone
ingrowth (e.g., lower permeability of such structures [14,16])
applications.

A cortical-like outer shell was chosen as an alternative strategy
and used in the present study to improve the mechanical strength
of the gyroid structure as evidenced by the increased effective
stiffness and the improved implant integrity upon implantation,
since only 2 out of 8 GPRC implants exhibited some lines of
fracture after 8 weeks of implantation (Fig. 5(B)). This cortical-
like outer shell did not impede cell and blood vessel infiltration
deep inside the respective implants; in fact, bone formed in the
core of the GPRC implants tested. This absence of prejudicial
effects on bone formation was confirmed by similar bone volume
and bone area results between the GP and the GPRC implants

tested (Fig. 6). Based on X-ray micro-CT analyses, bone formation
was evaluated as 16.5 £ 2.1 % and 14.7 + 1.4 % of implant volume
(BVITV) and filled 27.3 + 7.8% and 40.3 = 5.4% of void space
inside the gyroid structure of the GP and GPRC implants,
respectively. These percentages of BV/TV and of occupancy of
void space in the implants tested in the present study are in the
range of values reported for gyroid macroporous implants
manufactured in Ti6Al4V (around 12% of BV/TV) implanted in
tibial defects in mini-pigs for 5 weeks [20], and in poly-
trimethylene carbonate enriched with HA nanoparticles (around
60% occupancy) implanted in rabbit calvarial defects for 6 weeks
[21]. These reported differences in bone formation may be due to
the different animal type, bone defect model, and materials (e.qg.,
osteosynthesis material, implant biomaterial) [46] used by
aforementioned studies. The cortical-like outer shell neither
affected the maturation of the newly formed bone inside the gyroid
structure: the Ca/P ratios of mineralized, newly formed bone were
similar and the areas of bone-marrow like elements were similar
for both GP and GPRC implants (Fig. 8).

Although the occupancy of void space (40.3 * 5.4%) for the
GPRC implants is relatively good after 8 weeks of implantation,
revised strategies can be envisioned to improve bone formation in
these implants. First, the developed AM process allows production
of bioceramics with various compositions; in this respect, the
slurry preparation and the sintering parameters are steps to adjust
in the pertinent methods. Formation and/or recruitment of
osteoclasts, for instance, could be promoted. Osteoclasts have been
shown, indeed, to closely collaborate with osteoblasts for bone
formation and remodeling [47]. Sintered HA, such as used in the
present study, are, however, known to lead to low osteoclast
recruitment [40,48]. In order to improve this recruitment, various
ions of biological interest can be, for instance, substituted into the
HA crystalline lattice, affecting the intrinsic (e.g., dissolution rate,
mechanical properties) and extrinsic (e.g., resorption rate,
modulation of cell metabolism) characteristics of the bioceramics.
Amongst others, carbonate, silicate, magnesium, strontium, copper
and zinc ions alone or in combination are known to modulate the
angiogenic and osteogenic potential of HA. More extensive details
regarding the effect of ions on the biological response of HA are
available in recent reviews [49,50].

Furthermore, bone formation may be improved by changing
the TPMS structure. Although TPMS are considered to have
untapped potential for bone repair, few in vivo studies have
actually assessed their potential in bone repair applications [19],
[20], [21]. More complex TPMS-based structures, such as either
porosity gradient or a mixed architecture, may help improve
subsequent bone ingrowth [51]. Porosity gradients, based on
TPMS [52] and other pore architecture features [53,54], have been
shown, for example, to promote cell distribution in the center of
implants [52,53] and to improve stem cell osteogenic
differentiation [54].

One unexpected result observed in the present study was the
difference in distribution of the newly formed bone between the
GP and the GPRC implants (Fig. 7(C)). Bone was mainly formed
in continuity with the bone defect borders in the GP implants,
suggesting that distance osteogenesis, by which osteoblasts lay
down new bone on the old bone surface [55], is the main
phenomenon regarding bone formation in these implants; contact
osteogenesis, by which osteoblasts lay down new bone first on the
implant surface, is most likely also taking place in these implants.
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In the GPRC implants, new bone was preferentially formed in the
implant center, without continuity with the bone defect borders (5
out of 6 GPRC implants with bone formed inside the gyroid
structure), indicating that contact osteogenesis alone is taking place
in this case.

A possible explanation for the observed difference in bone
distribution may be that, by adding the cortical-like outer shell in
the implants tested in the present study, tissue penetration from the
bone defect segments and from the bone marrow cavity was
promoted by limiting “competition” from adjacent soft tissues
(e.g., surrounding muscle, nerve). Muscle, however, is known to
contribute to bone healing by providing important paracrine
stimulation to periosteal cells and by contributing some
osteoprogenitors involved in bone repair [56,57]. The fact that
bone volumes and areas between the two types of implants tested
in the present study were similar suggests that other phenomena,
helping bone formation in the GPRC implants, may be at play.

Another, most likely, explanation for the difference in the
bone distribution may be that signaling molecules and cells
involved in bone formation are more concentrated inside the
partially closed GPRC implants than in the case of the open GP
implants. Bone repair takes place following consecutive, but
overlapping, stages of tissue healing which involves hematoma
formation, inflammation, granulation-tissue formation, cartilage
(soft callus) formation, cartilage mineralization, wowen bone (hard
callus) formation, and bone remodeling. By confining the forming
hematoma inside the gyroid structure of the GPRC implants, the
cortical-like outer shell may locally increase the concentration of
proteins, platelets and other blood cells, such as erythrocytes and
leukocytes, entrapped within the hematoma. Aggregated platelets
and activated leukocytes can further increase the concentration of
signaling molecules because they are known to secrete numerous
bioactive cytokines and growth factors (e.g., interleukin (IL)1, IL6,
IL8, tumor necrosis factor o, vascular endothelial growth factor,
platelet derived growth factor, transforming growth factor 1, basic
fibroblast growth factor, insulin-like growth factor 1) [58,59],
which are important in the chemotaxis of inflammatory cells, in
angiogenesis, and in the migration, proliferation and differentiation
of osteoprogenitor cells. Confinement of the hematoma inside the
GPRC implants may also modulate the concentrations of
molecules (e.g., thrombin, fibrinogen, factor XIII) affecting the
fibrin clot architecture and the cross-linking of adhesive proteins
(e.g., fibronectin, collagen) to fibrin [58]. All the aforementioned
compounds can result in a fibrin network favoring cell adhesion
and migration in the GPRC implants more than in the GP implants.
Fibrin clot composition, indeed, has already been shown to
modulate bone growth in biphasic CaP granules [60]. Cellular and
molecular confinement within the cortical-like outer shell may,
thus, induce important changes in the hematoma and promote bone
formation deep in the GPRC implants. Nevertheless, such
confinement may also affect the other steps of the bone tissue
repair process. Undoubtedly, further research is needed in order to
elucidate the impact of implant architecture on the various stages
of bone healing.

Conclusions

In the present study, the authors demonstrated, for the first
time, that TPMS-based macroporous implants could be produced
in HA and successfully implanted in bone load-bearing anatomical
sites, as long as a cortical-like outer shell is added to the

macroporous gyroid structure. This cortical-like outer shell
improved implant mechanical resistance and modified, without
impeding, the bone formation process inside the implant gyroid
structure. Modulating implant architecture also appeared to be an
attractive approach to improve current understanding of cellular
and molecular pathways involved in osteogenesis in order to better
adapt strategies for the repair of large bone defects. Although
production of TPMS-based implants in CaP is a laborious process,
the challenge is matched by the potential of these bioceramics that
are well-known biomaterials already proven to be safe in vivo and
the most-used bone-related biomaterial in clinics.

Statement of significance

Architectural features are known to be key parameters for
successful bone repair using synthetic bioceramic bone graft. So
far, conventional manufacturing  techniques, lacking
reproducibility and complete control of the implant macro-
architecture, impeded the exploration of complex architectures,
such as triply periodic minimal surfaces (TPMS), which are
foreseen to have an unrivaled potential for bone repair. Using a
new additive manufacturing process, macroporous TPMS-based
bioceramics implants were produced in calcium phosphate,
characterized and implanted in a femoral defect in rats. The results
showed, for the first time, that such macroporous implants can be
successfully implanted in anatomical load-bearing sites when a
cortical-like outer shell is added. This outer shell also concentrated
new bone formation in the implant center, without affecting new
bone quantity or maturity.
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Table 1. Surface microporosity analysis of GP and GPRC implants.

Amount (surface/surface), dimension and morphology of the micropores of the GP and GPRC implants from SEM image analysis. AR (aspect ratio); R
(roundness); S (sphericity); xF,min and xF,max correspond to the shortest and longest Feret diameter, respectively; SD = standard deviation; N =5 SEM
images analyzed per sample; N = 2 samples per implant architecture tested. No difference was observed on surface microporosity of GP and GPRC implants.

Sample GP GPRC

Mean value SD Mean value SD
Amount s/s (%) 6.6 1.2 6.7 0.9
XFmin / pm 0.57 0.08 0.53 0.06
xFmax / um 1.23 0.17 1.03 0.10
AR 2.60 0.14 2.37 0.08

0.49 0.02 0.50 0.02
S 0.58 0.04 0.54 0.02

Table 2. Mechanical properties of GP and GPRC implants.

Mean values and standard deviation (SD) of the effective stiffness and the ultimate stress of the GP and GPRC implants. p < 0.05 were considered
statistically significant.

Sample GP GPRC

Mean value SD Mean value SD p values
Effective stiffness 4476 58.9 653.9 84.4 < 0.0001
(MPa)
Ultimate stress
(MPa) 4.8 0.9 23.0 16.0 0.0079
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Figure 1. Manufacturing of HA implants with gyroid porosity (GP) and with gyroid porosity reinforced by a cortical-like
outer shell (GPRC).

(A) Schematic representation of the 3D printing machine used to manufacture the wax molds with an adjustable layer thickness along the z-axis of the
printer (6, 12, 19, 25 um) and the chosen printing orientation (implant length along the z-axis of the printer) ; (B) CAD models and (C) photographs of the
GP (left) and GRPC (right) implants.
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Figure 2. CloudCompare analysis.

(A) Images show the superposition of the produced GP and GPRC implants obtained using X-ray micro-CT analysis with their respective CAD model.
Green indicates good dimensional matching with very little positive or negative deviation; blue and red indicate a lack or an excess of material, respectively.
(B) The 3D models of the produced implants displayed excellent matching with their respective CAD models, with a deviation centered on + 1.4 um.
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Figure 3. Surface observation of GP and GPRC implants using SEM.

SEM images of the GP and GPRC implants at different levels of magnification are used to highlight details of their macropore geometry, microtopograhy
and micro- to nano-pores. (A) and (B) correspond to the top ((X, y) plan, Fig. 1) and the side ((x or y, z) plan, Fig. 1) views, respectively. Except for the
cortical-like outer shell, GP and GPRC implants display the same architectural features.
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Figure 4. Physico-chemical characterization of HA powder and GP and GPRC implants.

(A) XRD patterns and (B) IR spectra of the HA powder following heat-treatment at 1000°C in air for 15 h and of crushed GP and GPRC implants. ICCP-
PDF 9-432 was used for XRD phase identification. No difference was observed on XRD patterns and IR spectra between the GP and GPRC implants.
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Figure 5. Implant positioning, integrity and bone formation using X-ray micro-CT analyses.

(A) In vivo X-ray micro-CT images of GP and GPRC implants showing the post-implantation positioning of the GP and GPRC implants within a 3-mm-
long, femoral defect in Lewis rats. (B) In vitro X-ray micro-CT images of GP and GPRC implants after explantation: 8 out of 8 GP implants and 2 out of 8
GPRC implants displayed at least one line of fracture. Bone was preferentially formed in the border zone of the GP implants but in the central zone of the
GPRC implants. Images are representative of N = 8 samples per implant architecture tested. White arrow heads indicate zones of fracture.
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Figure 6. Quantification of newly formed bone.

(A) The total bone volume and the bone volume inside each implant were determined from X-ray micro-CT images. Values are represented as mean +
standard deviation; N = 8 samples per implant architecture tested. (B) The total bone area and the bone area inside each implant were determined using
histomorphometry. Values are represented as mean + standard deviation; N = 8 samples per implant architecture tested. No significant differences were
observed on the total bone volume, the bone volume inside each implant, the total bone area, or the bone area inside each implant between the GP and
GPRC implants.
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Figure 7. Histological characterization of the tissue formed at the borders and inside the GP and GPRC implants.

(A) Undecalcified histological sections of the two implant architecture types showing bone formation inside the implants 8 weeks after implantation. Scale
bar = 500 um. Images are representative of N = 8 samples per implant architecture tested. (B) Undecalcified histological sections of the two implants
architecture types showing the bone/implant interface at the bone defect margins 8 weeks after implantation. 5 out of 8 GP implants displayed continuity
between the borders of the bone defect and the bone formed inside the implant, either on the proximal or distal side. 1 out of 8 GPRC implants displayed
such continuity on the proximal side. Scale bar = 20 um. Images are representative of N = 8 samples per implant architecture tested. (C) Undecalcified
histological sections of implants showing newly formed, mineralized, and highly cellularized bone tissue inside the gyroid structure, with presence of bone
marrow-like elements 8 weeks after implantation in 5 out of 8 GP implants and in 6 out of 8 GPRC implants. Lining osteoblasts could be observed in most
of the GP implants and in some of the GPRC implants. Blood vessels and multinucleated cells were observed in both implant architectures. Scale bar = 20
um. Images are representative of N = 5 samples analyzed with bone formed inside the gyroid structure per implant architecture tested. B = bone at bone
defect margins; NB = newly formed bone; Im = implant; CT = connective tissue; Ma = bone marrow-like element; and Cg = cartilaginous tissue. Black
arrow heads indicate lining osteoblasts; white arrows indicate multinucleated cells; and empty arrow heads indicate blood vessels. (D) Bone area in the
implant border zone and in the implant central zone relative to the bone area inside each implant as determined using histomorphometry. Values are
presented as mean + standard deviation; N = 5 samples analyzed with bone formed inside the gyroid structure per implant architecture tested. p < 0.05 were
considered statistically significant.
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Figure 8. Maturation of newly formed bone inside the GP and GPRC implants.

(A) SEM images of resin-embedded sections from the central area of GP and GPRC implants (performed in back-scattered electron mode) showing different
levels of bone mineralization within the GP and GPRC implants after 8 weeks of implantation. White = HA ceramic; grey = newly formed bone; black =
connective or cartilaginous tissue. Images are representative of N = 5 samples analyzed with bone formed inside the gyroid structure per implant architecture
tested. (B) Magnification of the box region indicated in frame (A) showing disorganized woven bone, with various levels of mineralization; specifically,
higher mineralized (lighter grey) woven bone islands surrounded by less mineralized (darker grey) bone areas. (C) Calcium/phosphorus ratio and contents of
newly formed bone obtained using SEM-EDX analysis. Values are presented as mean + standard deviation. N = 5 samples analyzed with bone formed inside
the gyroid structure per implant architecture tested. (D) Bone marrow-like tissue area inside each implant architecture tested, as measured using
histomorphometry. Values are presented as mean + standard deviation. N = 5 samples analyzed with bone formed inside the gyroid structure per implant
architecture tested. No significant differences were observed either on calcium/phosphorus ratio and contents or on bone marrow-like element area between
GP and GPRC implants.
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Supplementary Figure 1. Gyroid structure.

Largest sphere diameter that can move freely through the entire gyroid structure as a function of its porosity and the size of its fundamental unit.
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Supplementary Figure 2. Bone formation in bone defects left empty.

(A) X-ray micro-CT images of 2-, 3-, 4-, and 5-mm-long bone defects in Lewis rats (12 to 15 week-old, females) at the start of the study (T0) and 8 weeks
after ostectomy (T8). Images are representative of N = 3 animals per bone defect size tested. (B) Bone volume inside bone defects, as determined from X-ray
micro-CT images. Values are presented as mean + standard deviation; N = 3 animals per bone defect size tested. ND = not detected.
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Supplementary Figure 3. Compression load-displacement curves.

Representative examples of the load-displacements curves of GP and GPRC implants.
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